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Al. Derivations of the Consumer Demand Functions in §3.3

In this section, we present the derivations of the consumer demand functions characterized in
§3.3. First, we identify the non-dominated consumer strategies. Note that in every period t > 0,
a consumer can choose from the following mobility options: (i) buy a new car (IV), (ii) keep a
used car for a second period of use if a new one was purchased in the previous period (K), (iii)
buy a used car from the secondary market (U), (iv) use the ride-hailing service (R), or (v) remain
inactive without car usage (I). We next derive the single-period net utility for a consumer with
valuation 6, from each of these consumer choices in the current period. Note that these single-period
net utilities also depend on the consumer choice in the previous period. For example, consider a
consumer who bought a new car (N) in the previous period, and chooses to buy a new car again
(N) in the current period: In the current period, the consumer sells off the used car (bought in
the previous period) on the secondary market and receives a payment p,; the consumer also pays
the new car price p and obtains the utility from usage Af. Therefore, the single-period net utility
for this consumer will be Ad — p + p,. For a consumer who bought a new car (N) in the previous
period, and chooses to keep the used car (K) in the current period, the single-period net utility in
the current period will be Ad6. Similarly, for a consumer who bought a new car (N) in the previous
period, the single-period net utilities in the current period from using ride-hailing service (R) and
remaining inactive without car usage (I), respectively, will be AG(6g(6)0 — f) + p, and p, (as the
consumer first sells off the used car bought in the previous period on the secondary market at p, in
both cases). Following a similar analysis, for a consumer who bought a used car (U) in the previous
period, the single-period net utilities in the current period from buying a new car (), buying a
used car (U), using ride-hailing service (R), and remaining inactive without car usage (I), will be
A0 —p, A60 — p., \B(0r(0)0 — f), and 0, respectively (and keeping a used car (K) is not relevant
for the consumer here since no new car was purchased in the previous period). Similarly, it is easy
to see that a consumer that kept a used car (K), used ride-hailing (R), or remained inactive (I) in
the previous period, will have the same single-period utilities in the current period as a consumer

who bought a used car (U) in the previous period as shown above.
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Based on these single-period net consumer utilities, we can then identify the non-dominated
strategies for consumers. Note that given the two-period useful life of cars, we only need to focus on
the two-period consumer strategies at the focal point; an example of such a two-period consumer
strategy can be: buy a used car in one period and use ride-hailing in the next period, and then
repeat this two-period strategy, over the infinite horizon of our model. To this end, we examine
all the possible two-period consumer strategies and eliminate the dominated ones. For example,
buying a used car in one period and then using ride-hailing in the next period is dominated: A
consumer with valuation 6 obtains a utility of Ad@ — p,, in the period of buying a used car, and
a utility of AB(0r(0)0 — f) in the period of using ride-hailing. If A\60 — p, > AB(6r(0)0 — f), then
the consumer will gain a higher utility from always buying a used car in every period; otherwise
(if A0 — p, < AB(0r(5)8 — f)), the consumer will be better off always using ride-hailing in every
period. Following a similar argument, we rule out the dominated strategies and identify all the
non-dominated strategies to be NN, UU, RR and I, as described in §3.3.

We next construct the expected per-period net utilities from all the non-dominated strategies
for a consumer with valuation 6. (i) In every period, a NN consumer sells off the used unit from
the new purchase in the previous period and receives the used car price payment p,,, pays p for the
new car, and obtains a utility A8 (which accounts for both the consumer valuation of car usage
and the actual per-period usage). Therefore, the expected per-period net utility from the NN
strategy is Van(0) =0 —p+p,. (ii) A UU consumer pays p, for the used car, and obtains utility
A6 (which accounts for the consumer valuation of car usage, the actual per-period usage, and the
product durability) in every period. Therefore, Vi (0) = A0 — p,,. (iii) The utility of using the
ride-hailing service is d(0)8 — f, which accounts for the probabilities of getting new or used cars
for the consumer rides (with dz(0)) and the ride-hailing price (f); moreover, the actual usage of
the RR consumers is A, which accounts for the probabilities of both incurring the mobility needs
and being matched with an available driver when needed. Therefore, Vgr(0) = A\3(6r(0)0 — f). (iv)
It is trivial to see that V;;() = 0. These results are summarized in §3.3.

All consumers maximize their utility, by self-selecting into one of the non-dominated strategies
identified above, which then divides the market into four segments accordingly. As discussed in
the paper, we assume that § > dg(0), and then have that consumers who choose NN have higher
valuations than those who choose UU, who in turn have higher valuations than those who choose
RR, and finally, those who choose to remain inactive have the lowest valuations. If we denote
the 6 that solves Vy (0) = Vyu (0), Vuu (0) = Vrr (0), and Vgzg(0) = Vi (0) by 61, 65 and 65,
respectively, we have that consumers with 6 € (6, 1] choose NN, consumers with 6 € (05, 6,] choose

UU, consumers with 6 € (03,05 choose RR, and the rest remain inactive, where 0 < 63 <6, <8, <1,

0, = T_%;”; , 0, = %, and 63 = ;Tfl. Based on these results, we calculate the new car ownership
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among consumers to be Dyy=1—0, = p5 211’)’; + 1, the used car ownership to be Dyy =60, — 0, =

2(pu—BfN) —2py : _ _ 48fA—2(5+1)py
M(B—2)3+5) + ;D/\_(SpA s and the rlde—halhng demand to be -DRR = 62 — 93 = W

We next derive the used car price p, in the secondary market, which is endogenously determined

by the market-clearing condition that balances the total supply and demand of used cars. Specifi-
cally, the total demand of used cars comes from the UU consumers, which amounts to Dyy; and
the total supply of used cars comes from the NN consumers, which amounts to Dyy. Meanwhile,
the ride-hailing price f is endogenously determined by the market clearing-condition that balances
the total supply and demand of consumer rides. Specifically, the total supply can be calculated

by aSs and the total demand is A\BDgrr. We solve the market-clearing conditions Dyy = Dyy

B . . _aM(a(6+1)p((8—2)6+8) ((6—1)A+2p)+B8(8% —1) Ap) +4B5X(—5A+A—2p)
and A\BDgrr = aSg, which yields p, = 22 (51 1) Mp(@BG D) 36-1) 18G5 1A and
f= wzygg ﬁ) /\1);3 (][\5441-)1() JVQ/Z E‘;E(l 6):3)5 +31 §+f38 ) 'We can then substitute them into the OEM profit, which
_ (e=p)(a(0+1)Mp(A(20(B—1)(0+1)—B(6—1)A)+2p(a—BA)) +BA(p(M (—2a(5+1)+35A+A) +4) —4(+1))))
4B(36+1)A2—2a2(5+1)AMp(28(6+1)—35—1) :

gives Iy =

A2. Proofs

Proof of Lemma 1. We solve the constrained profit maximization problem for the OEM:
max, IIy, subject to p,Dyy,Ss > 0. Note that the non-negativity constraints already ensure
Pus f >0 as well. To solve this problem, we associate Lagrange multipliers (py, p2, p3) with all the
constraints to form the Lagrangian Ly = Iy + (11)(p) + (2)(Dnn) + (163)(Ss). We then apply
the Karush-Kuhn-Tucker (KKT) conditions to identify all the candidate solutions, after which we
compare all the resulting profits from each of the candidate solutions, along with the parameter
conditions under which they are valid (i.e., indeed meeting all the constraints), to rule out the
dominated ones. As such, we summarize the final optimal solution below.

_ _ 3602Mp(5—8ap)+3B8(ap(M(12a(12ap—p—T)+5)—64)+40) ~ _
Let cia, B, p, M) = 2(12ap—5) (2402 Mp+B(M(5—12a(p+1))+16)) a‘nd c2(a, B, p, M) =

3(3a2(B—1)Mp—28)(B(M(12a(p+1)—5)—16)—24a2 Mp) 3\/[-11\/1(1 2wp)2(2/3+3(12Mp)(3(y2(6/3 5)Mp—108)(B(M (12a(p+1)—5)—16)— 24a2Mp)
2(6a21»1p+5(4 3aM)) (2402 Mp+8(M(5—12a(p+1))+16))

then El(a767p7M)<62(a7ﬁ7p7M) and:
(ROi) When c<@i(a,B,p, M): p* =220, f* = Din = g5 Diw = 355050 Din =03

i = = . 12a2(4c+3)Mp+B(c(—24aM (p+1)+10M+32)—30(12a+1) Mp+24)  pu __
(ROH) when cl(a7ﬁ7p7M) <C<C2(0‘76797 ) p = 9602 Mp+B(—480 M (p+1)+20 M 164) s 1=

- 48ap 207

3(B—8fcta(6f=—5)cM) | 488—3M (120(B—1)+8)
12a2(68—5) M p—4083 19202 M p+8B8(M (5—12a(p+1))+16)’
Dt —1(_20 | 1-8c _128(8—8Bcta(68—5)cM) B(168—M(12a(8—1)+5)) +
NN ™4\ =20 ' 5-68  (68-5)(3a2(68—-5)Mp—108) ' (2a—p)(24a2Mp+B(M(5—12a(p+1))+16)) )
D =1 20 4 1-8c _ _126(B—8fcta(6f—5)eM) | B(168—M(12a(8—1)+8)) +2
uu = B—2a ' 5-68 (68—5)(3a2(68—5)Mp—108) (2a—8) (2402 M p+B(M (5—12a(p+1))+16)) )
v (10—24&;))(12@2(40+3)Mp+5(c(—‘24o¢]\/1(p+1)+10M+32)—3a(12a+1)1\/Ip+24))
o M| Sept 9602 Mp+B(—48aM (p+1)+20M+64)

D* e .
RR 3a2(68—5)Mp—108 ’

(ROii) when €y (e, 8, p, M) << 2321 p =1(3ap+20), fr= 2Lt 4 3 Dy =0, Dy =0, Dy = 20020,

(ROiv) otherwise (when ¢> 222): p*=o, f* =o0..

As such, D%y =0 when ¢ <@ (a,f,p, M). Moreover, assuming ¢ < ¢ («, 3, p, M) as mentioned
in the problem formulation (in §3.4) allows us to focus on the more interesting case where some

consumers purchase new cars in the market.
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Moreover, we also derive

o (aBpM) _ 150 _ 3(12a=5)afM(M(12a(S—1)+f)~ 165 with
ap (5—12ap)? 2(2402 M p+B(M (5— 12a(p+1))+16)) with p, e, f €

02y (a,B8,p,M) ozy (a,B.p, M)
ap oM

[0,1], we can then confirm that
12(12a—5)B8% (2ap—1) 0
(ﬂ(M(12a(p+1)—5)—16)—24a2Mp)2 )

In the following discussion, we focus on Case(R0ii) where both ride-hailing and new car sales

< 0. Similarly, we can show that

exist in the consumer market in equilibrium (i.e., D}y, Djz > 0). In particular in this case, Iy =

(3aMp(B+4a(38+4c—3)—8Bc)+28(c((5—12a) M+16)—12))>
32(3a2(68—5)M p—108) (B(M(12a(p+1)—5)—16)—24a2 Mp)’
3aBM(p—1)(12862(2¢+ 1) + a(68 — 5) M2 (3ap(B8 — 4a(—3B + 4c + 3) + 8B¢) + 2(12a — 5) Be) + 48M (24a2p
(=3B +4c+2) +a(68(p—4) — 48Bc(p+ 2) + 40c+ 30) + 58(4c — 1))) (120> M p(5(4c + 3) — 24a(2¢c+ 1) p)
o — + B(2¢(12ap — 5)(M(12a(p + 1) — 5) — 16) + 3ap(M (12a(12ap — p — 7) +5) — 64) 4 120))
P 32(108 4 302 (5 — 68) Mp)2(B(M (12a(p+ 1) — 5) — 16) — 24a2 M p)? ’

% _ 3aMp(B+4a(38+4c—3)—88c)+28(c((5—12a)M+16)—12)
TP = 24a2(68—5)Mp—8083 ’ and

M+ (c(BMa(6—1)M +4) —2a2(B—=1)(6+1)Mp)(2a®(§ + 1) Mp+ BA(M (—2a(6 + 1) (p+ 1) + 36X+ )
+4)) 4+ (6 + DA(2a® (6 + 1) M?p? (20(8? + (8 —1)B —1)8 + B — 1) + BA(—B(35 + 5) + 56 + 3)) — 48222
(M (=508 — 30+ 66X+ 2X) + 4) + aBAM p(A(4B(56 + 3) + M (B(5(76 + 18) +7) — 4(6 + 1) (35 + 1)))
—20(4B(6 — 1)+ 8(6 +1) + a(6 + 1) M (B(35 +5) — 55 — 3)))))
20?6+ 1)Mp(2B(6+ 1) — 36 — 1) — 28(35 + 1)A) (40> (8 + 1) Mp+ 2BA(M(—2a(5 + 1) (p+ 1) + 30A + A) +4))
Proof of Proposition 1. To facilitate the comparison, we first model the “pure-sales” benchmark

TU* =

case, where ride-hailing programs are absent from the market and consumers can only buy (new or
used) cars to meet their mobility needs. We solve this case by following a similar analysis approach
as in the main model with ride-hailing, to first identify the non-dominated consumer strategies,
which include NN, UU, and II (with the same descriptions as in the main model with ride-
hailing). We can then characterize the market, which is segmented into the consumers who follow
the NN, UU and II strategies, respectively, with VS (0) = A0 — pP% + pPS V2 () = Xo6 — pPs|
and V/9(0) =0 (where the superscript “PS” is used to indicate values associated with this case).
Since VN (0) — V&7 (0) and VES(0) — V5 (0) are both increasing functions in 6, consumers who
optimally choose NN, UU, and I have descending valuation . Therefore, there exist 01 and 679

with 0 < 0F% < PS5 <1, such that consumers of types 6 € (75 1], (05,0751, [0,0F5] choose the

0PS QPS

NN, UU, and I1 strategies, respectively. In particular, and can be solved from the utilities
of the indifferent consumers, with Vi3 (0F%) = V57 (075) and V57 (085) = VES(0FF), respectively.
As such, the demand can be calculated by DE3 =1—0F% and Dff = 675 — 0P5. Meanwhile, the
new car price p©® is set by the OEM, and the used car price pZ* is endogenously determined
by the market-clearing condition in the secondary market that balances the total supply (from
the NN consumers) and demand (from the UU consumers) of used cars, i.e., DY3 = DFf, which
yields p79 = 22-1 We can then write the profit function for the OEM as II§* = (p”* — ¢)DR%,.
The OEM solves the profit maximization problem max,rs IT5", subject to p™, D{3 > 0. As in the
main model, we focus on the more interesting case with ¢ < % to ensure that some consumers in the

market buy new cars (i.e., DE3* > 0). The market outcome in this case can be characterized below:

PSx __ 3+4c PSx __ 3—4c PSx __ 3—4c. : PSx __ 1 2 PSx __ 1
pt ot =21 Dy = 5%, and Dyt = °35%; accordingly, Iy = &5(3 — 4¢)?, TP = {5(3 — 4c¢),
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and TU"5* = (3 —4c)(n+1). We can then compare the results of this pure-sales benchmark case

to those of the case with ride-hailing in the market (as presented in the Proof of Lemma 1 above).

1202 (4¢43) M p+B(c(—24aM (p+1)+10M +32) —3a(12a+1) M p424) in the
9602 M p+B(—48aM (p+1)+20M +64)

PSx

For the new car price, recall that p* =
presence of ride-hailing, direct comparison shows that it is always lower than p*~* in the pure-sales

benchmark case. Note that all comparisons in this analysis are conducted with the assumption § >

B0r(d) as mentioned in §3.3. For the new car ownership, recall that DJ3* = 25¢ in the pure-sales
® 1 2a 1—-8c __ 128(B—8Bc+a(68—5)cM) B(16B—M(12a(B—1)+8)) 1
benchmark case and Dyn= 1 (/s-zm + 5—68  (68-5)(3a2(68—-5)Mp—108) + (2a—8) (2402 M p+B(M (5—12a(p+1))+16)) +2) m

the presence of ride-hailing; let ADE3=D%y — DX, ie., ADE3 is the difference in the new
car ownership between the cases with and without the presence of ride-hailing in the market. We

can first show that ADZX3 is a decreasing function in c. Solving ADLYS, = 0 yields the solution

o= ol . M) = Mttt staettses 3 s e w150 (5, (recall that we focus on
the case with ¢ € (¢,(+),¢(+)) such that ride-hailing and new car sales both exist in the market).
Therefore, D} > DE3F when ¢ < eno(+), and D3 < D3 when ¢ > €y (+), as in the proposition.
Proof of Proposition 2. To compare the total new car sales, we calculate the difference in the
total new car sales between the cases with and without the presence of ride-hailing AT PPS=T P* —
TPF35 based on the optimal solutions characterized above. We can then first show that AT PF?

is a decreasing function in ¢, and solving AT PPS =0 yields the solution ¢ = ¢rpo(a, 3, p, M) =

2422‘f10 € (¢1(-),e(+)). Therefore, TP* > TPFS* when ¢ < érpo(-), and TP* < TPP%* when ¢ >

¢rpo(+). Moreover, direct comparison between the thresholds shows that ¢rpo(-) > €no(+). To also
compare the total environmental impact of car usage, we again compare the cases with and without
the presence of ride-hailing by calculating ATUPS=TU* — TUF%*. We can then first show that

ATUP?® is a decreasing function in ¢, and solving ATUS = 0 yields the solution ¢==ervo(a, 8, p, M,n) =

18(12Mp(104a2p—SOa(p+1)+25)+3/3(ot(p((x(Jﬂ(l2a(—60ap+29p+29)—175)+416)—200)—200)+100) * PSx
(20 5) (FAaT T 5 (M (5130 r 1) 110)) . Therefore, TU* > TU when

¢ < erpo(+), and TU* < TUPS* when ¢ > Crpo(+). Moreover, direct comparison between the two
thresholds shows that éryo(-) > érpo(-)-
Proof of Proposition 3. First, we solve the model in the presence of a vehicle age limit, by
following a similar solution approach as in the main model above in the absence of the age limit.
We can first show that the non-dominated consumer strategies include NN, UU, RR, and I, with
Vin(0) and V;;(0) being the same as in the main model, and V},,(0) = A8(0 — f’). As mentioned
in the paper, we assume ¢ > § in this analysis, such that consumers who choose the NN, UU,
RR, and I always have descending valuations with or without the vehicle age limit. Accordingly,
there exist 05,605,607 with 0 < 05 <0, <6; <1, such that consumers with 6 € (61,1], 6 € (05,0}],
0 € (65,0,], and 0 € [0,05] will respectively choose the NN, UU, RR, and II strategies. We solve
for 0] from the consumers that are indifferent between choosing the NN and UU strategies i.e.,
P =2py

Van(01) = Vuu(07), to have ¢ = 5=+ and similarly for 65 and 65. Then we calculate the new
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. I _op! L.
car ownership among consumers to be Dy =1—6; = 2=F« + 1; and similarly for the used car

= -1)x

ownership Dy, = 0] — 0}, and the ride-hailing demand D}, = 05 — ;. Meanwhile for the ride-hailing
platform, as the average per-period payoff for drivers joining the platform to provide service is
given by Vi = paf' — (p' —pl,), the total number of drivers providing ride-hailing service is thus
given by St =M fovsl 1dO© = M (paf’'— (p’ —p),)). In this case, the used car price p/, in the secondary
market is solved from the market-clearing condition that balances the total supply (from both the
NN consumers as well as the ride-hailing drivers when they replace their used cars by new ones)
and demand of used cars (from the UU consumers), i.e., Dy + S5 = D};;;. The OEM profit in
this case is given by Iy = (Dlyy +5%)(p' — ¢), as the total new car sales to both consumers and
drivers become TP’ = D)y + S5. The OEM solves max,, Iy, subject to p’, Dy, S5 > 0.

The results are structurally similar to those in the main model; we also focus on the more
interesting case where the ride-hailing and new car sales both exist in the consumer market
in equilibrium (i.e., D%y, D%p > 0), which can be shown to take place when ¢ («a, 3,p, M) <

=/ : — _ 2a2Mp(11—16ap)+B(—16ap+aM (8ap(8ap—p—5)+2p+1)+M+11) _ -
c < 62(a7/65p7M) with ¢ (o, B,p, M) = 2(8ap—3) (102 Mp+B(—2a M (p+1) T M+2)) and Cy(e, B, p, M) =

|:\/B]W(4a1b1p(2a(8ﬁ‘ —5)—B) — B(4aM + M +20)) (8a2Mp+ B(4aM(p+ 1) + M +4)) (B(M(2a(p + 1) — 1) — 2) — 4a2 Mp)

VE(1 — 2ap) + (4aMp(a(86 — 6) — B) — B(4aM + M +12))(B(M (2a(p+ 1) — 1) — 2) — 4a%Mp)
4(4aMp(2a+ B) — B(A4aM + M — 4))(4a2Mp + B(—2aM (p+ 1) + M + 2))
- — —r —
Moreover, we can also show that ¢,(-) <€ (-) <@ (-) <C(").

202 (4c4+3) Mp+B(2¢(—2aM (p+1)+M+2)+a M (1—8ap)+3)
4(402Mp+B(—2aM (p+1)+M+2)) ’

At optimality in this case with the vehicle age limit, p™* =

f/* _ 2B(a(8c+ )M —c(M+8)+1)—a(12¢+1)M + B+M(a—af)
= TZaMp(2a(8B—5)—B)—B(Aa M+ M+20) 1aZMp+B(—2aM (p+ 1)+ M+2)°
16a* (3 — 4c)M?p? — 202 BMp(M (8a + 4(a(8a+ 7)p — 8ac+ ¢) — 17) + 8(4e — 3)) + B2 (M (—4a((8a+ T)p + 2)
+48a—1)c+2cM(da(p—1) —1)2a(p+1) — 1) + aM (4a(p(8a(3p+1) —2p—15) — 1) +2p+3) + M + 17) — 16¢c + 12)

-
DNN -

(4aMp(2a(86 — 5) — B) — B(4aM + M +20))(B(M (2a(p+1) — 1) — 2) —4a2Mp) ’
(3—8(1;))(20(2(4c+3)1\lp+ﬁ(2c(720¢M(P+1)+1\4+2)+(11\/1(178ap)+3)) +1)

e 10T MptB(—2aM(p+ 1)+ M+2)

D — AaMp(a(4B+de=3)—28c) —2B(a(det DM —20(M+2)+3) e _
uu — I RR —

4aMp(2a(88—5)—B)—B(4da M+ M+20) 4aMp(2a(88—5)—B)— B(4aM~+M+20)

Accordingly, we can also calculate the OEM profit (I1%), ride-hailing platform profit (II%), total
new car sales (T'P™*), and total usage impact of cars (TU"*) (expressions omitted here for brevity).
Based on these results, we can compare the ride-hailing platform profit. To this end, let
Allp=II"5 — II}, i.e., Allp is the difference in the platform profit between the cases with and
without the vehicle age limit. We can first show that Allp is a convex quadratic function in c.
Solving Allp =0 yields the two solutions ¢, (o, 3, p, M) < ¢n,,(c, 5, p, M) (expressions omit-
ted for brevity). We can also show that only ¢n,, () € (¢)(+),¢(+)) (as we focus on the case with
c € (¢1(+),c(+)) such that ride-hailing and new car sales both exist in the consumer market), but
Crip, (+) <€ (). Therefore, Allp increases in ¢ and Allp =0 at ¢, (-) = ¢y, (+); i-e., the platform
profit is higher under the vehicle age limit if and only if ¢ > ¢, (+).
Proof of Proposition 4. For the total new car sales, we compare the value in the presence
of the vehicle age limit 7P/~ = 2eMelalibiic=5)-2fc)-2f(atiet UM —_2:(M42)43) with that in the absence of

4aMp(2a(83—5)—B)+B(—4a M — M —20)

the age limit as characterized above. To this end, we let ATP=TP"™* —TP*, i.e., ATP is the
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difference in the total new car sales between the cases with and without the vehicle age limit.
We can first show that ATP is a decreasing function in c¢. Solving AT P = 0 yields the solution

_ = _ _ 1202Mp(2a(—daptp—4)+3)+B(a(p(=112a+3M (da(da(p+3)—p—4)—1)+36) —64)+24)
c=crp(a,B,p,M) = 3202 Mp(6a(—4daptp+1)—1)+28(16a(—28ap+9p+9)+M (8a(dap—p—1)(6a(p+1)—1)+5)—44) " Therefore’ ATP >0

and hence T'P™* > T P*, if and only if ¢ < érp(-). The comparisons of the new car price, OEM profit,
and total environmental impact of car usage with and without the age limit can be conducted
similarly based on the respective expressions at optimality (details omitted for brevity).

We can also compare the new car ownership. Let ADyy=D7%y — Dyy, i-€e., ADyy is the differ-
ence in the new car ownership among consumers between the cases with and without the vehicle
age limit. We can first show that ADyy is a decreasing function in ¢. Solving ADyx = 0 yields
the solution ¢ =¢y(a, 5, p, M) (expression omitted for brevity); therefore, the new car ownership

is higher under the age limit (ADyy > 0), if and only if the production cost is low (¢ <Cap,, (*))-

A3. Benchmark Cases with No Secondary Market

In this section, we study two models in the absence of secondary market, and compare the results
with those from our main model that accounts for the presence of secondary market. As such,
we highlight the effects of the secondary market through its interactions with new car sales and
ride-hailing service in the consumer market. Specifically, we show that, in contrast to our main
model, the presence of the ride-hailing program will always lead to lower new car ownership among
consumers and total new car sales by the OEM.

In the first model with no secondary market, we consider non-durable (rather than durable)
products with § =0; i.e., the product has an effective one-period useful life. In the second model,
we consider durable products (with § > 0), but the secondary market of used car trade among
consumers is not allowed. To discuss and highlight the effect of ride-hailing as in our main model,
under each of the no-secondary market cases, we compare the corresponding pure-sales benchmark
case and the case in the presence of the ride-hailing program in the market as in §4. Also recall
that as in §4, we restrict our attention to the case without the age limit imposed by the platform.
Non-Durable Products. In this section, we study the case with non-durable products, i.e.,
0 = 0. In this case, all cars are the same as they have an effective one-period useful life; i.e., in
contrast with the main model with § > 0, there is no distinction between new and used cars. We
refer to all cars as new cars for ease of exposition in this case. We describe the modeling details
for the case in the presence of ride-hailing, with no vehicle age limit imposed by the platform;
the corresponding pure-sales benchmark case can be analyzed in a similar way with elimination
of the consumer option of using ride-hailing. In every period, a consumer can choose to buy a

NSl (where the superscript “N.S1” is used

new car and receive a net per-period utility of A\ — p
to indicate values associated with this case), use the ride-hailing service and receive a net per-

period utility of A\3(6 — fV51), or remain inactive without car usage. Based on these utilities,
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we can then show that there are three non-dominated consumer strategies in the market, which
include (i) buy new cars (which will reach the end-of-life after one period of use) in every period
(NN), (ii) use the ride-hailing service in every period (RR), or (iii) always remain inactive (I]).
It is also easy to show that the corresponding expected per-period net utilities for a consumer
with valuation @ of the car usage will be VS1(0) = N0 — pV51 VNSL(0) = A\B(6 — fV51), and
V¥S1(9) = 0, respectively. Based on these utilities, consumers who optimally choose NN, RR,II,
have descending valuations 6. Therefore, there exist 0 < 655! <9N51 <1, such that consumers with
6 € (051, 1], (651,015, 10,605 5] optimally choose NN, RR,II, respectively; where 05! can be

solved from VHSL(ONS1) = VNSL(ONSY), and 655! can be solved from Vo1 (0551) = VSOV,
_ pfNS1_gpNSL

NS1
6] =

In particular, we derive and Y51 = fNS1 Therefore, the new car ownership
4 pNS1, o NSI_
gNS1 = B=BT Bff” L and the
NS1 _ gNS1 _ gNs1 _ NSt —gpNSt
1 2 = B—1

demand for ride-hailing can be calculated by Djyp' =
For the ride-hailing drivers, their per-period payoff of joining the platform to provide service

NS1
is V&S = pa fNS1 — pNS1. Accordingly, S§5t = MfOVS 1d© is the total number of drivers who

among consumers in the market can be calculated by DY =1 —

fNS1 in equilibrium can be solved

join the platform to provide ride-hailing service. As such,
from the market-clearing condition that balances the total demand and supply of consumer rides,
. . . NS1 a —1)— .

i.e., \B(DN5Y) = a(SE51), which yields fV5! = 2p2a2]§1(ﬂg£€)p1,)gﬁ)- Accordingly, the overall platform

profit can be calculated by TIN5! = (1 — p) fV1(aSY51).

For the OEM, the total new car sales are consisting of both the consumer demand for new car

ownership in the market (that amounts to DY), as well as the sales to ride-hailing drivers (that
amounts to SY°! as each driver needs to make new car purchase in every period). Therefore,
TPNS1 = DI + SE51. The OEM profit is then given by IIN! = (pV5! — ¢) (DY + SY51), and
the OEM solves max,vs1 IIY!, subject to pV*', DY}, S§5 > 0. We solve the problem in a similar
way as in the main model, and we characterize the optimal solution below.

. _NS1 N (2(12({1‘—1)1\/1;)—[-})(2a1\/fp(['3—a)+/1‘((n¢—l)]\4—1))
(N811) When c<c (a,ﬁ,p,M) - (ﬁ+2a2Mp7aB]vI)(4a2Mp+[—}(—2cxl\4(ﬂ+l)+]\/f+2))7

NS1x _ B+2a2(2e+1)Mp—2a8Mp(ate)+Be(=2aM+M+2)  ¢NS1x _ c(a(B=1)M—8) B+M(a—ap) NS1x
then p - 8aZMp+28(—2aM (p+1)+M+2) f = 225 Drip—p | TaTMpTA(—2a M (p+ DFMFE)’ Dyy" =1+

2(B+202Mp—apM)(B+2a2(2c+1)Mp—2aBMp(atc)+Be(—2aM+M+2)) 2a M (1-2ap)(B+2a2(2¢4+1)Mp—2aBMp(atc)+Be(—2aM+M+2))
(2&2(B—l)]\/lp—ﬁ)(8&2J\/Ip+2ﬁ(72alw(p+1)+M+2)) (2&2(B—I)Mpfﬂ)(8a21\/[p+25(72oz]\/1(p+1)+M+2)) ’

S1s _ Ble(—2aM+M+2)—1)—2aMp(Be—a(B+2c—1)) ss : =NS1¢, Six _
TPNS1+ — e dts . (NS1ii) Otherwise (when ¢ > ©"”'()), then p~st+ =

NS1*
7DRR -

B—2a2(B-1)Mp NS1x _ _B—aBM+aM NS1x _ NS1x _ _B—aBM+aM ] 3 ]
et f = gloaplitall. DN =0, DRE' = F2oapiiadis, In the following discussion, we

focus on the more interesting Case(NS1i) with ¢ < ¢V*1(-), where the new car sales and ride-hailing

both exist in the market (i.e., DY, DX5** > 0). We then also solve the pure-sales benchmark
case in the absence of the ride-hailing program, and we focus on settings where DY 34" > 0, which
takes place when ¢ < 1; we can show that DY = TP = 1 — ¢ in this case.

To compare the new car ownership, we study the difference ADESNST = DNS§I — DNSL =

ac(2ap—1) 1-2« . PSNS1 ; : : :
BM <202(/3_1>Mp_,3 + sa2Mp+2zf(—2azvf(p+1>+M+2>)7 we can show that ADy3""" is a decreasing function in c,
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and ADYSNS' =0 at ¢ =N (o, B, p, M) < 0; therefore, DN3'* < DN always holds. Similarly,
we can also prove that T PN51* < T PN51* always holds. Therefore, for non-durable products, both
the new car ownership and total new car sales are always lower in the presence of ride-hailing.

Absence of Secondary Market. We now explore another scenario where we account for the
durable nature of cars with ¢ > 0, but the secondary market of used car trade is absent; this may
happen, for example, when the secondary market is suppressed by the transaction frictions. In this
case, while both new and used cars exist in the market, the trade of used cars is absent. We start
by solving the case in the presence of ride-hailing in the market, with no vehicle age limit imposed
by the platform; moreover, we focus on the case where the new car sales to consumers exist in the
market at optimality. For consumers, there will be three non-dominated strategies, which include:
(NH) buy a new car and keep it for two periods of use throughout the car’s useful life, then repeat
this again in the next periods (as we can show that the strategy of always buying a new car and
then discarding it after one period of use at no trade value in the absence of the secondary market
is now dominated); (RR) always use ride-hailing in every period; or (II) remain inactive with no
car usage. They respectively generate the following expected per-period net utilities for a consumer
with valuation 6: V¥72(6) = £((60 4+ 6)X — p™5?) (we use the superscript “N'S2” to indicate values
associated with this case), V27?(0) = BA(0R(6)0 — fN52) (with 0r(d) = 5 + 16 to account for the
probabilities of getting new or used cars for ride-hailing for consumers in the absence of the vehicle

VY52(9) = 0. We can then characterize the market similarly

as in the main model, to show that there exist 0 < 6152 < 652 <1 with )52 = %
S
and 652 = #, such that consumers with valuation 6 € (V52 1], (0352, 6N52] [0, 015?] optimally

choose NH, RR, 1, respectively. Accordingly, DN?? =1 —60V52 and DN5? = 6NV52 — V52,

age limit, as in the main model),

For the ride-hailing drivers, their per-period payoff of joining the platform to provide service is
V52 = pa fV52 — (1/2)p™5?; we can then derive the total number of drivers that join the platform
to provide service to be S¥5% = M foVSN " 140. The ride-hailing price fV°? in equilibrium can be
solved from the market-clearing condition that balances the demand and supply of the consumer
rides, i.e., AB(DJ5?) = a(SY*5?), which yields fN52? = w;f;?gf‘;}?ﬁ;gm. Accordingly, the overall
platform profit can be calculated by II¥5% = (1 — p) fV52(SEY5?).

For the OEM, the new car sales to the drivers will be (3)S¥9%, and those to the consumers
for the new car ownership demand is (3)DN7 (as the NH consumers buy a new car every
two periods); therefore, the total new car sales in this case is TPV5% = (1/2)SY5? + (1/2)DY3? =

BQM”(“(?’BH’;;j’g(75255{));‘;(}]1(;%*6“)””8)*6) , and the OEM solves max,~s2 Iy = (pN52 —¢)(T PV5?), subject to

pV52 DN32 SN52 > 0. We solve this problem and focus on the more interesting case where the new

car sales and ride-hailing both exist in the market (i.e., DY2%*, DN5?* > 0); as such, we have p¥s2- =

B(e(—6aM(p+1)+3M+8)—9a%Mp+6)+3a2(4c+3)Mp  n a0, 1 . 3
2402 Mp+2B8(M(3—6a(p+1))+8) o f - 2(30‘(6 - 1)M - 46) (3(12([3—1)1\/Ip—2/3 - 12a2Mp+[3(—6(11\/1(,0+1)+31W+8)>’
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2(6a2Mp+p(4—3aM))(B(c(—6aM(p+1)+3M+8)—9a2 Mp+6)+3a2 (4c+3) Mp)
(9a2(8-1)Mp—68) (2402 Mp+28(M(3—6a(p+1))+8))

+1, and

NS2% _
DNH -

NS2% _ 3aMp(a(36+4c—3)—2Bc)+B(c((3—6a)M+8)—6) ; _ :
TPEe = 3607 (B—1)Mp—245 . We also solve the corresponding pure-sales case under this

model in the absence of the secondary market to show that DN = ¢(3—4c) and TP =1 — £,

To compare the new car ownership, we study the difference ADESNS2 = pN$2 _ pNS2z —

5M<602"(;<_2‘1‘)’1‘,;>_4ﬁ + 48(12Mp—4[i(i?v?V?{Jp+1)—3M—s)>; we can show that ADE3IN92 is a decreasing function in
PSNS2 _ _ =NS2 _ 90 (B—1)Mp—68 ) NS2+
¢, and ADNYP? =0 at c=¢cyy (a,B,p, M) = 51T M) 208 (B 6alpiyrs < U5 therefore, Dyx™ <

D% always holds. Similarly, we can also prove that TPV < T P5%* always holds. Therefore,
when the secondary market is absent, both the new car ownership and total new car sales are
always lower in the presence of ride-hailing.

The results from these two models with no secondary market for the trade of used cars contrast
those from the main model, as the latter show that both the new car ownership among consumers
and total new car sales for the OEM can be higher in the presence of ride-hailing in the market.
These insights highlight the importance of properly accounting for the nuanced effects of secondary

market while evaluating the effects of ride-hailing.

A4. Details of the Extensions in §6

In this section, we explain the details of the extensions presented in §6 to generalize our insights.

A4.1. Numerical Calibration
In this section, we describe how we estimate the parameter values based on real-world data for the
calibrated numerical study presented in §6.1.

First, we estimate «, which is the probability that an available ride-hailing driver is matched with
consumers for rides. Industry studies show that 1 — «, which is the probability that an available
driver is unoccupied between rides and commonly referred to as deadheading in practice, is about
60% (MIT Technology Review 2018, LA Times 2023). Therefore, we estimate a to be 1 —0.6 = 0.4.

Second, we estimate §, which is the durability of cars, i.e., the value of a used car compared to a
new one after accounting for the physical and economic depreciation. Survey data shows that the
average lifespan of cars on the road in the U.S. is about 12 years (Statista 2023); accordingly, a
six-year car corresponds to a used car in our model with the two-period useful life of cars. Industry
studies have estimated that a five-year car typically loses 40%-60% of its original value (Edmunds
2017, Nerdwallet 2017). Therefore, we estimate d to be 1 — 0.6 = 0.4 for our model.

Third, we estimate M, which is the size of the potential driver pool for ride-hailing. Industry
report shows that there are approximately 2 million current Uber and Lyft drivers in the U.S.
(Campbell 2023). Meanwhile, the taxi drivers can be another group of potential drivers for ride-
hailing given the close similarity of the service they provide; and there are about 0.28 million of

them currently (Data USA 2023). As such, we estimate the total number of potential ride-hailing
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drivers to be about 2.28 million. We further normalize this value to be compatible with our model
where the size of the consumer market has been normalized to 1. To do so, we collect data on the
U.S. population, which is estimated to be about 250 million that are aged between 16 and 75 years
old (Statista 2022), and we use it as proxy for the market size of consumers that actively seek to
meet their mobility needs. As such, 2.28/250 ~ 0.01 will be the normalized value of M for our model.

Next, we also estimate A, i.e., the probability that a consumer incurs need for car usage. Since
mobility needs are incurred only as part of a person’s daily life; thus, instead of using 24 hours/day,
we use 7 hours/day that already qualifies a driver as full-time ride-hailing driver (TIME 2015),
as the maximum amount of commute needs for a consumer. We also collect data on the average
driving time in the U.S.; which is estimated to be approximately 101 minutes (Gitnux Marketdata
2023). Combining the information, we estimate A to be 101/(7 x 60) ~ 0.25 for our model.

We proceed to estimate 3, i.e., the probability that a consumer in need of a ride can be matched
with an available driver by the platform. The average waiting time for ride-hailing consumers is
estimated to be approximately 4 minutes in major cities in the U.S. (Newsweek 2014, Kekach
2019). Meanwhile, the probability that a ride-hailing consumer can be matched with an available
driver within 5 minutes is estimated to be 50% (Brown and LaValle 2021). We use the probability
that a ride-hailing consumer can be matched with an available driver within the average waiting
time as a proxy for 8, which is estimated based on the above information to be approximately 0.4.

Finally, we estimate the practical values of ¢ and p for benchmarks for our discussion. For p, which
is the payment split to drivers: Uber advertises a 25% commission rate and Lyft advertises a 20%
rate in the U.S. (Life Asset 2022, Hoyt and Gardner 2024), which correspond to p = 75% and 80%,
respectively. In practice, the platforms may also charge other fees (e.g., the marketplace or booking
fees) or give bonuses before allocating the revenue to drivers (Quartz 2020, The Verge 2021, The
Hartford 2023), and hence the effective p may be further adjusted. Using the benchmark values, we
investigate p in the range of 55% to 100% in the numerical study. To estimate the unit production
cost ¢, we first use the optimal solution of the new car price (which is solved as in the main model)
and calibrate it at the estimated parameter values we derive above with o =0.4, A=0.25, 5 =0.4,
0 =0.4, and p =0.75, which then gives the approximate value of the optimal new car price to be
0.175+ 0.5¢ for our model. Meanwhile, industry reports show that the production cost can take up
75% of the new car price (Cech 2022, Matijssen 2023). We can therefore let 0.1754 0.5¢ = ¢/(0.75),
solving it gives ¢ ~ 0.2 for our model. Accordingly, we investigate the production cost ¢ in the range

of 0.05 to 0.35 in our numerical study. All the results are presented in the main paper.

A4.2. Drivers’ Personal Usage of Vehicles
In this section, we describe the model where we also account for the drivers’ personal usage of

vehicles. We focus on the case in the absence of the ride-hailing vehicle age limit for demonstration;
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the case with the age limit can be solved similarly. In this case, the consumer utilities and consumer
strategies remain the same as in the main model. Yet since the average driver’s expected per-
period payoff now becomes V(87) = ((6r(6)07) + (1 — ¢)(paf?) — ipP (where the superscript
“p” is used to indicate values associated with this case), where 65(5) = 5 + 16 and the drivers’
valuation of car usage for personal needs 6 is uniformly distributed over [0, 1] as for consumers.
Recall that a driver’s outside options of using their time yield a maximum per-period utility of
©, which is assumed to be uniformly distributed over [0,1] among all drivers as described in the
main model. Therefore, a driver will choose to join the platform to provide ride-hailing service
if and only if they obtain lower utility from spending 1 — ¢ fraction of the time (during which
they are not driving the car for personal usage) for their outside option rather than serving as
a ride-hailing driver; i.e., when (1 —¢)© < ((6r(0)0") + (1 — ¢)(paf?) — Lp?, which reduces to

2
0< 6;1229 +ozfpp+

C ok To also account for the heterogeneity of #7 among drivers, the total

number of dr1vers that JOID the platform to provide service in this case can then be calculated by
(5+1)<0 o
IO ST | 16d0P = al f7p— (M5 +¢ —25))/(4(C —1)). Accordingly, we can

Sp_fo fO

solve the model both for the cases without and with the age limit, and then compare them to study

the effects of ride-hailing on the car sales markets (by comparing the pure-sales benchmark case
and the case with ride-hailing in the absence of the vehicle age limit), as well as the effect of the
ride-hailing vehicle age limit (by comparing the cases in the presence of ride-hailing without and
with the vehicle age limit), similarly to the main model. As the comparisons become intractable
due to the added complexity of this extension, we study the problem numerically. The results are
presented in Figures 5 and 6, both of which show structural similarity with our main findings from

Propositions 1 - 4, with the implications of the drivers’ personal usage as discussed in §6.2.

A4.3. Heterogeneous Payments to Drivers Based on Vehicle Age

In this section, we extend our analysis to consider that the ride-hailing platform offers heterogeneous
payments to drivers, with an additional payment z € [0,1 — p] to drivers with new cars. In this
case, the payment splits to drivers with new and used cars are p+ z and p, respectively. In the
absence of a vehicle age limit, the average per-period payoff for ride-hailing drivers becomes VZ =
s(p+2)af?+5(p)af? — 5p? (where the superscript “Z” is used to indicate values associated with
this case), the total number of drivers that join the platform to provide service is SZ = M f Vg 1dO,
and the platform profit is IIZ = 2(1 — p — z)af#SZ + 3 (1 — p)af?SE. Under a vehicle age limit,
V& = (p+2)af? — (p? —p?') and SZ’ = vas 1dO for the drivers and 1% = (1 — p — 2)af?'SZ’
for the platform. Similarly to the main model, we can study the effects of rlde—halhng on the car
sales markets (by comparing the pure-sales benchmark case and the case with ride-hailing in the

absence of the age limit), as well as the effects of a ride-hailing vehicle age limit (by comparing the
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cases in the presence of ride-hailing without and with the age limit). We first solve all the cases
to characterize the optimal solutions. Yet as the comparisons become intractable due to the added
complexity, we study the problem numerically. The results are presented in Figures 7 in §6.3 in
the paper and Figure Al below, both of which demonstrate structural similarity with our main
findings from Propositions 1 - 4.

Qualitatively, as discussed in the paper, we also show that with the additional payment to drivers
with new cars, ride-hailing leads to lower new car ownership among consumers and lower total new
car sales (see Figures 7a and 7b). Moreover, the age limit now has an amplified effect in lowering
both the OEM profit and total environmental impact of car usage (see Figures Alb and Alc).

In addition, Figure Ala shows that the effect of the additional payment on the platform profit is
more nuanced. With the additional payment, the vehicle age limit can still lead to a higher platform
profit when the production cost is sufficiently high. Furthermore, when the base payment split (p)
is lower, this effect is amplified (the corresponding range expands). This is because the additional
payment to drivers with new cars can ease the higher vehicle costs imposed by the age limit; as
a result, the age limit can now increase the service quality and overall ride-hailing profit more
significantly. However, when p is higher, the additional payment becomes too costly and makes the

age limit less viable for the platform (and hence the corresponding range shrinks).

Figure Al Effect of vehicle age limit on platform profit, OEM profit, and total environmental impact of car

usage with an additional payment to drivers with new cars
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Production Cost (c) Production Cost (c) Production Cost (c)
(a) Platform profit (b) OEM profit (c) Total usage env. impact

Note. The above figure is based on calibrated values, where A =0.25, § =0.4, a =0.4, M =0.01, 5 =0.4, n=>5, and
z=0.075. In panel (a), the platform profit is higher under the vehicle age limit in Region (I), but lower in Region
(II); the dashed line shows the analogous threshold from the main model. In panel (b), the OEM profit is higher
under the age limit in Region (I), but lower in Region (II); the dashed line shows the analogous threshold from the
main model. In panel (c), the total environmental impact of car usage is higher under the age limit in Region (I),
but lower in Region (II); the dashed line shows the analogous threshold from the main model. Overall, we find that

an additional payment to drivers with new cars leads to lower OEM profit and lower total usage impact.
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A4.4. Endogenous Payment Split to Drivers

In this section, we extend our analysis to also consider the optimal choice of payment split to drivers
(p) by the ride-hailing platform. To so do, we numerically solve the optimal p that maximizes
the platform’s profit. The results are presented in §6.4. We also numerically verify that our key
findings from Propositions 1 - 4 remain structurally the same in this extended model. Similar
to Propositions 1 and 2, we show that ride-hailing can lead to higher new car ownership among
consumers and higher total new car sales for the OEM when the production cost is sufficiently
low (see Figure A2). In addition, similar to Propositions 3 and 4, the vehicle age limit imposed by
the platform can lead to a higher platform profit when the production cost is sufficiently high (see
Figure A3a). Moreover, the age limit can lead to a lower total environmental impact associated
with car usage and hence allows ride-hailing to contribute to more sustainable transportation (see
Figure A3b). Finally, we also find that when the platform imposes a vehicle age limit, it should

increase the payment split to drivers to help alleviate the higher vehicle costs (see Figure A3c).

Figure A2 Effect of ride-hailing on new car ownership and total new car sales with the optimal platform

decision on the payment split to drivers
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(a) Increase in new car ownership due to (b) Increase in total new car sales due to
ride-hailing (D3 (p*) — DR, in 107) ride-hailing (T P*(p*) — TP?%*, in 107*)

Note. The above figure is based on calibrated values, where A =0.25, § =0.4, « =0.4, M =0.01, 5 =0.4, and n=>5.

Panel (a) shows the change in new car ownership due to the presence of ride-hailing (D (p*) — D&37). Panel (b)

shows the change in total new car sales due to the presence of ride-hailing (T'P*(p*) — TPT**). In the plotted region,

the total environmental impact of car usage is higher in the presence of ride-hailing.
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Figure A3 Effect of vehicle age limit on platform profit, total environmental impact of car usage, and the

optimal platform decision on the payment split to drivers
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(TU™(p"*) —TU*(p*)). Panel (c) shows the optimal payment splits to drivers with and without the vehicle age limit.
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