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Abstract

In the presence of time window policies for electric vehicles (EVs) and internal combustion engine
vehicles (ICVs), a logistics service provider (LSP) may renew her fleet by partially replacing existing
ICVs with either only EVs (strategy E) or a mix of EVs and new ICVs (strategy H). In this paper,
we investigate the LSP’s choice between strategies E and H and the impacts of these time window
policies on the LSP’s EV usage rate and the social welfare. We analyze a two-echelon supply chain
involving an EV manufacturer and an LSP or two competing LSPs and perform game analyses.
The EV manufacturer determines the driving range and sale price of EVs and the LSP makes her
EV usage rate and service pricing decisions. We find that strategy H is not always more profitable
than strategy E, which depends on the unit operating cost for new ICVs and the portion of demand
fulfilled by new vehicles. If they are sufficiently high or both of them are sufficiently low, then the
LSP should opt for strategy E. A wider time window for EVs can encourage the monopolistic LSP’s
EV usage rate, whereas a narrower time window for ICVs can encourage (discourage) this LSP’s
EV usage rate if the demand potential for her service is sufficiently large (small). In addition, the
per mile environmental impact of using EVs also influences the impacts of time window factors for
EVs and ICVs on the social welfare.

Key words: supply chain management; electric vehicles; logistics service providers; time windows;

driving range.

1 Introduction

1.1 Background and Motivations

Recent years have witnessed an increasing interest in deploying electric vehicles (EVs) in city
logistics (Pelletier, Jabali, and Laporte 2016). Such vehicles may lower motor noise and emissions,
thus making more environmental benefits than traditional internal combustion (engine) vehicles
(ICVs). Some large companies in the USA (including large fleet operators like Wal-Mart, Amazon,
UPS, and DHL) have signed the Business for Social Responsibility’s Sustainable Fuel Buyers’
Principles, aiming at accelerating the transition to more sustainable vehicle technologies. In 2020,
EVs accounted for 18 percent of the DHL’s last-mile delivery fleet. DHL has committed that, by
2030, this figure would be 60% by operating more than 80,000 EVs (DHL 2021). Similarly, FedEx
has made its commitment that all of its pickup and delivery vehicle purchases would be EVs by
2030 (FedEx 2021). The large fleet operators, such as La Poste in France, British Gas in the UK,



the SF Express, and the online retailer JD.com in China, have committed to prioritizing electric
options when renewing their fleets.

To promote EVs in competition with long-serving ICVs, the manufacturers should make proper
decisions on the driving range and sale price of EVs, which is important because of the following
facts. High (low) driving ranges imply less (more) charging frequencies and fewer (more) chances
for EVs to contrast unfavorably with ICVs, but may increase (decrease) battery costs and affect
the sale price and demand for EVs. Automakers have developed customized EV models to increase
their attractiveness. For example, Rivian (an EV startup in the USA) has received an order from
Amazon to offer 100,000 customized EVs (Kolodny 2021). GM has launched a new business unit
to provide purpose-built EVs for delivery (LaReau 2021). In addition, the Chinese startup Nio has
introduced a battery as a service business model in which EV users can sign up for different battery
sizes (Baldwin 2020).

A time window is an interval in time at which vehicles are permitted to enter certain areas
of the city (Quak and De Koster 2009 and Akyol and De Koster 2013). Wider time windows for
EVs compared to ICVs have been implemented in a number of cities—such as Rome, Bologna,
Milan, and Florence in Italia, ’s-Hertogenbosch (a Dutch city), as well as Chengdu, Tianjin, and
Xi’an in China—with an aim to motivate fleet managers to adopt EVs (Franceschetti et al. 2017).
For example, fuel trucks are not allowed to enter the 3rd ring road of the Chengdu city during
certain hours of each day, whereas EVs are free of these restrictions, which has motivated the
online retailer JD.com to adopt the EV for fast delivery (National Business Daily 2016). JD.com
pays great attention to the driving range, loading capacity, and right of way of EVs (Qiu 2017).
By October 2020, the SF Express had used more than 16,000 new energy logistics vehicles in 180
Chinese cities; and, in China, the proportion of cities with preferential policies for such vehicles had
accounted for 70% (EV Partner 2020). By implementing a mixed policy involving more convenient
time windows for EVs (compared to ICVs) and operational subsidies for EVs, the Chinese city of
Shenzhen has achieved the adoption of 70,417 electric freight vehicles by the end of 2019 (Wang et
al. 2020). The tendency to impose increasingly restrictive regulations for less green vehicles has

incentivized companies to adopt EVs for their fleet renewals (Taefi et al. 2016).

1.2 Research Questions and Major Findings

According to our discussions above, we analyze a two-echelon supply chain consisting of an EV
manufacturer and an LSP who currently owns a logistics fleet and is deciding to purchase either
only EVs (under a pure EV strategy, i.e., “strategy E”) or a mix of EVs and new ICVs (under a
hybrid replacement strategy, i.e., “strategy H”) to replace a portion of her old vehicles. We aim to
address three streams of research questions for EV promotion in logistics industry.
1. Which replacement strategy (i.e., strategy E or strategy H) can generate a higher profit for
the LSP?
2. What are the impacts of time window regulations for EVs and ICVs on the LSP’s EV usage
rate (i.e., the percentage of miles traveled by EVs per day)?



3. Whether and when can a wider time window for EVs or a narrower time window for ICVs in-
crease the social welfare? Does the impact differ if there are two LSPs competing for customers
in a market? These two questions are important to governments.

To address these questions, we investigate a sequential game, in which the EV manufacturer
first determines the driving range and sale price of EVs, and the LSP then decides on her EV usage
rate and service price. We solve the game to find Stackelberg equilibrium and discuss our analytical
results in the monopoly and duopoly settings.

We obtain some key insights for EV promotion in the logistics industry. For example, we find
that whether strategy E is more profitable to the LSP than strategy H depends on the unit operating
cost for new ICVs and the portion of demand fulfilled by new vehicles. A wider time window for
EVs can help increase the EV usage rate, whereas a narrower time window for ICVs may not
necessarily increase the EV usage rate, which relies on the demand potential for the LSP’s service.
The above insights hold for the monopoly case but may not be true when two LSPs compete for
customers. The impacts of time windows for EVs and ICVs on the social welfare in the monopoly
and duopoly cases are dependent on how they influence the demand fulfilled by EVs and the per
mile environmental impact of using EVs. If such environmental impact is sufficiently low (high),
then the government should change time windows to increase (decrease) the demand fulfilled by

EVs, which can help raise the social welfare.

1.3 Major Contributions and Paper Structure

As in practice, the time window policies for EVs and ICVs and the charging time of EVs are
important factors in the LSP’s EV usage decision and the EV manufacturer’s decisions. However, to
the best of our knowledge, these factors have not been jointly considered in any extant publication.
We can thus conclude that our paper is a seminal one contributing to the impacts of these factors
on (i) the EV manufacturer’s decisions on the driving range and EV price, (ii) the LSP’s decisions
on the EV usage rate and logistics service fee, and (iii) the social welfare. We compare the partial
replacement strategies E and H with respect to the LSP’s profit and social welfare. In addition,
our findings expose the impacts of time window policies for EVs and ICVs on the EV usage rate
and social welfare. These contribute to the literature and may help the LSPs, EV manufacturers,
and governments.

The remainder of this paper is organized as follows. Section 2 presents a literature review.
Section 3 introduces preliminary discussions for the EV manufacturer and the LSP. In Section 4,
we conduct a game-theoretic analysis for the EV supply chain and perform sensitivity analyses.
In Section 5, we investigate impacts of time window factors for EVs and ICVs and the LSP’s
replacement strategies on the social welfare. In Section 6, we obtain our analytic results with
duopoly LSPs. This paper ends with a summary of major results in Section 7. We relegate our

proofs and supplementary discussions to online Appendices.



2 Literature Review

We review relevant and representative publications in this section. To better present our review,
we classify all the publications into two streams: (1) the delivery fleet renewal with EV adoptions

for a single firm and (2) the analyses of EV supply chains.

2.1 The Delivery Fleet Renewal with EV Adoptions for a Single Firm

The deployment of EVs as a way to implement the green distribution practice has received increasing
attention (Pelletier, Jabali, and Laporte 2016). Following a fleet renewal project of La Poste,
Kleindorfer et al. (2012) obtained an optimal timing decision for the EV acquisition under cost
uncertainty, and Neboian and Spinler (2015) analyzed an option of breaching a vehicle-leasing
contract. Wang et al. (2013) developed a model for a firm’s dynamic capacity adjustment with
competing technologies (i.e., ICVs and diesel-electric hybrid vehicle trucks), and applied their
model to Coca-Cola Enterprises’ fleet renewal decisions. The fleet renewal problem with EVs has
been analyzed in a fruitful and growing literature, which includes, e.g., Feng and Figliozzi (2013),
Ansaripoor, Oliveira, and Liret (2014), Ahani, Arantes, and Melo (2016), Ansaripoor, Oliveira, and
Liret (2016), Ansaripoor and Oliveira (2018), and Schiffer et al. (2021).

These studies provided academics and practitioners with a variety of models and algorithms to
solve fleet replacement problems. However, these studies mainly focused on the LSP’s decisions,
which is different from our EV supply chain context. Our paper is relevant to Franceschetti et
al. (2017) who investigated an LSP’s strategical fleet composition, area partitioning, and routing
strategy problem, and used the maximum within-area route duration as a constraint to account for
time access restrictions. Different from Franceschetti et al. (2017), we estimate the impacts of time
windows for EVs and ICVs on their expected service capacities, and analyze the EV manufacturer’s
decisions on the driving range and sale price of EVs as well as the LSP’s service pricing and usage

rate decisions.

2.2 The Analyses of EV Supply Chains

In the literature regarding the EV supply chain analysis, researchers widely used game-theoretic
models to investigate a government’s subsidies, which include (i) a fixed subsidy scheme (Huang
et al. 2013), (ii) a price-discount subsidy scheme (Luo et al. 2014 ), (iii) the optimal subsidy
with demand uncertainty (Cohen, Lobel, and Perakis 2016), (iv) subsidies and price discount rates
for EV buyers (Shao, Yang, and Zhang 2017), (v) linear and fixed subsidies (Fu, Chen, and Hu
2018), (vi) the subsidy partition ratio (Gu, Ieromonachou, and Zhou 2019), (vii) risk aversion
(Deng, Li, and Wang 2020), and (viii) subsidies for the driving range (Gao and Leng 2021). To
find subsidy or tariff decisions, Fan et al. (2020) analyzed the optimal pricing strategies for the
manufacturers of imported and domestic EVs. Chakraborty, Kumar, and Bhaskar (2021) analyzed
a combination of a subsidy for EVs and a green tax for ICVs, and investigated their impacts on the

sales of EVs and ICVs as well as social welfare. In addition, Fan, Huang, and Wang (2021) studied



vertical cooperation and pricing strategies in a supply chain involving a battery supplier and two

EV manufacturers.

According to our review above, we summarize major relevant publications in Table 1 in which

we present decision variables, a government’s policies, driving range, and charging situations. We

find that most of extant publications relevant to EV supply chains do not explicitly account for the

time window policies.

Literature Decision variables A government’s Driving Charging
policies range situations

Huang et al. (2013) Wholesale and retail Subsidy
prices of ICVs and EVs

Luo et al. (2014) Wholesale and retail prices of EVs Subsidy

Cohen, Lobel, and Perakis (2016) Subsidy, price, and quantity Subsidy

Shao, Yang, and Subsidy, price discount rate, Subsidy

Zhang (2017) and prices of EVs and ICVs

Fu, Chen, and Hu (2018) Wholesale and retail prices Subsidy
and order quantity for EVs

Wang and Deng (2019) Wholesale and selling prices, and Subsidy Vv
distance between charging stations

Gu, Ieromonachou, and Zhou (2019) Subsidy partition ratio Subsidy

Chen and Fan (2020) EV price and wholesale price Subsidy Vv
and driving range of battery

Fan et al. (2020) Subsidy, tariff, and EV price Subsidy, tariff

Fan, Chen, and Zhao (2021) EV price and battery price Subsidy v

Gao and Leng (2021) Subsidies and prices of EVs and ICVs Subsidy v

Chakraborty, Kumar, Subsidy, green tax, and Subsidy, tax

and Bhaskar (2021) prices of EVs and ICVs

Kumar, Chakraborty, Effort in charging infrastructure Subsidy Va4

and Mandal (2021) and prices of EVs and ICVs

Yoo, Choi, and Sheu (2021) Subsidy, EV price, service fee, Subsidy IV
and number of charging stations

Yu et al. (2021) Numbers of charging stations built by the Subsidy IV
government and the firm, EV price, subsidy

Kuppusamy, Magazine and Rao (2021) Numbers of EVs and ICVs and contract fee - v vV

Our paper differs The driving range, EV price, Time window v Vv

from the above

usage rate of EVs, and
logistics service fee

policies for
EVs and ICVs

Table 1: Comparision between this paper and major relevant EV supply chain analysis publications.

A number of publications (e.g., Lin 2014, Kontou, Yin, and Lin 2015, Li et al. 2016, and Kontou
et al. 2017) have studied the optimal driving range decision. These studies focused on how the
optimal driving range decision affects the expected battery cost or social welfare rather than the
EV supply chain. Our paper is related to a stream of the EV supply chain literature regarding the
driving range. For example, in a supply chain with a battery supplier and an EV manufacturer,
Chen and Fan (2020) found optimal decisions on the wholesale price, retail price, and driving range,
whereas Fan, Chen, and Zhao (2021) analyzed battery outsourcing and product choice strategies,
considering two types of driving ranges. Gao and Leng (2021) investigated the competition between
an EV manufacturer and an ICV manufacturer under a government’s subsidy scheme. Different
from this stream of publications, we investigate an EV supply chain with an EV manufacturer and
an LSP.

Our paper is also related to the EV supply chain literature that considered the charging envi-
ronment. Wang and Deng (2019) studied charging station investments by the manufacturer or the

dealer. Kumar, Chakraborty, and Mandal (2021) examined the scenario that the EV manufacturer



or the government develops the charging infrastructure. Yoo, Choi, and Sheu (2021) investigated a
supply chain consisting of an EV manufacturer, an ICV manufacturer, a charging service provider,
and a government under four charging infrastructure investment modes. Yu et al. (2021) studied
the EV price, the number of charging stations built by a government, and the number of charging
stations constructed by an automobile maker, in the presence of the government’s per station and
purchase subsidies. Nonetheless, these publications have not considered the driving range. Al-
though Kuppusamy, Magazine, and Rao (2021) examined both the driving range and recharging
time, they focused on an EV supply chain consisting of an infrastructure service provider and a set
of taxicab companies. Our paper differs from Kuppusamy, Magazine and Rao (2021) by involving

an EV manufacturer’s decisions on the driving range and sale price under time window policies.

3 Preliminaries

We consider a two-echelon supply chain consisting of an EV manufacturer and an LSP who decides
to replace a portion of old ICVs in her fleet with new vehicles to serve customers in a market. As in
the current practice of fleet renewal in city logistics, the LSP has two possible partial replacement
strategies to replace a part of her old ICVs: (i) purchase only EVs (i.e., strategy E); and (ii) buy
a mix of EVs and new ICVs (i.e., strategy H). If the LSP decides to choose strategy i (i = F, H),
then she needs to determine her EV usage rate u; (i.e., the proportion of demand in terms of daily
miles fulfilled by EVs under strategy ¢) and logistics service fee f; which is charged to customers in
a market. The EV manufacturer makes decisions on price p1; and driving range r; which means the
maximal running distance of a fully-charged EV in each charging cycle and acts as a performance

indicator for EVs (Lin 2014). Table 2 summarizes key notations in this paper.

Parameters
7 the LSP’s replacement strategy, i = E, H J 7 =0,1,2 denote an old ICV, an EV,
a, the time window factor for EVs and a new ICV, respectively
a, the time window factor for ICVs cj the unit operating cost for j
v1 (15) the production cost for an EV under strategy 4 ¥ the per mile environmental impact of using j
to the average charge time during operations qoi the quantity of kept ICVs in the fleet under strategy ¢
te the time for a full charge of an EV Qi the order quantity for EVs under strategy @
N the total number of working days q2 the order quantity for new ICVs under strategy H
Di the number of charging cycles of the EV qRi the number of old ICVs replaced by new vehicles
under strategy ¢ under strategy ¢
a the demand potential for the LSP’s service €o the salvage value of a replaced ICV
b the demand sensitivity to the service fee d the probability of recharging the EV during operations
) the proportion of the demand fulfilled & §; =1 — pj, where p; denotes the value
by new vehicles under strategy H preservation rate of vehicle j = 1,2
s the average driving speed T the unit depreciation of old ICVs
Decision variables
i the driving range of an EV under strategy ¢ D1i the sale price of an EV under strategy ¢
U; the usage rate of EVs under strategy ¢ fi the logistics service fee under strategy 4

Object functions

i (rs,P14) ‘ the EV manufacturer’s profit under strategy 4 ‘ 1T, (us, fi) ‘ the LSP’s profit under strategy

Table 2: The list of key notations.



3.1 The EV Manufacturer’s Profit Function

The EV manufacturer produces each EV with a cost v1(r;) and sells EVs to the LSP with a price
p1i- He needs to determine the driving range for each EV (i.e., r;) and the price (i.e., p1;) under
the LSP’s strategy @ (¢ = E, H). According to Lin (2014) and Kontou et al. (2017), each EV’s

production cost under strategy ¢ can be estimated as
v1(r;) = cpp + (rie(ri)epr(ri))/hpr, (1)

where cpp denotes the r;-independent body cost for an EV, e(r;) represents the theoretical energy
consumption rate (kwh/mile), c¢gp(r;) is the unit battery cost ($/kwh), and hpr is a battery
utilization parameter (i.e., the ratio of the available capacity to the total capacity). When the
EV becomes heavier as a result of its bigger battery, the energy consumption rate e(r;) naturally
increases. The unit battery cost cpr(r;) naturally decreases if the battery size increases. Here,
r;e(r;) means the usable capacity of an EV (kwh), and the second term in the right side of (1)
represents the battery cost. In addition, each EV’s production cost under strategy i (i.e., vi(r;))
increases with r;. The parameters in (1) are given such that dvi(r;)/0r; > 0, which is reasonable
because the EV’s production cost with a longer driving range is usually higher.

We calculate the EV manufacturer’s profit as
mi(ri, p1i) = qui(p1i — v1 (1)), for i = B, H, (2)

where q1; is the LSP’s purchase quantity for EVs, and is calculated as in the subsequent section.

3.2 The LSP’s Vehicle Replacements under Time Window Policies

To meet customer demand, the LSP needs to evaluate her fleet’s service capacity in miles per day.
Let a1 and as denote the time window factor for EVs and that for ICVs, respectively. For a day,
the time window factor for EVs (ICVs) represents the extent to which EVs (ICVs) are allowed
to access the city center in certain times of the day. Obviously, a wider time window for EVs
(ICVs) results in greater total working hours of each EV (ICV). We begin by estimating the service
capacity of any new or old ICV, which is measured as the number of miles for the ICV to run in
a working day. In the LSP’s fleet, T' means the total available working hours per day. Hence, the
service capacity of an ICV is calculated as Qg = aoT's, where s denotes the average driving speed.

We next estimate the service capacity of an EV, which is measured as the number of miles for
the EV to run per day. Multiplying the number of charging cycles for the EV (denoted by p;) and

the driving range r;, we compute the expected service capacity of the EV as
Q1 (ri) = piri, for i = E, H. (3)

As p; plays an important role in (3), we should estimate its value, which depends on the total

working hours of the EV per day. Similar to the total working hours of an ICV, the total working



hours of the EV per day is computed as a3, which consists of (i) the running hours of the EV per
day (i.e., Tyy) and (ii) the total charging time during operations (i.e., T¢), i.e., anT = Ty +T¢. The
running hours of the EV per day can be obtained as Ty = p;r;/s, where p;r; denotes the expected
service capacity of the EV. The LSP may recharge the EV during operations or may do it outside
operations. Letting 6 € [0, 1] denote the probability of recharging the EV during operations, we
calculate the expected charging number for the EV during operations as dp;. Then, we find the
total charging time during operations T¢ as the expected charging number during operations (i.e.,
dp;) times the time for a full charge of an EV (i.e., t¢). That is, Tc = p;dtc. It thus follows that
the total working hours of the EV per day is

.
P Tt pidte. (4)

O¢1T =

The number of charging cycles for an EV (i.e., p;) affects both Ty and T¢. According to (4), we

obtain p; as
OllT

= fwi=EH 5
fotrifs T D (5)

Pi

where tc = 0t means the average charging time during operations. Note that p; in (5) may not
be an integer.

One may note that the LSP may not incur any loss from charging EVs if one or both of
the following issues occur: first, it is sufficient to recharge EVs overnight or in between shifts, or
outside the time windows for EVs. Secondly, the charging time during operations is negligibly short
if drivers can change batteries quickly. Nonetheless, we learn from the Rocky Mountain Institute’s
report in 20192, Kuppusamy, Magazine, and Rao’s discussions (2017), and Morganti and Browne’s
results (2018) that in today’s society, recharging during operations may still be necessary in city
operations. For generality, we consider both the case of recharging during operations and the case
of no recharging during operations. In reality, there may be no need to charge an EV during
operations, which corresponds to the case of § = 0. When an EV is charged during its operations,
the value of § is positive. For example, for the case of § = 0.5, the fraction of times that the
LSP recharges the EV during operations is 50%. The above indicates that our model describes all
possible situations and can thus viewed as a general one.

The expected service capacity of the EV is

Q1 (r) = (m for i = E, H. (6)
The function in (6) possesses the following practical properties. First, when the probability of
recharging the EV during operations (i.e., §) approaches zero or the driving range of EVs (i.e., 7;)
is sufficiently high, the service capacity function Qi(r;) is approximately equal to a;7T's, which is
similar to the service capacity of an ICV in the function form. Secondly, the service capacity of an
EV is increasing in the time window factor for EVs. When the time window factor equals zero, the

service capacity is reduced to zero. Thirdly, the service capacity function accounts for the driving



range, the average charging time during operations, and the time window policies for EVs, which
are all the major factors influencing the EV promotion in city logistics.

Traffic incentives granted to EV users are made locally in a number of countries, such as
Netherlands, Sweden, UK, Germany, France, China, Canada, and US (Song and Potoglou 2020).
This allows local governments to implement traffic incentives for EVs with more flexibility based
on their specific local needs. For example, the city of Shenzhen in China provides road access
priorities for EVs, which allow EVs to operate on certain routes and at certain times whereas ICVs
are prohibited on those roads and at those times. The only exception is that electric logistics
vehicles are not permitted to access certain portions of Shennan Boulevard every day from 7:30
a.m. to 9:00 p.m. to avoid a high traffic congestion (Crow et al. 2019).

Next, we calculate the LSP’s order quantity ¢i1; for EVs under strategy i (¢ = E, H). In reality,
a higher service fee usually discourages customer demand. Therefore, the aggregate demand for
the LSP’s logistics service (with both EVs and traditional ICVs) under strategy ¢ (i = E, H) is
dependent on service fee f;. We accordingly use a demand function d;(f;) (measured in miles per
day) as d;(f;,) = a — bfi, where a denotes the demand potential for the LSP’s service and b is a
parameter reflecting the demand sensitivity to the service fee. Such a linear demand function has
been widely used to analyze relevant problems. Using total demand d;(f;), the LSP’s usage rate
u;, and expected service capacity of an EV (per day) Q1(r;), we obtain the LSP’s order quantity
for EVs as

i = uldl(fz)

Q1(ri)

According to our results in (6), we can rewrite the LSP’s order quantity for EVs in (7) as ¢q1; =
2(ri)uid; (f;), where z(r;) = 1/Q1(r;) = Wi +n/r; with Wi =1/(a1T's) and n = dte/(onT).

The LSP keeps qo; (i = E, H) old vehicles in the fleet. Under strategy E, the number of old
ICVs to be used by the LSP is qop = (1 — ugp)de(fr)/Qo. Letting Wy = 1/Qo, which reflects a
multiplicative inverse of the service capacity of an ICV, we have qog = Wy(1 — ug)dg(fr). Under

= z(ri)uid;(f;), for i = E, H. (7)

strategy H, the LSP purchases new vehicles including EVs and new ICVs to fullfill the proportion
of demand ¢. Obviously, ¢ > ug. The number of old ICVs to be still used in the LSP’s fleet under
strategy H is qog = Wo(1 — ¢)dg(fr). The LSP’s order quantity for new ICVs under strategy H

1S

(¢ —un)du(fu)
Qo

Since the ICV and the EV may differ in their capacities, the number of old, replaced ICVs may

g = = Wo(¢ —um)du(fm). (8)

be different from that of new vehicles (which is calculated above). We let grp denote the number
of old ICVs replaced by EVs under strategy E, and use qrp to represent the number of old ICVs
replaced by EVs and new ICVs under H. We compute qrp and qrp as

upde(f ) ¢dr (fn)

qre = — > = Woupdp(fg) and qry = —~—> = oWodgu (fr)- 9)
Qo Qo

According to the above discussion, the LSP determines demand allocation and the corresponding



fleet composition under strategies E and H. In the former, the LSP buys g1 units of EVs to meet
demand ugdg(fr) and uses gop units of old vehicles to meet demand (1 —ug)dg(fE), respectively.
In the latter, the LSP purchases both EVs and new ICVs. Specifically, she buys g1z units of EVs
and ¢y units of new ICVs to satisfy demands ugdy(fg) and (¢ — ug)dg(fr), respectively. She
also uses gy units of old vehicles to meet demand (1 — ¢)dg(frr) under strategy H.

Using these vehicle quantities, we can calculate the LSP’s depreciation costs for EVs (denoted
by the subscript 1), old ICVs (denoted by the subscript 0), and new ICVs (denoted by the subscript
2). Let uy and pg represent value preservation rates of an EV and a new ICV in the end of time
horizon. The depreciation of three types of vehicles is analyzed as follows. First, the LSP’s perceived
salvage value for an EV is p1p1;. The depreciation value of EVs under strategy i is ¢q1;£1p14, where
& = 1— 1 and pi; denotes the sale price of an EV. Second, the market value of old ICVs decreases
with their ages. The depreciation value of old ICVs under strategy ¢ is qo;7, where 7 denotes the
depreciation of an old ICV. Third, the depreciation of new ICVs is ¢2&2ps, where & = 1 — ug and
p2 denotes the sale price of an ICV. In addition, since the LSP resells some old ICVs, she obtains
the salvage value of those ICVs gr;e0 under strategy ¢, where £y represents the salvage value of a

replaced ICV. For a summary of our above results, see Table 3.

Strategy ‘ E ‘ H H Remarks
B a T
EV Unit service capacity Q1 (re) = peTE Q1 (ru) = puru = Stotri/s’
fori=FE, H.
Ccsied by 1V upde(f5) wrrdo (o) -
Order quantity ¢1e = 2(re)upde(fz) q1a = z(ra)unda (fu) 2(ri) = 1/Qu(r:)
Depreciation of EVs G eé&ipiE Qué 1P GL=1—
old Unit service capacity Qo = axT's Qo = asT's —
The demand to be
ev satisfied by kept ICVs (1 - up)ds(fp) (1= ¢)ds (fn) o
Number of kept ICVs goe =Wo (1 —ug)de(fe) | qgorn = Wo(l — ¢)du(fu) Wo =1/Qo
Depreciation of kept ICVs QoET qoHT
Number of replaced ICVs qre = Wougpde(f ) qru = Woodu (fu) —
Total salvage value of
replaced ICVs dreeo drio -
New Unit service capacity Qo Qo —
The demand to be
ev satisfied by new ICVs B (¢ —um)dn(fy) o
Order quantity — g2 = Wo(¢ —un)du(fu) —
Depreciation of new ICVs Q2822 Eo=1—po

Table 3: The analytic results for the LSP’s vehicle replacements under strategies E and H.

4 Supply Chain Analysis with a Monopolistic Logistics Service

Provider

Under strategies E and H, we analyze the two-echelon supply chain to find the EV manufacturer’s

and the LSP’s decisions in Stackelberg equilibrium, and derive the conditions for the monopolistic
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LSP’s optimal replacement strategy. We then investigate the Impacts of time window factors on
the Stackelberg equilibrium under each strategy.

4.1 The Sequential Game Analysis

As the “leader” in the game, the EV manufacturer first announces his EV pricing and driving range
decisions (i.e., p1; and r;, ¢ = E, H). His profit function is defined in (2). Then, as the “follower”
in the game, the LSP determines her EV usage rate u; and logistics service fee f;. Under strategy

E, we develop the LSP’s profit function as

M
He(ue, fg) = N(fe—ce)de(fE) — & 1P1E — QET + qREE0 — ?U%, (10)

where N is the total number of working days, N fgdg(fr) and Ncpdg(fr) denote the LSP’s total
revenue and operating cost, and cg is the LSP’s operating cost per mile. Since the LSP’s service
fee is determined based on her usage rate and cost structure, we write the LSP’s operating cost per
mile in (10) as cg = upcy + (1 — ug)co, where ¢; and ¢y denote the unit operating costs for EVs
and kept ICVs, respectively. According to our definitions, the first term in (10) is the total revenue
minus the total operating cost, the second term (i.e.,q1g&1p1r) and third term (i.e., gopT) mean
the depreciation of EVs and that of kept ICVs as defined in Table 3, and the fourth term (i.e.,
qrE€o) is the LSP’s total resale value from disposing of old ICVs. There is a fixed cost of using
EVs. Following the cost of greening in Banker, Khosla, and Sinha (1998) and Ghosh and Shah
(2015), we compute this fixed cost as Mu?2/2, for i = E, H, where M is the fixed cost of greening.
This quadratic function indicates increasing marginal cost of usage rates.
Under strategy H, the LSP’s profit is

M
Oy(ug, fg) = N(fu—ca)da(fu) — ¢ g&ipia — QouT — 925202 + qrHEO — ?u%{, (11)

where cg = uge; + (¢ — ug)ca + (1 — ¢)cp (in which ¢g is the unit operating cost for new ICVs)
means the LSP’s operating cost per mile under strategy H. The term ga&op2 in (11) denotes the
depreciation of new ICVs.

Letting Gg = WoT+Nco, A\g = N(co—c1)+Woeo+mWo—2(rE)é1p1E, Ga = Nldca + (1—¢)col+
Wo(1 — @)1 + ¢pWoéapa — dWoeo, and A = Wo&apa + N(ca — ¢1)—2(rp)&1p1m, we can rewrite the
LSP’s profit functions under strategies E and H as

HE(ZLE, fE) = (NfE + )\EUE—GE)(G — be) — M’U,2E/2,
Ou(uy, fg) = (Nfao +Xgug—Gu)(a — bfr) — Mu%{/2

Proposition 1 When Na—bG; > 0, \; > 0, and M > [bA;(Na — bG;)+b*)\?]/(2bN), fori = E, H,
we find that, in Stackelberg equilibrium, the LSP’s optimal usage rate of EVs and logistics service
fee are

(Na + bG;) — ab)?
u. = -
' 20NM — 2)?

. M
and = N — a2

, fori=FE H;
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and the EV manufacturer’s optimal driving range and EV price are (v}, p3;) (fori= E, H), where

the optimal driving range r; is the unique solution of the following equation:

tovi(ri)  Qvi(ry) (1 to> o,

2 . P
T or; s T

and the optimal E'V price p}; is the unique solution of the equation
26N MN; — b2 X3 —2(r;)&1 (pri — v1(ry)) (26N M + 3b227) = 0.

Proposition 1 reveals that the EV manufacturer’s optimal driving range in Stackelberg equi-
librium is independent of whether the LSP uses strategy E or H, i.e., r* = r}, = 7. This occurs
because the optimal driving range for the EV manufacturer does not involve the terms including
the optimal EV price, which is in accordance with previous studies (e.g., Lin 2014, Kontou, Yin,
and Lin 2015, and Li et al. 2016) on the optimal driving range of EVs from a cost minimization
perspective. In addition, the optimal range is independent of the time window factors for EVs and
ICVs (i.e., ag and a3) but dependent on the average charging time during operations ¢

We also learn from Proposition 1 that the EV price, the usage rate of EVs, and the logistics
service fee are all dependent on which strategy the LSP uses for her fleet replacement. Moreover,
different from the driving range of EVs, these decisions are influenced by the time window factors
for EVs and ICVs. It thus follows that the factors a; and ao play an important role in determining
the profit allocation between the two supply chain members, although they do not influence the

EV manufacturer’s driving range decision.

Corollary 1 The optimal driving range is increasing in the average charging time during opera-

tions.

In practice, the development of longer range vehicles and the construction of faster charging
infrastructure are complementary, because they both affect the expected service capacity of an
EV (Funke, Plstz and Wietschel 2019). Corollary 1 indicates that, when the average charging
time during operations decreases, the EV manufacturer should reduce the driving range of EVs
to maximize his profit. This means that the EV manufacturer should consider the probability of
recharging the EV during operations and the time for a full charge of an EV to determine the

optimal driving range.

Corollary 2 The impacts of the unit operating cost for old ICVs (i.e., co), the unit operating cost
for EVs (i.e., ¢1), and that for new ICVs (i.e., ca) on the EV manufacturer’s optimal EV price
pl;» the optimal driving range v, the LSP’s optimal usage rate of EVs u;, and the logistics service
fee [ are obtained as shown in Table 4, where T; = AN?M? — 12NMb)\Z2 — 3b2)\;-1, 1= FE H;
Aor = bGE/N + Fg with F; = (2bNM — t3)y;/(Nl;t;), t; = bX\;, i = (2NM + 3b0\2)2, and y; =
ANZM? + 362X} fori = E,H; Aqy = bGg/N + Ug with U; = 2(2bN M — t2)y;t; /[N1;(20N M +t2));
Aop = bGg /N + ¢Fy; Aoy = bGr /N + ¢Up; Aor > Aou, and Asp > Agy.
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[ r* [ py,; (for i = E, H) [ I up i uyy

if sgn (T;) = —1,
C1 -

otherwise.

{T, if a < Aap, T, ifa> Ay,
L 1,

T
— ifsgn(Ti) =0, 1 ! 1 !
1
c {l’ if sgn (Tg) = 1. {T., if a < Aop, {T‘ it a > Aoy,
. g
1,
T,
T_ if a > Agp. if a < Asy.

ifsgn (Tp) =0, L. ifa> Aop.
C2 {

otherwise.
if sgn (YY) = —1,
if sgn (Ty) =0,
otherwise.
Table 4: The impacts of the parameter ¢; on the optimal EV prices, the optimal driving ranges,
the optimal logistics service fees, and the optimal usage rates. Note that the marks “|,” “T,” and
“—” indicate that the optimal decisions are decreasing in, increasing in, and independent of the
corresponding parameter, respectively. Moreover, sgn(Y;) means the sign of ;.

Corollary 2 indicates that a lower unit operating cost for EVs (i.e., ¢1) can increase the usage
rates of EVs under strategies E and H. In practice, the city of Shenzhen in China has implemented
the operational subsidy for EVs since 2018 to decrease their unit operating costs, which has already
helped increase their usage rates. The total operational subsidy for an EV over three years should
not exceed ¥75,000 if the EV belongs to a fleet of a sufficiently large scale and can meet the criteria
about the miles traveled, vehicle type, and battery quality. This operational subsidy policy has a
notable impact on the EV utilization, as the proportion of EVs that satisfies the requirement for
the subsidy’s mileage increased from 18.6% in 2018 to 44.2% in 2019 (Wang et al. 2020). As the
value of ¢; is smaller, the EV manufacturer should raise the EV price under strategy i (i.e., p};) if
T; > 0 but reduce pj, if T; < 0. When the value of ¢; decreases, the LSP should lower her service
fee fr.

A government may charge gasoline fuel taxes for a per kilometer usage of ICVs (Jenn, Azevedo,
and Fischbeck 2015). This causes an increase in the unit operating costs for old ICVs (i.e., ¢p) and
new ICVs (i.e., c2). This may impact the EV usage rate, which depends on the LSP’s replacement
strategies and the demand potential for her service. As the value of ¢y increases, the LSP should
increase her service fee under strategy H. This results in a decrease in the service demand dg(f;),
thereby reducing the LSP’s motivation to use EVs and decreasing the usage rate of EVs u};.

The demand potential for the LSP’s service (i.e., a) implies the effect of ¢o (c2) on her EV usage
rate u}, under strategy E (u}j; under strategy H). Note that the demand for the LSP’s service is
increasing in a, Agp > Aoy, and Aop > Agy. If a is sufficiently high such that a > Agp (a > Asrp),
then the LSP can increase u}, (u};) and decrease her service fee f7, under strategy E (f}; under
strategy H) due to a higher value of ¢y (c2). As the value of ¢g (c2) rises, the LSP can reduce uj,
(u’;{) if a < Ay (a < Agy), because a sufficiently low demand for the LSP’s service discourages her
from using EVs. As a response, the LSP should increase fj, (ff;) with co (c2). When the value of
a is greater than Aoy (Azy) but smaller than Agr (Aar), the LSP should increase u}; (uj;) and f7
(f;) as a response to a higher value of ¢y (c2). As EVs compete with old (new) ICVs under strategy
E (H), we find that when the value of ¢ (c2) is higher, the EV manufacturer should increase the
EV price pip (piy) if Te > 0 (YH > 0) but reduce pip (pijy) if Ye <0 (T <0).
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4.2 The LSP’s Partial Replacement Strategy

We examine the LSP’s partial replacement strategies, for which we let ¢y = co+Wy(7 420 —E&2p2) /N
and ¢ = (Neo + Wor)/[N(é2 — c2)] + [\/Q(QbNM — ) gp(uy, f)/M — Na]/[bN (&2 — c2)].

Proposition 2 If co = ¢o, or, ¢ = qAﬁ and co # ¢o, then the LSP’s profits under strategies E and
H are the same. If co < éa and ¢ < qg, or, cag > Co and ¢ > (%, then the LSP prefers strateqy E to
strategy H. Otherwise, the LSP prefers strategy H to strategy FE.

The LSP determines her replacement strategy mainly based on the unit operating cost for new
ICVs (i.e., ¢2) and the portion of demand fulfilled by new vehicles under strategy H (i.e., ¢). Note
the LSP’s profit under strategy E Ilg(uj, ff) is not affected by cp and ¢. When ¢y is sufficiently
high such that ¢y > é;, the LSP selects strategy H (strategy E) if she chooses a sufficiently low
(high) portion of demand fulfilled by new vehicles ¢ < ) (¢ > (5) When c¢5 is sufficiently low such
that co < ¢ and ¢ is sufficiently large such that ¢ > ngb (sufficiently low such that ¢ < gzg), the
LSP’s profit under strategy H g (uj;, f};) is higher (lower) than that under strategy E. When ¢
equals to ¢z, Iy (uyy, f5y) is equal to IIg(uy, ff), because the EV price and the usage rate of EVs
become indifferent to the LSP’s replacement strategies. When ¢y is not equal to ¢, the LSP can
also obtain the same profits under the two strategies if ¢ = qg The thresholds ¢o and qAS can help
the LSP estimate her profitability under strategy H in comparison to that under strategy E.

We provide a numerical example that offers more insights into the results derived in Proposition
2. Consider a period of six years, e.g., from 2022 to 2027. At the end of 2021, the LSP disposes
of a number of old ICVs, purchases new vehicles, and uses them for the next six years. According
to Redmer (2009) and Taefi, Stiitz, and Fink (2017), suppose the salvage value from disposing
an old ICV gq is $9,783.62 and value preservation rates of an EV and an ICV are 0.25 and 0.33.
Depreciation of an old ICV 7 is $3,510.3 (Ansaripoor and Oliveira 2018). In line with Cagliano et
al. (2017), the monthly working days are 22 days. The total number of working days is N = 1,584.
In addition, the LSP’s fixed cost of greening is M = $5 million, and the proportion of the demand
fulfilled by new vehicles under strategy H is ¢ = 0.9. The demand potential is a = 20,000
miles, and the demand sensitivity to the logistics service fee is b = 4,000. According to Redmer
(2009) and Feng and Figliozzi (2013), we set the unit operating costs for old ICVs, EVs, and
new ICVs as ¢y = $0.7386/mile, ¢; = $0.2486/mile, and co = $0.633/mile, respectively. The
vehicle body cost is $12,000; and similar to Kontou et al. (2017), the battery cost for an EV
is given as rie(r;)cpr(r;)/0.9, where e(r;) = 0.2839 + 0.0004r; and cpp(r;) = 181.8 — 0.3097;
(BloombergNEF 2020). We set the probability of recharging the EV during operations as § = 0.5.
The time for a full charge of an EV is 3.5 hours and the sale price of an ICV ps is $55,661 (Taefi,
Stiitz, and Fink 2017). Following Franceschetti et al. (2017) who described the vehicle speed and
time window policies in the Dutch city of ’s-Hertogenbosch, we set the average driving speed in
miles per hour s is 30 mile/hour, a; = 1, ap = 0.5, and T = 14 hours. We refer to these parameter

values as the base case.
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We plot Figure 1 to depict the influences of unit operating cost for new ICVs (i.e., ¢3) on the EV
manufacturer’s and the LSP’s profits. Under strategy E, since the LSP buys EVs only, co does not
affect the LSP’s and the EV manufacturer’s profits. When the value of ¢z increases from $0.5/mile
to $0.75/mile, the LSP’s profit decreases because strategy H’s advantage is weakened, whereas QAS
varies but remains smaller than ¢. Consequently, when cg is smaller (greater) than ég, the LSP
should opt for strategy H (E). When ¢y = é2, both the LSP and the EV manufacturer obtain an
identical profit under these two strategies, which occurs because pj,; = pip and ¢fy = ¢jp. As
shown in Figure 1, the EV manufacturer gains a higher profit from the LSP’s strategy E (H) when
¢y is sufficiently low (high), because the price and order quantity for EVs under strategy E are

greater (smaller) than those under strategy H.

%10’ @ %108 (b)
4
311\ Ny /
\ : /7
305 \ 3 7
= &
\ 25 / /
3 N\
S 2 7
7
N 15
05 0.6 0.7 05 0.6 0.7
Co Ca

Figure 1: The LSP’s and the EV manufacturer’s profits when the unit operating cost of new
ICVs varies. Note that the solid and dashed lines represent the results under strategies E and H,
respectively.

4.3 Sensitivity Analyses and Managerial Insights

We perform sensitivity analyses to investigate the impacts of time window factors on decisions of
the EV manufacturer and the LSP. Then, we use the parameter values given in Section 4.2 to

conduct numerical experiments.

Proposition 3 As the time window factor for EVs increases, the LSP’s optimal service fee f;
(i = E, H) decreases, whereas the LSP’s optimal EV usage rate u} and profit I1;(u}, f7) as well as
the EV manufacturer’s profit m(r}, p3;) increase. Moreover, the elasticity of the EV price (i.e., p};)

with respect to the time window factor for EVs is smaller than one, i.e., (0pi,;/pi;)/(0ci/aq) < 1.

We learn from Proposition 3 that a wider time window for EVs can help increase the usage rate
of EVs and decrease the LSP’s service fee because of greater service capacities of EVs, leading both
the LSP and the EV manufacturer to achieve a higher profit. These results are independent of which
replacement strategy the LSP uses. The change of the EV price is inelastic to the time window

factor for EVs, which implies that the time window for EVs influences the EV manufacturer’s

15



pricing decision less proportionally because of competition. The EV manufacturer may increase or
decrease her product price with a;. Therefore, we examine their relations numerically.

Time windows for EVs and ICVs might be the same in many cities. Therefore, when ay
(k = 1,2) increases from 0.5 to 1, the corresponding percentage changes in w;, f;, p1s, II;, and m;
are computed by Au;(ay) = (ui(o) — ui(ag = 0.5))/ui(ar, = 0.5), Afi(aw) = (filow) — filag =
0.5))/fi(ax, = 0.5), Apri(ax) = (pri(ar) — pri(ax = 0.5))/pri(ar, = 0.5), Alli(ay) = (I;(ax) —
IL; (g, = 0.5))/IL; (g, = 0.5), and Am;(ax) = (m () — mi(a = 0.5))/mi(cx, = 0.5), where i = E, H.
Figures 2(a), (d), and (e) expose that a greater time window for EVs results in an increase in usage
rates of EVs as well as the LSP’s and the EV manufacturer’s profits, which is the same as shown
in Proposition 3. We learn from Figures 2(b) and 2(c) that a greater time window factor for EVs
reduces the logistics service fees and raises the EV prices under both strategies. The time window
factor for EVs significantly affects the EV manufacturer’s pricing decision with a limitation. When
the value of oy increases from 0.5 to 1, the percentage increase in the EV price is smaller than
81%. This result is consistent with Proposition 3. These observations also hold for another case in

online Appendix B.
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Figure 2: The impacts of time window factor for EVs on the percentage changes in the optimal
usage rate of EVs (as shown in (a)), the optimal logistics service fee (as shown in (b)), the optimal
EV price (as shown in (c)), and the LSP’s and the EV manufacturer’s profits (as shown in (d) and
(e)). Note that the solid and dashed lines indicate the results under strategies E and H, respectively.

Proposition 4 We draw the following results.
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1. An increase in the time window factor for ICVs can decrease (increase) the LSP’s optimal
EV usage rate u! if a > Ajy (o < Aijiy) and increase (decrease) the LSP’s service fee f}
if a > Aip (a < Aip), where Ay = bGi/N + kUs, kg = 7/ (c0+7), k= —G/(Eapa),
G = ¢geog — (1 — @)1 — &adpe, Aip = bG;/N + ki F;, U; and F; are defined as in Corollary 2.

2. The sign of Opi;/Oas is the same as the sign of —Y;, and Op};/0cg > —Py;, for i =
E,H, where Y; is defined as in Corollary 2, Pip = Wy(eo + 7)/(2(r*)é12), and Pig =
Wo&apa/(2(r*)&1az).

3. A higher value of time window factor for ICVs can decrease (increase) the LSP’s profit
IL(uf, fF) if a > Ajr, (a < A;jr) and also decrease (increase) the EV manufacturer’s profit
mi(rr,py;) if a > Ay (o < Ainm), where Ajp, = bGi/N + 2k:F;, and A = bGi/N +
2riti(20NM — 2)/[N(2bNM + 3t?)], i = E, H.

The time window factor for ICVs (i.e., ag) affects the usage rates of EVs under strategies E
and H in a similar manner, which depends on the demand potential for the LSP’s service (i.e., a).
Specifically, the LSP with a sufficiently high demand potential for her service (e.g., a > A;y) can
increase the EV usage rate, when the government implements a narrower time window for ICVs
(e.g., a smaller value of ag). The above may help explain why some large fleets were among early
firms that adopted EVs in the presence of increasingly restrictive regulations for ICVs (Taefi et al.
2016). This occurs mainly because a sufficient demand potential can help offset the effect of the
fixed cost for choosing EVs. Consequently, when the value of as decreases, the LSP can decrease
(increase) her service fee if a > A;r (a < A;r) and obtain a higher (lower) profit if a > A;f,
(a < A;r). The above also indicates that the government should consider the demand potential for
the LSP’s service in evaluating the impacts of a more strict time window for ICVs on the LSP’s
decisions and profits.

A more stringent time window for ICVs can increase (decrease) the EV manufacturer’s profit if
a is larger (smaller) than A;ps. The sign of T; determines the impacts of ap and the unit operating
cost for EVs (e.g., ¢1) on the EV price (e.g., pj;). As the value of ay decreases, the EV manufacturer
can increase (decrease) the EV price under strategy i if T; > 0 (T; < 0). Proposition 4 shows that
there exists a lower bound about the proportional response of the EV price to changes in the value
of as under each strategy. If the EV manufacturer chooses to decrease the EV price as a response
to a one-unit reduction in the value of ap, then the decrease in EV price pj; should be greater than
—Py;. This ensures that the EV manufacturer cannot overreact to the change in the time window
factor for ICVs.

We plot Figure 3 to show the impacts of the time window factor for ICVs on the optimal
decisions and the LSP’s and the EV manufacturer’s profits. According to Figures 3(a) and 3(e), as
the value of as increases from 0.5 to 1, the LSP decreases her EV usage rate because of a > A;y,
which results in a decrease in the EV manufacturer’s profit when a > A;ps. Similar observations
can be also found for an alternative case in online Appendix B.

A greater time window factor for ICVs can reduce the LSP’s profit under strategy E when
a > Apgp but increase the profit under strategy H when a < Apy, according to Figure 3(d). This
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Figure 3: The impacts of time window factor for ICVs on the percentage changes in the optimal
usage rate of EVs (as shown in (a)), the optimal logistics service fee (as shown in (b)), the optimal
EV price (as shown in (c)), and the LSP’s and the EV manufacturer’s profits (as shown in (d) and
(e), respectively). Note that the solid and dashed lines represent the results under strategies E and
H, respectively.

exposes that the impact of ae on All;(ag) depends on the LSP’s replacement strategies. A greater
time window factor for ICVs can result in a percentage increase in the logistics service fee under
strategy ¢ (i.e., f), because a > A;F, as shown by Figure 3(b). However, it can cause a percentage
decrease in f;* in an alternative case in online Appendix B, because a < A;r. Figure 3 also indicates
that a greater time window factor for ICVs can encourage the LSP to choose strategy H, because
this strategy can generate a higher percentage increase in the LSP’s profit than that under strategy

E. We summarize our major analytical results as in Table A (see Appendix C).

5 The Social Welfare with a Monopolistic Logistics Service Provider
and Policy Implications

A practical question for the government is about the impacts of time window policies and the

LSP’s replacement strategies on the social welfare. The total social welfare under strategy i (i =

E,H), denoted by SW; with a monopolistic LSP, accounts for the LSP’s profit II;(u;, f,), the EV

manufacturer’s profit m;(r;, p1;), consumer surplus C'S;, and environment impact I;. It is computed
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as
SWi = W(uf, f7)+mi(rf,piy) + OS; — L. (12)

As Cohen, Lobel, and Perakis (2016) argued, the consumer surplus for the monopoly case C'S;
in (12) can be calculated as the (maximum) total amount that consumers are willing to pay for the

LSP’s logistics service minus the total amount that they actually pay (i.e., the market price), i.e.,

osi= [ atsgd= [P vy = O oo (13)

2 2

where " is the maximum value of the logistics service fee charged by the LSP, and corresponds
to the fee that yields zero demand, that is, f/"** is calculated by solving d;(f,) = a—bf; = 0 for f;.

We account for production and use stages of EVs and ICVs to calculate the total environmental
impact of each replacement strategy (Agrawal and Bellos 2016). Let ; denote the environmental
impact of producing a vehicle j, where j = 0,1, 2. The environmental impact of vehicle production
is dependent on the value of v; (j = 0,1,2) and the corresponding vehicle quantity. Although EVs
generate a negligibly small emission, they are not vehicles with zero impact on the environment,
because, for example, the electricity used by EVs may be produced by burning natural gas or
coal. Let 49, 41, and 42 represent the per mile environmental impacts of using old ICVs, EVs, and
new ICVs, respectively. The environmental impact of vehicle usage is contingent on the per mile
environmental impact (i.e., 4;, 7 = 0,1, 2), the total working days in the time horizon (i.e., N), and
the miles traveled per day.

Using the above, we compute the total environmental impact of strategy ¢ in the monopoly case

as

. ' (14)
Iy =1In + N(¢ — uy)du(fi)ie

where Ty = qomvo + qam + @22 + N(1 = @)du(f1)%0 + Nujdu(fi)%, g (0 = E,H), qu
(i =E,H), and g2 in (14) are the numbers of old ICVs, EVs, and new ICVs, respectively, as given

{ Ir = Y0 + i + N(1 — uf)de(f5)5 + Nupde(ff),

in Section 3.2.
The LSP’s strategy E can be viewed as the case that the government completely bans on the
procurement of new ICVs, whereas strategy H corresponds to the case the LSP is allowed to buy

both EVs and new ICVs.

Remark 1 If the per mile environmental impact of a new ICV (i.e., 42) is greater (smaller) than
Y21 E, then strategy E generates a higher (lower) social welfare than strategy H. That is, SWg >
SWu (SWg < SWy), if 42 > Yone (52 < A2nr), where Jogp = I'/[N(¢ — upy)du(ff;)] and
T =y(uy, f7) + 7 (ry pig) + CSn — Up(ug, f5)+ne(rh pip) + CSp — Ip) — In.

Remark 1 reveals that strategy E may not increase the social welfare. When the use of new
ICVs has a sufficiently large environmental impact such that 49 > 42 g, the social welfare is higher

under strategy E than that under strategy H. If the per mile environmental impact of using new
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ICVs is sufficiently small, then the government should encourage the LSP to implement strategy
H.

Proposition 5 The social welfare is increasing (decreasing) in the time window factor for EVs,
if the per mile environmental impact of using EVs is smaller (greater) than A;. In addition, if
wig >0 and 1 < Ao or if wio < 0 and 1 > A;a, then the social welfare is increasing in the time
window factor for ICVs (i.e., ag). Otherwise, the social welfare is decreasing in as.

Note that, in the above expression,

_(OTuuz £ | Omlrt,p) | OCS:
Azk— < 8ak + aak + aak

— sz>/ (Nwig), fori=E,H and k =1,2,

where (1) wy = O(ufdi(f}))/0ar, wip = O(ufdi(fF))/0az; (2) Be1 = Volp1 + wpi(2(r*)m —
W) — 2(r ) upde(fp)r /e with Yo = %Wo + Ndo and (i, = 0di(f;)/0ck, Bm = ¢Cm +
w1 (2(r*)y1—V2) — 2(r*)uydu(f5) 71/ with ¥o = Wy + N42 and ¢ = (1 — ¢)¥o + ¢Wa; (3)
Bra = VoCpa + wr2(2(r*)y1 — Wo) — Wo(1 — uly)de(fr)v0/ 02, Bra = ¢Ca2 + waa(z(r*)y1—¥a) —
Wol(1 = ¢)v0 + (¢ — up)veldu (ff)/ o

When the use of EVs has a sufficiently small environmental impact such that 41 < A;1, a wider
time window for EVs can raise the social welfare for the monopoly case (i.e., SW;, for i = E, H).
However, if 41 > A;1, then SW; is decreasing in the time window factor for EVs. That is, when
there is a monopolistic LSP, we find that, if the EV’s influence on the environment is small, then
the government should broaden the time window to encourage the use of EVs. Otherwise, the
government should enforce a shorter time window for EVs.

The impact of the time window factor for ICVs (i.e., ag) on SW; (i = E, H) depends on its
influence on the demand fulfilled by EVs (i.e., wi2) and the per mile environmental impact of using
EVs (i.e., 91). When 41 < A;2, a greater usage rate of EVs results in an increase in SW;, which
indicates that the government should implement a wider (narrower) time window for ICVs if w;o > 0
(wio < 0). If 43 > Ao, the government should discourage the use of EVs by rolling out a wider
(narrower) time window for ICVs if w;js < 0 (wj2 > 0). Thus, the time window factor for EVs and
that for ICVs have different impacts on SW;, because of their different effects on the usage rate of
EVs.

6 Supply Chain Analysis with Duopoly Logistics Service Providers

We investigate the decision-making problems for a two-echelon supply chain with an EV manufac-
turer and two competing LSPs (i.e., X and Y'), who purchase the vehicles from the EV manufacturer
and provide the logistics service to customers in a market. Each LSP determines her usage rate
of EVs and logistics service fee. The demand faced by LSP m (m = X,Y’) is dependent on her

own service fee fi,, as well as LSP n’s (n = X, Y and n # m) service fee f;,. Similar to Banker,
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Khosla, and Sinha (1998) and Zhu and He (2017), we construct the demand function for LSP m as
dlm(f’bm7 fln) = Qm — bfzm + /szm fOI‘ m,n = X7Y and m 7é n, 1= E7H7 (15)

where a,, is the demand potential for LSP m’s service, the parameter b represents the demand
sensitivity to LSP m’s logistics service fee under strategy 4, and 3 denotes the demand sensitivity
to LSP n’s logistics service fee under strategy i. For simplicity, we subsequently use the short
notation d;, for the demand in (15).

Under strategy E, LSP m’s weighted unit operating cost is cgm = ug,c1 + (1 — up,,)co. When
adopting strategy E, LSP m uses q1 g, units of EVs and gogy, units of old ICVs in her fleet, and also
disposes qrEm units of her old ICVs. We can obtain these vehicle quantities by substituting d;,,
and u;y,, into the functions in (7)-(9). Similar to Section 4.1, we compute LSP m’s profit functions

under strategies E and H as

{ N2 (ug ., fEm) = Ndem(fEm—CEm) — QLEmEIPIE — QopmT + QREmE0 — 2 ud, .,

05 (wim, frm) = Ndgm(Frm—Cim)— G am&pian — @amé2p2 — Qdomm™ + QrEmMED — Hudp,,,
(16)
respectively, where cgm = ugmc1 + (¢ — ugy,,)e2 + (1 — ¢)co.
The EV manufacturer’s profit function under strategy 7 (¢ = E, H) in the duopoly case is
7P (ri, p1i) = (quim + quin)(p1i — v1(ri)). As in the monopolistic LSP case, the EV manufacturer
first determines the driving range and sale price of EVs, and the two LSPs “simultaneously” choose

their usage rates of EVs and then determine their logistics service fees using (16).

Proposition 6 For the duopoly case, LSP m’s (m = X,Y ) optimal usage rate of EVs and logistics

service fee under strateqy i (i = E, H) are obtained as

b Rit (RiaLim — 28b°\; Ri1Lin ) and £P* — Ris Kim—bX\iR;i1(2bRi3 L, + RiaSLip)
i R;s e N R;5(4b% — (2) ’

U

where m,n = X, Y and m # n, Ry = \(2b* — 82), Rip = MN(4b* — %)2—2bR%, Ri3 = Rip —
B2bAiRi1, Ria = Rio — 4* N Ri1, Ris = R%,—4B%0*\2R%, Kim = 2bNay,+BNay, + b(2b + )G, and
Lim = (am N — bG;)(46* — 82) + BKin.

The EV manufacturer’s optimal driving range and EV price under strategy i (i = E,H) are

Dx

found as follows: the optimal driving range r=* can be uniquely obtained by solving the following

equation for r;:

tovi(ri)  Oui(ry) (1 tc) =0.

7’1-2 or; s T

Dx

The optimal EV price p;* can be uniquely obtained by solving the following equation for pi;: ul*

dim +ul* x dip — 2(rP*) x & % [p1i — v1(rP")] X (Xim + Xin) = 0, where Xim = O(ul*dim) /0N and

X

The EV manufacturer’s optimal driving range 7”* in the duopoly case is identical to that in the
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D — p* The optimal range is based on the trade-off between the battery cost

monopoly case, i.e.,
and service capacity of an EV, and it is dependent on the average charging time during operations t¢
but is independent of the time window factors for EVs and ICVs (i.e., a; and ag). The competition
between the LSPs induces the two firms to change their pricing and EV usage rate decisions. As
a result, the EV price is more complex than that in the monopoly case. Therefore, the impacts
of time window factors for EVs and ICVs and their unit operating costs on the optimal decisions
cannot be determined, which differs from those in the monopoly case. For the duopoly case, the
social welfare is

SWP =5, b, whr. £

im> Jim

)+7T1-D(T*,pﬁ*) + ZmC'SZ»l?n - IiD, form=X,Y. (17)

Using (13), we compute LSP m’s consumer surplus as CSY = (a — bfD*)2/(2b). The total en-
vironmental impact for the duopoly case (i.e., IiD) is Ig = (goEm + 90En)Y0 + ((1EMm + Q1ER)71 +
NAo[dgm(1—ul! ) +dpn(1—ul)]+ No1 (uBr dpm +uB*dp,) and 15 = (qomm + qorn )0 + (q1am +
quan) N1+ (@2m+2n)v2+ N30 (1= @) (dim+dn) + N1 (ufh, dim +ufh dem) + N2 [(o—ufyh, ) dmm +
(¢ —ub*)dpy,]. Similar to the monopoly case, strategy E may not increase the social welfare in the
duopoly case. Strategy E results in a higher (lower) social welfare than strategy H, if the per mile
environmental impact of using new ICVs is sufficiently large (small).

We next examine the impacts of time window factors for EVs and ICVs on the social welfare
in (17). Let wigm = 8(u£g‘dim)/8ak, fori=FE, H, k=1,2,and m = X,Y. We let wjg,, # 0 to
focus on non-trivial results which indicate that the changes in these parameters affect the demand
fulfilled by EVs. For the duopoly case, the impact of the time window factor (i.e., ) on the
social welfare is non-monotonic, which depends on the factor’s influence on the EV usage rate (i.e.,
> mWikm) and the per mile environmental impact of using EVs (i.e., 41). When 4, is sufficiently
low such that 41 < Aﬁ, an increase in the value of oy can help improve the EV usage rate, thereby
generating an increase in S WiD , whereas it reduces S WiD due to the lower EV usage rate, where
AZL,)C is defined as in online Appendix D. When 4, is sufficiently large, the social welfare increases
(decreases) with ay, due to a decrease (an increase) in the EV usage rate. Similar to the monopoly
case, the impact of the time window factor for ICVs (i.e., a2) on the social welfare in the duopoly
case is moderated by its influence on the demand satisfied by EVs and 4;. Different from the results
in the monopoly case, the time window factor for EVs (i.e., ;) affects the demand fulfilled by EVs
in a non-monotonic manner. Thus, for the duopoly case, the impact of c; on the social welfare is

dependent on its effect on the demand.

7 Summary and Concluding Remarks

In today’s city logistics, an LSP may acquire only EVs (strategy E) or a mix of EVs and ICVs
(strategy H) to replace a portion of her existing ICVs, in the presence of time window policies
for EVs and ICVs. In this paper, we consider a two-echelon supply chain consisting of (i) an EV

manufacturer who determines the driving range and sale price of EVs and (ii) an LSP who makes
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her decisions on the usage rate of EVs and service fee. We construct a sequential game and obtain
the two firms’ decisions in Stackelberg equilibrium. We also investigate the social welfare and
extend our game theoretic analysis to a duopoly case in which two LSPs compete for customers in
a market.

We find that strategy E may be more profitable than strategy H for the LSP. The LSP should
adopt strategy E if the unit operating cost for new ICVs and the portion of demand fulfilled by
new vehicles are sufficiently high or both of them are sufficiently low. Otherwise, the LSP is likely
to choose strategy H. As reported in practice, some firms (e.g., FedEx) have committed that they
would not buy any new ICV in the future. Our findings help the LSP understand under what
conditions the firm should ban the purchase of new ICVs.

Our analysis can be deemed as an early attempt to understand the impacts of time window
regulations for EVs and ICVs and their operating costs on the EV adoption. A wider time window
for EVs or a lower unit operating cost for EVs can induce the LSP to increase the EV usage
rates under strategies E and H. Our finding may explain why, for EVs, a mixed policy involving
both a wider time window (compared to ICVs) and the operational subsidies for EVs has caused
a considerable EV adoption in the logistics industry of Shenzhen in China. When the demand
potential for her service is sufficiently high, the LSP may increase her EV usage rate, if the unit
operating cost for used (new) ICVs increases under strategy E (strategy H), or if the time window
for ICVs becomes narrower under both strategies. Otherwise, the LSP may decrease her usage
rate. The above insights apply to the monopoly case and may not hold for the duopoly case due to
their competition. These findings also indicate that the government should consider the demand
potential for the LSP’s service in evaluating the narrower time window for ICVs or a higher fee for
the ICV usage per kilometer.

We then examine the effects of time window factors for EVs and ICVs on the social welfare.
When the per mile environmental impact of using EVs is sufficiently low (high), a wider time
window for EVs makes an increase (a decrease) in the social welfare in the monopoly case, and it
increases the social welfare if it can promote (prevent) the EV usage rate in the duopoly case. The
above insights hold under strategies E and H. The narrower time window for ICVs increases the
social welfare if it increases (decreases) the EV usage rate and the per mile environmental impact
of using EVs is sufficiently low (high). It decreases the social welfare, otherwise. The impact holds
under both strategies for the monopoly and duopoly cases.

Our results reveal the following managerial insights that may be useful, and interesting, to
practitioners. To motivate the LSP to adopt strategy E rather than strategy H, the government
can induce the LSP to (i) choose a sufficiently high (low) portion of demand fulfilled by new
vehicles and (ii) incur a sufficiently high (low) unit operating cost for new ICVs. Our results can
help the government better understand the implications regarding its incentive policies for EVs
(i.e., wider time windows and greater operational subsidies) and its disincentive policies for ICVs
(i.e., narrower time windows and higher per kilometer fees). The government needs to note that the

impacts of those disincentive policies for ICVs on the usage rate of EVs may depend on the LSP’s

23



partial replacement strategy and the demand potential for her service. If this demand potential
is sufficiently large (small), a narrower time window for ICVs or a higher per kilometer fee can
increase (decrease) the LSP’s EV usage rate. This may help explain why some large fleet operators
were among early enterprises that deployed EVs for deliveries. The LSP can increase her EV usage
rate for the case of a wider time window for EVs or a lower unit operating cost for EVs, but
may change her usage rate decisions if two competing LSPs exist. To impose a more convenient
(strict) time window for EVs (ICVs), the government needs to ensure (i) a sufficiently small per
mile environmental impact of the EV usage and (ii) an increase in the usage rate of EVs from the
perspective of social welfare maximization.

In this paper, we focus on the role of time window policies in EV adoption. Besides these
policies, it may be interesting to investigate the impacts of some other non-financial incentives on
the EV supply chain, which include, for example, access permits in high-pollution days and low
emission zone (LEZ) policies. LEZ policies specify certain geographical areas in cities that may
only be accessed by vehicles that meet predefined emissions criteria. Such policies have been widely
implemented in practice (Malina and Scheffler 2015). Furthermore, the EV adoption in logistics
fleets are dependent on social and attitudinal factors (Mohammed, Niesten and Gagliardi 2020).

In the future, we may incorporate these behavioral factors in fostering the penetration of EVs.

Notes

'The authors are grateful to the Editor (Professor T.C.E. Cheng) and two anonymous reviewers for their insightful
comments that helped improve this paper.

*https://www.rmi-china.com/static/upfile/news/nfiles/dianzhuangyouhua.pdf (Last accessed December 30,
2021)
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Appendix A Proofs

Proof of Proposition 1. We first find the LSP’s optimal (best-response) service fee decision under
strategy E. The LSP’s profit under this strategy is I[Ig(ug, fr) = (N fe+Apug—GE)(a — bfE) —
Mu%/2, where Gg = WyT+Nco and A\g = N(co—c1) + Woeo+7Wo—2z(rg)é1pie with & =1 — .
The first- and second-order derivatives of llg(uy, fg) w.r.t. fg are

8HE(U,E, fE)
Ofe

82HE(UE, fE)

=N (a—bfg) —b(Nfe+ gup—GE) and 3
ofr

= —2bN < 0.
Therefore, the optimal logistics service fee under strategy E is fr = (aN +bGg—bAgug)/(20N).

Then, we can rewrite our optimization problem for the LSP as follows:

r%%xHE(uE, fe) = ﬁ (Na —bGp + bhgug)® — %uQE
Since 0l g (ug, fr)/Our = 0, the LSP’s optimal usage rate is u}; = bAg(aN —bGg)/(2bN M —b?)\%);
and thus, the optimal logistics service fee is f5 = [M(aN + bGg) — abA%]/(2bNM — b*)%).
Substituting u’ and f5 into dg(f}) yields dg(f5)=bM (aN —bGg) /(2bNM — b*)\%). When
aN —bGg > 0, M > [bAg(aN — bGE) + b*\%]/(2bN), and Ag > 0, we find that u%, € [0,1] and
de(f;) > 0. Note that z(rg) = Wi + n/rg. Substituting ¢1g and v into 7g(rg,pig), we can

rewrite the EV manufacturer’s profit 7g(rg, p1g) as

max 7p(re, pi) = 2(re) e (P1E — v1(rE))

5> Mb? (aN — bGE)”.
TEPLE (26N M — b2\%,)

Taking the first-order derivative of g (rg, pip) w.r.t. pig gives

OmE(TE, P1E)

Mg (2bNM — b2X%) —2(rgp)é1 (26N M + 3b2X%) (p1g — vi(7R))
3P1E ’

(26N M — 52)2)”

= Mb? (aN — bGE)? 2(rE)

The optimal EV price under strategy E is the solution of the equation that 2bNM>\E—b2)\%—z(TE)§1 (mE—
V1 (TE))(QbNM+3bQ/\2E) = 0. The second-order derivative of g (rg, p1g) w.r.t. p1gis 827TE(TE,p1E)/8p%E <
0. Recalling that 2(rg)& (p1g —v1(rE)) (26N M + 3b2)\%) = 2bN M A g — b2)\%,, we compute the first-

order derivative of mg(rg, pip) w.r.t. rg as

org(rg,mEe) Mb? (aN — bGE)2 AB ( 2 31}1(7"13))
- vi(ry) — 2(rg)rg———— | -
Org (QbNM_bQ)‘%)QT% noi(rg) — 2(re)rg are

That is, the optimal range 7% is the solution of the equation that nvi (rg) /1% —2(r z)0vi(rg)/Org= 0.
We also find that *7g(rg, p1g)/(0rgdpig) = 0, and

O’ (rp,pie) _ —MbAg (aN — bGp)?
Orf (26N M — 12)3)°

AU(TE)a



where A,(rg) = 2(rg)0?vi(rg)/0rs, + 2nvi(rg)/r3 — 2n0vi(rE)/OrE/r%. When A,(rg) > 0, we
know that 027rE(rE,p1E)/8r% < 0. As a result, the Hessian matrix of 7g(rg, p1g) at the optimal
solution (r}, pip) is negatively definite.

For strategy H, we write

Oy (ugy, fu) = (Nfu—Gu + Agun) (a — bfy) — %u%},

where Gy = Npca + (1—¢)co] + Wo(1 — @)1 + ¢Wolapa — ¢Woep and Ay = Woapa + N(ca — ¢1)

—z(rg)éip1g. As 82HH(uH, fH)/BfEI = —2bN < 0, we solve the first-order condition to find the

LSP’s optimal service fee under strategy H as

_Na—l—bGH — bAguy

Tu 26N

Substituting fg into Uy (uy, fr) gives Uy (uy, fu) = (Na — bGy + bhgum)?/(4bN) — Mu?, /2.

The LSP’s optimal usage rate decision under strategy H is then found as

b)\H(Na — bGH)
2bNM — b2)3,

wy(re,pra) =

We have fi;= [M(Na+bGy) — ab\%]/(2bNM — b*)\%) and dg(f};) = bM(Na —bGy)/(2bNM —
b’2%). When Ay > 0, Na — bGpg > 0, and M > [bAg(Na — bGg) + b*2%]/(2bN), we find that
du(ff;) > 0 and u}; € [0,1].

The EV manufacturer’s optimization problem under strategy H is

Auz(rg) (pra—v1 (ra))
=0’ M(Na —bGp)?
max (7 pur) (Na = bC ) = N AT — 1222, )2

The first-order conditions of wg (rg, p1g) w.r.t. p1g and rg are
oru(ra,pia)  V*M(Na—bGpg)?z (rg)

Op1H (2N M — b2)\%{)3
< (20N M + 35N%) (pra—n (rar)

[(2bNM — b°A}) Aw—&12(rm)

and
87TH(T'H,p1H) . sz(Na — bGH)2)\H

Orp (26N M — b222,)* 12,

o Ovi(ry)
H 87“]{

nui (re) — 2(re)r

It follows that r7; = r3. The optimal EV price pj, is the solution of the equation that
(2bNM — 52)\%{))\H—§1Z(TH)(2I)NM + 352)\%[)(]91[{—2]1 (TH)) = 0. Note that 827TH(7"H,p1H)/87"}2q =
— Ay (1) gb®>M (Na — bG )%/ (26N M — b*2%)2. When

821;1(7”]{) n 2?71)1(;’}1) _ 277781)1(7’]{)

2
ory T8 ry  Orm

Ay(rg) = 2z(rg) >0,
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we know that 0*my (rg, pim)/0r% < 0. We find that 9%ry (rp, pia)/0py < 0. Thus, the Hessian
matrix of 7y (rm,p1r) at the optimal solution (r};, piy) is negatively definite. This proposition is

thus proved. m

Proof of Corollary 1. We rewrite nvi (r,)/r? — z(r,)0vi(r,)/0r,= 0 and find vy (r;) = (W1r?/n +
ri)0v1(r;)/0r; > r;i0vi(r;)/0r;, where W1 = 1/(ouT's), n = 7¢/(a1T), and tc = dtc. As A,(r;) > 0,
the first-order derivative of r; w.r.t. tc is

or;  wvi(ry) —ridv(r;)/0r;
ote alTr?Av(ri)

> 0.
]

Proof of Corollary 2. Ast; = b)\;, for ¢ = E, H, we compute the first-order derivative of pj; w.r.t.
A as Op}; /0N = Y%/ [€12(ri) (2bN M +3t2)?], where T; = AN2M?—12002N M —3b*\} fori = E, H.
The first-order derivatives of p}, w.r.t. ¢o and pj;, w.r.t. ¢; are dpj/0co = TEN/(22(r*)&1yE) and
op3;/0c1 = —Y;N/(22(r*)€1y:), where y; = 4N2M? + 3b2\}, i = E, H. The first-order derivative
of piy w.r.t. cgis Opjy/0ca = NYu/(22(r*) 1ym).

According to the proof of Proposition 1, we have t; = bA; > 0 and A\; > 0, where A\ =
N(co — c1) + Woeg + Wy — 2(rg)&ipip and Ay = Wolapa + N(c2 — c1) — 2(ru)&ipiy. We find
that OA\g/0co = Nlg/(2yg), OXi/0ci = —NIl;/(2y;) < 0, and O\ /Oca = Nlg/(2ym), where
li = (2NM + 3b)\?)% i = E, H. The first-order derivative of f w.r.t. ¢; is

df;  Mb(2bNM — t7) 0G;/dc; — 26> \;M (aN — bG;) ON; /801

dcj (26N M — 12)*

where j = 0,1,2, 0Gg/Jdco = N (where Gg = Wyt + Ne¢y), 0Gr/dco = N(1 — ¢) (where Gy =
Nlpca+(1—¢)col +Wo(1—d) T+ p&aWopa —dWoep), and 0G g /0cag = N ¢. The first-order derivative
of ff, wr.t. cpis

8]} . N(QbNM—tZE) E—tElE(CLN—bGE)
dco (26NM — t3)? yp

We then obtain dfF/0co > 0 if a < Agp, and 0f},/0co < 0 if a > Agp, where Agp is defined as in
this corollary, Agr > bG'E/N. We compute the first-order derivative of f5 w.r.t. ¢; as

af; . —QbMtE (CLN — bGE) 8)\E

> 0.
dc1 (26NM —12)*  Oct

The first-order derivatives of f7; w.r.t. cp, c1, and co are

ofy  MbN(1-9) o i _ —2b°Ag M (aN — bG ) ONg
Odcg ~ 2bNM — t%{ " Oey N (QbNM — 2 ) dcy

>0,
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and

* 26N M — t2 — (aN — bGp) tyl
%ZMbN( H)¢3/H (a2 H) HH
dcz (26NM — %) yu
If a < Agp, then 0f};/0cy > 0. If a > Agp, then 0ff;/0ca < 0, where Agp is defined as in this

corollary, Asp > bGy/N. The first-order derivative of u} w.r.t. ¢; is

duy _ b—ti (2bNM — t2)0G;/0c; + (2bNM + t2) (aN — bG;) ON; /8cj.
e (26N M — 2)?

The first-order derivative of uy, w.r.t. co is

*
ouy,

N (2bNM +t3) (aN — bGE)lp — 2yptp (26N M — t7))
deo 2y (26N M — t3)? '

It follows that Ou},/0cy > 0 if a > Aoy, and Ju},/0co < 0 if a < Aoy, where Aoy is defined as in
this corollary, Aoy > bGE/N. The first-order derivative of u}, w.r.t. ¢; is

Ouj; _, (NM +13) (aN —bGp) MAp _

0.
dc1 (26N M — 12 de1

The first-order derivatives of uj; w.r.t. cp, c1, and co are

oy —N(1-¢)b°A\g out,  b(2LNM + %) (aN — bGr) dNg -

<0, =

0,

aCO a 2bNM — t%‘f 861 (2bNM o t%_[)2 301
and
Oufy _ (0N = bGr) (2DNM + t)ln — 20t mym (2bNM — t;)

We learn from that duj; /Ocy > 0if a > Agy, and Ouj;/0ca < 0if a < Agy, where Ay is defined
as in this corollary, Aoy > bG g /N. The difference between Agrp and Aoy is Aor — Aoy = (26N M —
t2)%yp/[Nlptp(20NM +t%)] > 0. As Agp — Aoy = dym (20N M — %)% /[Nlgtg (20N M +1%)] > 0,
we have Agp > AOU and Agp > Agy. B

Proof of Proposition 2. We learn that II;(u}, ff) = M(aN — bG;)?/[2(20N M — b*)\?)], where
i = E, H, Gg=Wyt+Nco, Gy = Nlpca + (1-9¢)co] + Wo(1l — ¢)7 + ¢Wolape — ¢Woeo, A\p =
N(Co—cl) + W()So—i-TW()—Z(TE)flplE, and AH = fgW()pg + N(CQ — Cl)—Z(T’H)glle. When

ey = ¢ = co+ Wo(T + 0 — &ap2) /N,

we find that Gg = Gu, Ag = A\g, and 0Gy/0¢ = 0. Note that r}, = r}; and pj; is the solution
of the equation 2bN M N; — b2 X3 —z(r;)&1(pri — v1 (1)) (2bN M + 3b%2A%) = 0. Since the coefficients of
this equation are the same under strategies E and H, we find that pj, = p]y when c3 = é3. In this

case, uy = uyy, [ = [, and ¢ip = ¢y if c2 = Co.
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When ¢y = éo, Up(uy, f) =Hu(uyy, f;) and 7g(r}y, pig) = 7u(riy, piy). This occurs because
the coefficients of strategy H including ¢ and ¢z, and p2 do not affect the LSP’s profit under strategy
H when ¢ = ¢3. When cg # g, the equation g (uyy, fi7)=Ig(u}, f}) is equivalent to

b= (Neo+ Wor)/[N(&s —e2)] + [\/22NM — 83)Tlp(ufy, f3)/M — Nal /[N (& —c»)].

Since Gg, tg, and Ay do not include ¢, we find that g (uy, f7;) >E(uy, f5) when co < é and
¢ >, or, ca > é and ¢ < ¢. It thus follows that Oy (uly, f;) <Ip(ug, f) when ca < é and ¢
<@, or,cy > é and ¢ >¢. m

Proof of Proposition 3. Noting that 77, = r; = r*, we learn from Proposition 1 that pj; satisfies
the equation 26N Mt;—t?—b&z(r*)(p}; — v1(r*)) (20N M + 3t?) = 0. Then,

oy P — (26N M + 3t2) v1 (1)
dan a1 aq[AbNM — 666,z (1) (pt, — v1(r*))]
where (4b2N2M2 4)
AbNM — 6t;6€12(r")(p1; — vi(r™)) = SN+ 3t12 > 0.

Therefore, (9p7;/p3;)/(0a1/a1) < 1. We have

O\ _ 2(r*)& v, (r)l;

> 0.
80&1 20&1@/1'

The first-order derivatives of u; and d;(f;) w.r.t. aq are computed as

* 2 ’
ou; _ b(aN — bGy) 2bNM +t; O\

> 0,

Ocy (26N M — 2)* Oon
and
odi(ff)  2b3MMX; (Na — bG;) 0N .
e (26NM —12)>  Oax ~
The first-order derivative of f* w.r.t. aq is
off 262\ M (aN — bG;) O\
L (a ) 0%

Aoy (2bNM —12)>  dox

The first-order derivative of II;(u], fF) (which equals M (aN — bG;)?/[2(2bNM —12)]) w.r.t. oz
is

O (uf, f¥)  bP\:M (aN — bG;)? ON;

2

> 0.
daq (26N M —12)> O



Noting that m;(r*, pt;) = M?*\iz(r*)(p1 — v1(r*))(aN — bG;)?/(2bN M — t2)%, we compute

Om(,ph) _ o A0 () 2(07) (Na = bGy)®

> 0.
Do ar (26N M — 2)?

Proof of Proposition 4. Under strategy E, O\g/0as = —z(r)10p}p/0as — Wo(eo + 7)/aa.
The first-order derivative of pj, w.r.t. g is
8pTE n Wo (80—|—7’) Wo (60—1—7‘) lg

= > 0,
Jag  z(r*)&ag  2z2(r*) 1oy

where Op} p/0as > —Pig, Pip = Wo(eo+7)/[2(r*)&1az]. Then, we find 0tg/0as = —b[z(r*)&10p; i/ 0o+

Wo(eo + 7)/a2] < 0 and
deE . W (60—|—7’) Te

dag — 2z2(rp)éiooyp

where Yp = AN2M?2 — 12bNM)\% — 3b2)\‘$E. Then, the first-order derivative of Ag w.r.t. ayg is

OME Wy (€0+T) lg
= < 0,
Oa 200y

where g = (2NM + 3b0%)? and yp = 4N?M? + 362)\%. Noting that Gg = Wyt + N¢o, Wy =
1/(ceT's), and ug = tg(aN —bGg)/(2bN M —t%), we find that G g/0as = —7Wp/as. We compute

the first-order derivatives of uy and dg w.r.t. as as

Ouly _ yyy, ETLE (2bNM —123) — (20+7) Ip (aN — bGg) (2bNM + t3,)

da 209y (26N M — 12 ’
and
9de(f5) Typ (2NM —t3,) —tp (aN — bGE) (e0+7) Ip
Ooz asyp (20N M — t2)

If a < Apy (where Apy is defined as in this proposition), then duj,/0as > 0; and if a > Agy,
then Ou},/0an < 0. We also find dd},(fF;)/0ce > 0if a < Agp, and 0d},(f)/0az < 0if a > Agp,
where Agp = bGp/N + Typ (26NM —t3) /[tg (e0+7) lgN].

We compute the first-order derivative of fr w.r.t. as as

Oft  WobM tglg (e0+7) (Na — bGg) — Tyr (26N M — %)

doy o yg (26N M — t2)

9

which is non-positive if a < Agp (where Agp is defined as in this proposition) but is positive if
a > AEF-
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The first-order derivatives of Ilg(u}, f) and g (1}, pig) W.r.t. ag are

Mg (uy, f)  bMW, (aN — bGp)
Doy as (26N M — 12)°

e0+7) (aN — bGE)

tele|,
2yp

T (2bNM — %) — (

and
Org(ry,pip)  2Ttp (2bNM —t3)) — (eo+7) (26N M + 3t%,) (Na—bGp)
Ocry (26N M — 12)° oz
X VVOZ(T*E)]\/[b2 (Na —bGE) (pig — v1(rR)).

It follows that OIlg(u}, ff)/0ce > 0 if a < Agp and Olg(u}, f1)/0as < 0if a > Agr. In
addition, Org(ry,pig)/0cae > 0 if a < Agpy, and Ong(ry,pig)/0ce < 0 if a > Agy. Here,
Apr and Agys are defined as in this proposition. Recalling tz7 = b, we compute the first-order

derivative of pj; w.r.t. as as

opiy Wolopa _ Wolapalu
Jog oz (r*)& 202 (r*) &1y

> 0,

which means that 0pjy/0as > —Pig, where Pigp = Wolapa/[aaz(r*)&1]. Moreover, as Ty =
4N?M? — 12bA%, N M — 3b?\%;, we have

deH _ _W0§2p2TH and oAy _ _W()prng <0

doo — 22(rf)&100yn oz 20001

Recalling that G = N[pco+ (1 — @)co] + Wo(1 — @)1 + ¢Wokape — ¢Woep, we have 0G g /day =
WoG/az, where G = ¢eg — (1 — @) — p&apa. The first-order derivatives of u¥, and dg(f};) w.r.t.

Q9 are

Quy oy Eopalu (2DNM + ) (Na = bGy) + 2yntnG (20N M — t;)
NH _ |
O 2ypag (26N M — t2,)?
and )
0di(fhy) _ oy pyyr E2p2bartus (Na = bGur) +ynG (DN M — 15,
9du(fp) _ _ ] |
do yras (26NM — 2,)°

We find that du};/0as > 0 if a < Agy, and Ou};/0as < 0 if a > Ay, where Agy is defined as
in this proposition. We also have ddy (f};)/0cs > 0 (0du(f};)/0az < 0) if a < Axp (a > Aup),
where Agp = bGy /N — yHé(QbNM - t%l)/(N&pngtH). The first-order derivative of f}; w.r.t.
oo 18 ~

8f[f[ yHG (QbNM — t%_[) + Eopolpty (Na — bGH)

Su _ ywonn ;

das ymos (26NM — t3))

Therefore, 0f};/0as < 0 (0ff;/0as > 0), it a < Agp (a > Anr), where App is defined as in this

proposition.
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The first-order derivatives of mg (r*, pi,) and g (u}y, f5;) w.r.t. ag are

2ynG (2bNM — 12,) + Copolyty (Na — bGry)
2000y 11 (2bNM — L‘%,)2

8042

= —bM (Na — bG) Wy

9

and

Onu(r*,ply)  —2tgG(2bNM —t%) — &pa(2bN M + 3t%) (Na — bG )

Oay (2bN M — t%{)3a2
x Woz (r*) MbQ(pTH —v1(r*))(Na — bG ).

Then, BHH(uj‘q,fj’;)/aag >0 (8HH(u’j{,f}fI)/8a2 < 0), if a < Agyp, (CL > AHL)7 where Agy,
and Ay are defined as in this proposition. Moreover, Omy (r*, pi)/0ce > 0, if a < Agr; but,
Orp(r*,piy)/0as <0,ifa > Agy. ®

Proof of Remark 1. The social welfare under strategy ¢ is SW; = IL;(u;, fF)+mi(rf, p};) +CSi— 1L,
where i = E, H. Let

U =g (uy, f)+ma (i, pig) + CSy — SWg
— lgory0 + a1 + @2v2 + N(1 — ¢)du (f3)50 + Nuydu (fi)%] -

The difference between SWy and SWg is SWy — SWg =T — N(¢ — uy)du(f5)52. If 42 > AonE,
then SWg > SWy; If 42 < 4omp, then SWg < SWy, where Yopp = T'/[N(¢ — ul))du(f7)]. =

Proof of Proposition 5. The total environmental impacts in the monopoly case under strategies

E and H can be written as
Ie = Wovo + No) de(f) + [2(r")y — Woro + No1 — NAol upde(fx),
and
I = [(1 = ¢) (Woro + Ndo) +6 (2Wo + NA2) du (fir) + [2(r")n—Wovre + N — Ny updu (7).

Note wi1 =0(u;d;(f}))/0c = d;(f])0u}/Oar+ur0d;(f)/0ar > 0, where Ou}/Ocq and 0d;(f;")/0an
are defined as in the proof of Proposition 3. The first-order derivative of Ig w.r.t. « is 01;/0a; =
Bij1+Nw;191, where By and By are defined as in this proposition, 0IL; (u;, f)/daq and Om;(r*, p};)/Oan
are defined as in the proof of Proposition 3.

As CS; = d;(fF)?/2b, we get 0CS; /Oy, = d;(f7)0d;(f)/Ocu /b, where k = 1, 2. The first-order

derivative of the social welfare SW; w.r.t. oy is

OSW: _ OWL(uf. /1) Om(r*.pi,) | OCS;

= — Bij1 — Nwii#1.
8a1 8041 8&1 aal i wiam

Therefore, 0SW; /0oy > 0if 43 < A;1 (where A;; is defined as in this proposition) and 0SW; /0oy <
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0if 41 > Agr.

Note wio = O(ufd;(f))/0az = di( f])Ou]/Oca+ur0d;(f7)/Oca, where Quy,/Oaa, Odg(f};) /0,
Ouy;/0ag, and Odg (ff;)/O0as are all defined as in the proof of Proposition 4. We calculate the first-
order derivative of I; w.r.t. g as 0I;/0ag = Bja+ Nwis91, where Bgs and By are defined as in this
proposition; and, Ollg(uy, f§)/0az, Oy (uyy, f3;)/0az, Onp(r*,pip)/das, and dmy (r*, piy)/das

are all defined as in the proof of Proposition 4. The first-order derivative of SW; w.r.t. as is

OSW; _ aHi(U:af:)+87ri(r*,p’{i) n oC'S;

— B:o — NwioAo.
8@2 8@2 6&2 8@2 2 Wiz

If wig > 0 and 41 < Aj2 (where Ay is defined as in this proposition) or if wie < 0 and 47 > A;a,
then 0SW;/0ag > 0. Otherwise, 0SW;/0aa < 0. m

Appendix B Parameters and Numerical Experiments in an Alter-
native Case
In the alternative case, we set ¢yg = $0.7/mile, ¢; = $0.6/mile, co = $0.8/mile, and use the other

parameter values as in the case in the main body of this paper. The impacts of time window factors

in the alternative case is illustrated in Figures A and B.
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Figure A: The impacts of time window factor for EVs on the percentage changes in the optimal
usage rate of EVs (as shown in (a)), the optimal logistics service fee (as shown in (b)), the optimal
EV price (as shown in (c)), and the LSP’s and the EV manufacturer’s profits (as shown in (d) and
(e)). Note that the solid and dashed lines indicate the results under strategies E and H, respectively.
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Figure B: The impacts of time window factor for ICVs on the percentage changes in the optimal
usage rate of EVs (as shown in (a)), the optimal logistics service fee (as shown in (b)), the optimal
EV price (as shown in (c)), and the LSP’s and the EV manufacturer’s profits (as shown in (d) and
(e)). Note that the solid and dashed lines indicate the results under strategies E and H, respectively.

Appendix C A Summary of Major Analytical Results

We summarize our major analytical results in Table A. From this table, we find that a greater time
window for EVs can increase the LSP’s EV usage rate, decrease her optimal service fee, and cause
an increase in the LSP’s and the EV manufacturer’s profits. When the demand potential for the
LSP’s service is sufficiently large (small), a smaller time window for ICVs can increase (decrease)
the LSP’s EV usage rate, her profit as well as the EV manufacturer’s profit, but it can decrease

(increase) the LSP’s optimal service fee. These insights hold under strategies E and H.

[ ] py; (1 =FE, H) [ fi [ Ui [ i (ug, f7) [ LGN
ar | I T T T T
o | - I lfifsf’;(?{)_)i’ol’ T, ifa> A, L, ifa> A, I, ifa> A, L, ifa> A,
2 ! ogthem;ise_ ’ 1, otherwise. T, otherwise. T, otherwise. T, otherwise.

Table A: The impacts of the parameters a1 and ag on the optimal EV prices, the optimal driving
ranges, the optimal logistics service fees, and the optimal usage rates. Note that the marks “|,” “7,”
“1T,” and “—” indicate that the optimal decisions, or profits are decreasing in, increasing in, may
be increasing or may be decreasing in, independent of the corresponding parameter, respectively.



Appendix D Mathematical Arguments for Section 6

Under strategy i, the LSP m’s profit HD 2 (Wim, fim) yields HiDm(uim, fim) = (N fim—Gi+uimA;) (am—
bfim + Bfin) — Mu2 /2. Since 911P (uim,fim)/a(fim)z = —2bN < 0, we solve the first-order

condition to find LSP m’s (m = X, Y) service fee as

2Nb 2b

fim =
Therefore, the LSP n’s service fee is fi, = [b(Gi — winAi) + anN|/(2bN) + 3 firm/(2b). Substituting
fin into fim gives

fim (Uim,um) = (4b2U 52) U and fi, (Umuum) = (4b2u 52) u )

where K, = 2bNa,+8Nay, + b(20 + 8)Gi, Kin, = 2bNap+8Nay, +b(2b+ 8)G;, i = E, H.
Letting L;p, = (amN — bGl)(4b2 — ﬁz) + BKin, R = )\i(2b2 — ﬁ2), and R;y = MN(452 —

62)2—2bRi21, we use the first-order condition to obtain

Ul (Lim — 2b2)\i/3’um) and Wi (Uim) ui

sl Ul o 512y g0
7, 7 (Lin — 26°Xi Btim) -

Substituting w;, into u;,, yields

px _Fa (RiaLim — 286°AiRi1 Lin)
" R%—482b*\2R% '

The LSP m’s optimal service fee under strategy i is

D« _ RisKim—bAiRi1 (2bRisLiy + BLinRi4)
e NR;5 (4b2 — 32) ’

where Rig = Rig — ﬁ2b)\iRi1, RZ‘4 = Rig — 4b3)\iRﬂ, Ri5 = Ri22—462b4)\12R121.
As the “leader” in the sequential game, the EV manufacturer determines the driving range and
the EV price before the LSP makes her decisions. The manufacturer’s profit in the duopoly case is

Wf)(ri,pli) = (Wimim + Windin)z(ri)(p1i — v1(r;)). Its first-order derivatives w.r.t. ; and pj; are

orP (ri,p1i) _ ON
aT‘i - 8ri

(Xim + Xin) 2(ri) (Pri — vy (14))

0 (i () - 20 2| <o,

+ (Uzmdzm + umdm)

and
P (ri,pii) O
mr 'p1 ) - - (Xam + Xin) (P1i — v1 (13)) 2(ri) + (Wimdim + Windin)z(ri) = 0,
aplz a P1i

where Xim = O(wimdim) /0N and Xin = O(uindin)/0N;. We find that wi,dim + windim = —(Xim +

xi



Xin)(p1i — v1(7))ON; /Op1i. Therefore, rP* satisfies the equation:

2(rP*)ov, (rP*) j0rP* — nui(rP*) jrP*? = 0;

as a result, 7’Z»D * = r*. Moreover, pﬁ* satisfies the equation that wi,dim + Windin — z(rZ»D V&1 (Xim +
Xin) (P — v, (rP*)) = 0. Assume 02117 (ul) . f1)/0ub? = 20A2(2b% — 32)% /[N (46> —3%)%]— M < 0.
Thus, when 9%z /0r? < 0, ?>xP Jop?; < 0, and 0?7 Jor? x 0?nP Jop?, — [0?nP /(OriOp1i)]? > 0,
the Hessian matrix of 77 at the optimal solution (rP*, pt*) is negatively definite.
Next, we define the parameter xin, = O(u?,, dim)/0N;. Note l%* = [Kim—b\; (2bu5j[ + 6u5l*)]/[N (4b2 — 52)]
and 1'173* = [Kin—b\; (2bu£L* + Buff;)]/[N (4b2 — Bz)]. According to dyy, = apm — bfim + B fin, We
have
D De [V (40% = B%) ap + BK iy — bKim| + bA; [(202—5%) Rigul)r + 26382 RigA\jul)* — bBRi6 Liy |
Wiy Aim = Uiy N (462 — j32) ’

where Rj¢ = R;1/Ri2. The first-order derivative of uﬁj w.r.t. \; is

im

ul*  (RiaLpm — 4Bb° iRy Liy) (20 — B2) —4b); (2b* — ,@2)2 Ri1Lim — 28V R Lin,
oN RZ '

The first-order derivative of R;g w.r.t. \; is

ORis _ (o — ) MN (4b% — 8%)® —2bR2, + 4b), (20> — 5%) Ray
8)\7; R122 ‘
Defining
bul* 3 %
Rint = 5 2™ ) { [(21;2_ B%) Riy + 402 Rig\i—4bA2 (202 — B2) ] ubx — bBRiGLm} :

we have the first-order of uﬁjdim w.r.t. \; as

im = a)\z =

N (462 — 32) o\
b2BN; (262 BN uL*2 — LiuP*) OR;
N (462 — 32) O\

where Rjns = N (4b2 — 52) am + BKipn — bKim — b?\iBRigLin. Similarly, we can obtain y;, =
8(u£*dm)/8)\i.

For the duopoly case, the social welfare is

D _ D ;. Dx gDx
SW; _ZmHim(uim’ im

)+l (r*, pi) + ZmCSf?n —IP form=X,Y.

Using (13), we compute the LSP m’s consumer surplus as CSP = (a — bfP*)2/(2b). The total
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environmental impact for the duopoly case (i.e. ID) is Ig = (oEm + 9En)Y0 + ((1Em + q1En)71 +
NAoldpm (1 —ulr )+ dpn(1—ul?)]+ N4 (uB dpm +ulidp,) and I = (QOHm+QOHn)'YO+(q1Hm+

qran) V1 + (@2m + @2n)v2 + NAo(1 = 0) (dmm + drn) + N4 (Wi, drrm +wl dpn) + N[(¢ — ub ) dpm +
(¢ — u?I;)dHnﬁ/g. The difference between S WI]_:I) and S WE is

SWii = SWE =TV — N[(¢ — ugy,)dum + (¢ — uizy)dunl 3

If 4o > A0, gy then SWE > SWE; If 45 < 40, 5, then SWE < SWP | where 40}, = TP /[N(¢
byt Ydgm + N(¢ — ulb))dpy], TP is defined by

=3 i (uhh,, me)+7TH( “ i) + 3 CSHm — SWE
— (@orm + qorn)Y0 + (@1EM + QEn) 71 + (G2m + g2n)72]
— N4o(1 = ¢)(dmm + dun) — N (ulhdpm + i dmn).

We consider the impacts of time window factors on the optimal decisions. Note that pﬂ*
satisfies the equation uP*d;m, + uP*din — 2(r*)&1(Xim + Xin)[PE*—v1(r*)] = 0. We find that the
signs of dpf*/0ay and Opl*/Oay are uncertain, and ON;/Oan = —&12(r*)(Opl* J0ar — pP* /ay).
Note 0\;/0ag = —z(rz)&@p [ 0ay — Wyl /ag, where O = eo+7, O = &2p2. Using the definitions
of Ri1, Ri2, Ri3, and Ry, for i = E, H, we have OR;1 /O\; = 2b®> — 32, OR;2/0N\; = —4b);(2b% — B2)2,
OR;3/ON; = 2b)\;(20% — B2)(B2—4b?), and OR;4/0N; = 4bX;(20% — B2)(B?—4b?). As OL;y, /0y =
OKm /0y = 0, we calculate 8u5)7;‘/8)\i as

oulr  ZyiLim — ZaiLin
A RZ

where Z1; = MN(4b? — 32)2R;5—6bR? Ris + 8bR? Ria(Ria+26%03)\?) and Zy; = 66BN\ R Ris +
166X\ b3 RS, (Rio+2B8%b202). The first-order derivative of the logistics service fee f2* w.r.t. A; is

9 zen* —b Dx* Dx auD* Ou D*
o 2+ +>\< i g )}

The above indicates that the signs of dul*/day, OfE* /0ay, Oul* /0y, and O fL* /0as are uncer-

tain. The environmental impacts for the duopoly case can be written as

IE = Wy (dpm + dga) + (112(r*) = Vo) (usdem + upnden) + N1 (upmdem + ubnden) |
and

I = o(dam + dn) + (2(r*) — Vo) (wigidim + ughdmn) + N1 (i dam + uighdem) |

where Wg = voWo + NAo, Wo = Woya + N2, ¢ = (1 — ¢)Wo + ¢Wa. The first-order derivative of
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the social welfare SI/ViD w.r.t. aq is

OSWP _ o~ OUf(ut, £i) P ply) | 5 DS, OIP
day — Lum daq ooy ™ do 60417

where 0IF /8a1 = 3, Biam+N1Y. witm: Beim = YoCeim+(2(r*)n1—Yo)wp1m—712(r* Jupsdem/ a1,
Brim = ¢Caim+(2(r" )11 —Y2)wHim — ’le(r*)ulj?ﬁnde/Oél, Wilm = a(uz%fdim)/aal, and Giim =
Odip, /0. The first-order derivative of the social welfare S VVZ-D w.r.t. oo is

* D * *
MGl fim) | 07 (P Ly acsp 1P
m 8&2 80[2,

oswpP _
8042 -

2om

8@2 3012

where P /0as = Y, Biom+NA1Y.,,wizm, Bram = Yolpam+(2(r*)v1—Vo)wpem—Wo(1 — ul* )dEmyo/as,
Bram = ©Cram+(2(r*)m1—Y2)wmam—Wol(1 — ¢)y0+(¢ — uii ) v2ldmm/ o2, wiom = O(ulydim)/0as,
and Ciom = Odim /Oas.
If > wikm > 0 and 4 < Ai[,)f or if )" wigm < 0 and 41 > Afz, 8SWZ-D/8ak > 0. Otherwise,
OSWP /ey, < 0. Here, AR = [, OTIP (uP*, f2%) jocy, + 0P (r*, pP*) J0oy + 32, 0CSP, Jdcy, —
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