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Appendix A

Proof of Lemma 1

Because the manufacturer (M) needs to decides her/his collection and refurbishment strategies,
nine scenarios may happen: (1) Collect all products and refurbish some of them; (2) collect all products
but do not refurbish any; (3) collect all products and refurbish all of them; (4) collect enough products
to meet the collection target and refurbish some of them; (5) collect enough products to meet the
collection target but do not refurbish any; (6) collect enough products to meet the collection target and
refurbish all of them; (7) collect as many products as possible and refurbish some of them; (8) collect
as many products as possible but do not refurbish any; (9) collect as many products as possible and
refurbish all of them. For simplicity, we use C to represent the manufacturer’s collection strategy and
R to denote the manufacturer’s refurbishment strategy. Moreover, we use CiR;, where i, j € {O, +,:}

denote the manufacturer’s collection and refurbishment strategies, as shown in Table A1l.

Table Al. The manufacturer’s collection and refurbishment strategies.

Collection
Manufacturer’s strategy
0 + =
0 CoRo C:Ry C-Ry
Refurbishment + CoR+ C:iR+ C-R+

= C()R: C+R: C:R:




M2 = (pnz _Cn )qn2 + (pr2 _cr)qr2 _kcqf /2
ﬂcqnl S qc S qnl

(1)
81.99,,=4.
qc 2 O’ qr2 2 O
M, =(p,-¢c)q,+M, (2)

In order to analyze the problem in each scenario, we first consider the Lagrangian for the
manufacturer’s problem (10) shown below:

L2 = M2 +771(qn1 _qc)+772(qc —,Bc,q,,l)+773(qc _qr2)+774qc +775C],2 5 (3)

where 77,(i=1,2...5) are Lagrangian multipliers. The first-order conditions are then as follows:
> 0L,/0q,, =—¢, —q,,0 =4, ,a—n;+ns—a(q,,+q4,,—V)
oL,/ 0q, =—k.q.—mn+m+m+mn,, OL,/0n=q,-q., OL,/0n,=q.-p4q,, OL,/0n,=q9.-4q,,,
OL,/0n,=q., OL,/01n;=q,,.

In addition, the complimentary slackness conditions 7,(¢,,—¢.)=0 , n,(¢.—pB.9,,)=0 ,

aLZ /aqn2 = v_cn - ZQnZ - 2qr2a

n,(q.-49,)=0, n,q. =0, and 7n,q9,=0, as well as the feasibility conditions ¢, >0, g, =0,
q,20, 7,20, n,20, 7,20, n,20,and 7,20 should hold.

Proof of Proposition 1

Scenario CoRo(q, = 5.9,,5 ¢,,=0)

In this scenario, the manufacturer sells the new products in the first period and then collects
enough products to meet the collection target in the second period without refurbishment. Therefore,
we use the first-order conditions oL,/0q,=v-c,—2q,—2q,a

aLZ /aqc = _kcqc _771 +772 +773 +774’ and aLZ /8772 = qc _ﬂcqnl :

b

Solving the optimal solutions in the second period, we get ¢, =(V-c,)/2, ¢q.=p4q,, , and
1, =k.q,,B, . The optimal pricing decisions in the second period can be written as p,, =(c, —v)/2.
We put p,, backinto v=(p,, —3p,,)/(1-5) and we have v =(2p, —c,8)/(2-5).

Table A2. The equilibrium for the CoRy scenario.

Parameters Value Parameters Value

q (1-c,)/2 M, (1-c¢,)’(5-2k B2 +26)/16
40 (1-c,)/4 M, (1-c,)*(1-2k p>)/16

q. p.(A=c,)/2 /) 0

4,2 0 1, kp.(1=c,)/2

Pu (2-6+c¢,(2+0))/4 7 0

P (1+3c,)/4 T, 0

P2 0 s -
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When the demand in the first period is ¢,, =1-V, the optimal price of the new products in the
first period should be p, =1-¢q, +d(c,+q,—-1)/2. We put p,, back into the manufacturer’s
problem (P1) and set oM, /0g,, =0. The optimal decision for the new product in the first period is
q,,=(1—c,)/2. We present the equilibrium for the CyRy scenario in Table A2.

However, ¢,>0, ¢g,>0, ¢g.>0, n,>0, M,>0, and M, >0 should hold. To sum up
these conditions, we have £, <1/ \/E .

Scenario CoR+(q, = B.9,,» 0<q,,<4q.)

In this scenario, the manufacturer collects enough products to meet the collection target in the
second period with some refurbishment. Therefore, we use the first-order conditions
0L,/ 0,y =V —¢,~2q,,=2q,,a , OL,/10q. =~kq.~m+mn,+ny+n,, 0L, /0n, =q.~p.q, , and
OL, 1 0,, = =€, = 4,00 =420 =11 + 115 = (g, + 4,5 = V) -

Solving the optimal solutions in the second period, we get ¢, =(c, +(1-a)v—-c,)/2(1-a),
q.=B.4,, 9.,=(,a—c )/ 2a(l-a)), and n,=k.gq,p.. The optimal pricing decisions in the
second period can be written as p,, =(c,+v)/2 and p,,=(c,+av)/2. We put p,, back into
v=(p,—0p,,)/(1-5) and we have v=(2p, —c,5)/(2-5).

When the demand in the first period is ¢,, =1-V, the optimal price of the new products in the
first period should be p,, =1-¢q, +d(c,+q,—-1)/2. We put p,, back into the manufacturer’s
problem (P1) and set 0M,/0q,, =0. The optimal decision for the new product in the first period is

¢, =(—c,)1-35)/(3+2k B> —25). We present the equilibrium for the CoR+ scenario in Table A3.

Table A3. The equilibrium for the CyR+ scenario.

Parameters Value Parameters Value
(1-c,)(1-5) (1-c,’ (2=8)(1-8)(F ~1+5)
9n M, 2
F, 2F,
2 22 2 2
7 1 F+ (=c)A+2k.B)) M, c F"=2ccal+ agﬂ +c F)
1 da(l-a)F,
(I=c)(1=5)p. .
qC E 1 O
c,a—c, (1-¢,)1-0)B.k,
e 2a(l-a) . F
(F-1-6)2-8)+c,F,
P 2E 7, 0
F +c,(F,+1-6)-1-6
pn2 2FI 774 O
c.F+oa(c, +F—1-(c,—1)9)
pr2 775 O

2F,
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Here, F =3+2kf’-25 , F,=l+c,-2(c,~c)/(l-a) , F=2+2kp6-5"
F,=(1-a)1-2¢,)(2-3)" + 2k, B} (3+2k B = 6))
F,=(2-0)  +a(1-8)(5+2k,B>(3-38)+38)+2k B (3+2k B -5°).

However, ¢, >0, ¢,>0, ¢.>0, ¢,>0, 7,>0, M,>0, and M, >0 should hold. To

N 243¢ —2 243¢ —2
sum up these conditions, we have (i) S cax< 20’ “ (7)) 2c' o
c +c

2+43c, —2a-c,(2+a) <p <l _ and (i) 2+43c, —2c,
2k (a+c,—1-c) ’ 2+c¢,

2

5

<a<l+c —c, and

<a<l+ec —c,

b

0<p < 2+43c, —20—c,(2+a)
2k (ax+c,—1-c,)

5 2-2¢,+3c, —2a—c,a+2k (1-¢,+c, —a) f5;

1

, and 0 >0, , where

l-c,+2c, —a—-c,a
Scenario CoR-(q, = f.4,1» 4,,=4.)

In this scenario, the manufacturer collects enough products to meet the collection target in the
second period with refurbishment of all. Therefore, we use the first-order conditions
oL,/0q,,=v—c,—2q,,-2q,,& , OL,/0q, =~kgq —mn+n+ns+n, , 0L /0n,=9.-p4, ;
OL,/0q,, ==C, =q,,a = q,,& =1 +1]; = (q,, +4,, V), and 0L,/ 0ny=q,.—q,,.

Solving the optimal solutions in the second period, we get ¢,=(V-c,—2q,a8.)/2 ,
9. =B49 > 49>=9.8., m=c,—ca+q,p.(k.+2a(l-a)), and n,=a(c,—2q,p.(1-a))-c, .
The optimal pricing decisions in the second period can be written as p,=(c,+v)/2 and
p.,=a(c,—2q,B.(1-a)+V)/2. We put p,, back into v=(p,, —3p,,)/(1-5) and we have
v=_2p, —c,0)/(2-0).

when the demand in the first period is ¢, =1-V, the optimal price of the new products in the
first period should be p, =1-¢q, +d(c,+q,—-1)/2. We put p, back into the manufacturer’s
problem (P1) and set oM, /dg,, =0. The optimal decision for the new product in the first period is
q.,,=(1—c,)/2. We present the equilibrium for the CyR- scenario in Table A4.

Table A4. The equilibrium for the CoR- scenario.

Parameters Value Parameters Value

. A—c)2 M (¢, )(F=¢,(5 - 62ﬂcF7 ~26)+20)
. (1-c,)1-208)/ 4 M, (el —20e)l)

g, (I=¢)B./2 m 0

9, (1-¢,)B./2 m ¢, —c,a+p.(1-c )k, +2a(l1-a))/2
D (2-0+c¢,(2+0))/4 15 a(c,—(I-c,)1-a)B.)-c,

)29 (1+3¢,)/4 1, 0

Py a(l+3c,-24.(1-c,)1-a))/4 7, 0
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Here, F,=5-8c.fB 2B (k,+2a(l1-a)) , F,=kp +2a2+p.(1-a)) , and
F,=1-c,+8B.(c,a—c,), F,=k +2af’(1-a).

However, ¢,>0, ¢,>0, ¢.>0, ¢,>0, n,>0, M, >0, and M, >0 should hold. To

2(c,ax—c,)
(1-c,)(k. +2a(1-a)) ~

sum up these conditions, we have g, > O<c <a , and either (i)

0<a<1/2 and ﬂ(,<a_c"_a(1_c”)
- a(l-c)(1-a)

,or(ii) 1/2<a<1 and B <1/(2a).

Proof of Proposition 2
Scenario C-Ro(q, =q,,» 4,,=0)

In this scenario, the manufacturer collects all end-of-life products in the second period without
refurbishment. Therefore, we use the first-order conditions JL,/0dq,,=V—-c, —2q,,—2q,.,a ,

OL,/0q. ==k.g, —m+m+ny+n, , 0L, /0q,=~¢ ~q,0=q,a-1n+n-a(q,+q,-V) , and
oL,/on, =94, —q., OL,/0n;=gq,.

Solving the optimal solutions in the second period, we get ¢,,=(Vv-c,)/2, ¢9.=¢q,,, ¢,,=0,
n=-kq,, ns=c, —c,a.We find that 7, =—k.q,, <0, which does not satisfy the former condition
n, > 0. Therefore, the scenario C-Ry will not exist.

Scenario C-R+(q,=q,, 0<qg,,<4q,)

In this scenario, the manufacturer collects all end-of-life products in the second period with some
refurbishment. Therefore, we use the first-order conditions JL,/dq,=Vv-c,—2q,—-2q.,a ,

oL,/0q. =—kq.—m+n,+ns+n, , OL,/0q,,=-c, —q,0—q,a—-n+ns-a(q,,+q,-v) , and
oL,/0n, =q, —q..

Solving the optimal solutions in the second period, we get ¢, =(c, —c, +(1-a)v)/(2(a-1)),
q.=4,, 4.,=(c, —c,a)/ 2a(a-1)),and n, =-k.q, . Wefindthat 1 =—-k. g, <0, whichdoes not
satisfy the former condition 77, > 0. Therefore, the scenario C-R+ will not exist.

Scenario C-R-(q. =q,,, 49,,=4.)

In this scenario, the manufacturer collects all end-of-life products in the second period with
refurbishment of all. Therefore, we use the first-order conditions 0L, /dq,, =v —c, —2q,, —2q,,& ,

OL,/0q, =~k.q.—m+m,+1+1, » OL,/0q,, =—C, =q,,& =q,,0 =1 +11s = (q,, +4,,—V) , and
OL,/0m =4, —4q,., OL, /01, =9, 4,

Solving the optimal solutions in the second period, wecanget g, =(Vv -c,—2q,a)/2, q.=4q,,
42 =4, m=alc,-2q,(-a)-c ~kg,,and n;=alc,-2q,(1-a))-c,. The optimal pricing
decisions in the second period can be written as p,=(c,+v)/2  and
p,=alc,+v-2q,(1-a))/2. We put p,, back into V=(p,—35p,,)/(1-5) and we have
v=_2p,—c0)/(2-0).

When the demand in the first period is ¢,, =1-V, the optimal price of the new products in the
first period should be p, 6 =1-¢,+d(c,+q,—-1)/2. We put p,, back into the manufacturer’s
problem (P1) and set 0M,/0q,, =0. The optimal decision for the new product in the first period is
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g, =0-2c,—5+c,2a+5-1)/(3+2k, +4a(l-a)—25) . We present the equilibrium for C-R-

scenario in Table AS.

Table AS. The equilibrium for the C-R- scenario.

Parameters Value Parameters Value

1-2¢, -6+c,2a+0-1) (0-2)(=2F+c, F,,+90) F,
3+2k, +4a(l-a)—-206 20B3+2k, +4(1-a)a-2 5)2
2l+c, +k +a+F)-F, Fyy + Fyyc} +2¢,(2Fy + Fy)

in

qnz

6+4k +8a(l-a)—46 2 4(3+2k, +4a(1-a)-25)
1-2¢, -6 +¢,2a+5-1) ¢, (25 -3)+F,,
342k, +4a(l-a)-26 n 342k, +4(1-a)-25
1-2¢, -0 +c,2a+06-1)
qr2 772 O
342k, +4a(l-a)-26
(2-6)(2Fs-96)+c, by £y —¢, 3+ 2k, —25)
P 6+ 4k, +8a(l—a)—45 s 342k, +da(l—a)-26
2(Fi6 + anS) - (1 + 3cn )6
pn2 774 0
6+4k,. +8a(l-a)—406
a(be, +2k, + 60 +c,Fq + Fy)
P2 6+4k. +8a(l-a)—40 s 0
where  F, =2a(c, —a)-c,(1+k, +2a) , Fs=6(0-c)1-2a) , Fy=l+c,+k,+2a(l-a) ,
F,=2-a(4-68)+2k,6-46a*>-6° , Fy=2+k +a-2a> , Fy,=6+2k —2a(2-5)-55
Fpy=0-2a2(c, +a)+3) , F,=2+2k +6a—-4a’-5 , F,=1-2¢,-6-c,(1-2a-9) ,

Fyy =2(2+3ke + 60 +2F,,) —45(1-2¢,)* + 6*((1-2a)* - 8¢, — 2k,) ,
Fy, =k +c,(2k, —(1-2a)*) +4k,a(l—a)+a’*(1-4a2 —a)) +c (T + 2k, +da(l-a)) ,
Fys=4+4k’ +k,(6+8a(3-a))+8a(l+6a—4a’)-45(1-2a)* +5°(1-2k, —4a(3—a))

2

Fys = Fy, —2a*(3+2c, —4k,)+4a’ (5+2¢,)—8a’ , Fy,=c, —2-3k,—2c,k, —2k? — Fyg ,
Foe =a(5+10k, +2¢,(9 +2k,)) , Foy =46(1-2¢,)(1-2a)+ 6> (4c, + 2k, —1+4a(2 - a)) ,
Fyy=k.(c, +5—1-c,8)+a(c,(5-2a-25Q2-a)-2(1-a 5 +ad)) , and

F=a(c,5+2k, -2a-202-a))-2(1-a—-0+ad)).
However, ¢,,>0, ¢,,>0, ¢.>0, ¢,,>0, n,>0, M,;>0, and M, >0 should hold. To sum

up these conditions, we have (i) M<a<l and 0<c, < alc, (S +2k ~2a)-2(1-a)) ; (i)
2(1-¢,) 342k,
de’ a(cn(5+2kc—2a)—2(1—a))<cr<cna, and 551 (1+2k, e, —c,) . and
2(1-¢,) 342k, e, +all-c,2-a)-a))
(i) ¢, <c,a, cnﬁﬂ,and o>1- 1+ 2k e, ~c,) .
542k, —2a e, +all-c,2-a)-a))

Scenario C:Ro (5.9, <49.<q,»> 4,,=0)

In this scenario, the manufacturer collects as many products as possible in the second period
without refurbishment. Therefore, we use the first-order conditions oL, /dq,, =v —c, —2q,, —29,,2 ,
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OL,/0q.=—-k.g. —m+n,+ny+n, , 0L, /0q,=-c, —q,a—q,a-n5+ns—alq,,+q,,—-v) , and
OL,/0n5 =4,, .

Solving the optimal solutions in the second period, we get ¢,, =(v-¢,)/2, ¢.=0, ¢,,=0,and
ns=c, —c,a . However, we find that ¢, =0 does not satisfy the condition S.¢, <g.<g, , which
indicates the C+Ry scenario will not exist.

Scenario C:R+(f.q,,<q.<4,,, 0<q,,<q,)

In this scenario, the manufacturer collects as many products as possible in the second period and
refurbishes some. Therefore, we use the first-order conditions 0L,/dq,,=v—c,—2q,, —2q,,& ,
OL,/0q.=~k.q.—m +m,+m;+n,,and OL,/0q,, =—¢, = q,,0 = q,,0 =115+ 75 = (g5 + 4,5 = V) -

Solving the optimal solutions in the second period, we get ¢,, =(c, —c, +(1-a)v)/(2(01-a)),
q.=0,and g¢,, =(c,a—c,)/(2a(1-a)). However, we find that g, =0 does not satisfy the condition
B.9.1 <4q.<4q, , which indicates the C+R+ scenario will not exist.

Scenario C+R- (.9, <q.<qu> 4,2=4.)

In this scenario, the manufacturer collects as many products as possible in the second period and
refurbishes all of them. Therefore, we use the first-order conditions oL, /dq,, =v —c, —2q,, —29,,a ,

OL,/0q, =—k.q.—m+m+n5+n, , 0L, /0q,=-C, —q,,0—q,a—n5+ns-a(q,,+q,,-v) , and
OL,/0ny=4.—q,,-

Solving the optimal solutions in the second period, we get
q,, =Q2c,a—c, (k. +2a)+v(k.+2a(1-a)))/(2(k, +2a(l-a))) q.=(,a-c)/(k +2a(l-a)) ,
4., =(c,a—c )k, +2a(l-a)),and n, =k (c,a—c,)/(k, +2a(l-«)). The optimal pricing decisions in
the second period can be written as Py =(c, +7)/2 and
P =alc k, +2¢c,(1-a)+v(k, +2a(1-a)))/2(k, +2a(l-a)) . We put p, back into

v=(p, —&,,)/(1-5) and we have v=_2p,, —c,5)/(2-5).

Table A6. The equilibrium for the C+R- scenario.

Parameters Value Parameters Value
0“ (1-c)i2 M, 8c? —16¢,c.a + (k, +2a(l—a))F,
16(k, +2a(1-a))
k(-c)-2a(c,a+a=2¢,-1) (k. +2a)(1-c,)* +2F,F,
T Ak, +2a(1- @) 2 16(k, + 2a(1-a))
c,a—c,
9 k. +2a(l-a) g 0
c,a—c,
92 k. +2a(l-a) m 0
k.(c,a—c,)
P (2-06+c¢,(2+06))/4 B % +2a(-a)
2% (1+3¢,)/4 M4 0
a(Fy+2a(l-a)l+c,))
D ns 0

4k, +2a(1-a))

When the demand in the first period is ¢, =1-v, the optimal price of the new products in the
first period should be p, =1-¢, +6(c,+q,,—-1)/2. We put p, back into the manufacturer’s
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problem (P1) and set oM,/dq,, =0. The optimal decision for the new product in the first period is
q,; =(1—c,)/2. We show the equilibrium for C+R-scenario in Table A6.

Here, F,=k +3ck +4c.(1-a) , F,=(5-20)1-c,) , F,=2,+a-3c,a , and
F5;=2c,—a(l+c,).
However, ¢,, >0, ¢,,>0, ¢.>0, ¢,,>0, n,>0, M, >0, and M, >0 should hold. To sum

up these conditions, we have 0<c, <a<l1, 0<p. <1, 0<5<1, and (i) C—’<asM—l; or (ii)
C, +Cn

2(1

#—l<a and 2a(c, —1-2c, +a+c,a)<k(l-c,).

+c,

Appendix B

Proof of Proposition 3

According to the equilibria from Tables A2, A3, and A4, we can obtain the first-order partial
derivatives of the relevant parameters with respect to the consumers’ willingness and the collection
target, as shown in Table B1.

Table B1. The first-order partial derivatives of the relevant parameters.

Parameters Parameters CuRy CoR+ CoR-

o <0 <0 <0
Pn

B, 0 >0 0

o 0 >0 0
Pn2

B, 0 >0 0

o 0 >0 0
P

ﬂc 0 >0 <0

o 0 <0 0
qn

Be 0 <0 0

o 0 >0 0
qn2

Be 0 >0 <0

o 0 <0 0
qc

Pe >0 Depends >0

o 0 0 0
qr2

Be 0 0 >()

We get the following first-order condition for ¢, inthe CyR+ scenario:

oq, (1—c,\1-5)3-2k.5" —25)

op. (3+2k, 8% - 25
We then know that . <0 while 5< 3_22kf and 3-20 < . <1; in other cases, 2% >0.
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Proof of Proposition 4

We now analyze the profits gained by the manufacturer within the different periods and explore
how the consumer’s willingness to wait affects profits in each period. According to Corollary 2, under
the C+ and C- strategies, we analyze the R- case only. Our results are shown in Table B2.

Table B2. The effects of the consumer’s willingness to wait on the manufacturer’s profits.

Scenario Profits Effects of &

CiR Mi <0
oRo M B
CoR Mi <0
O+ M2 ~0
M; <0

CoR-
M, —
M; <0

CiR-
M, —
M; <0

C-R-
M, >0

Therefore, we find that in the CoR+ and C-R- scenarios only, the manufacturer’s profit will
increase in & ; however, in the first period, the manufacturer’s profit always decreases in & .

Proof of Proposition 5
Using the results in Table A4 and A6, we have

MRS _ppsaiks (2¢,0-2¢, - p(1-¢, Yk +2a(1-2))] _
8(k, +2a(1-a))

From the formulation above, we have the conclusion that the collection strategy could affect the
manufacturer’s profits in the second period, and the more items collected, the better.

M2<COR:> _]‘/[2<COR0> = _%ﬂc(l —Cy chr —20,10! +(1 —Cy Xl _a)aﬂc)

However, whether the manufacturer should adopt refurbishing when completing the goal set by

. . - 3-1+8k
collection target needs to be carefully considered. As longas 2. < Aeya—c,) and ae [Tc,lj ,

(1=¢,i-a)

refurbishment could make M;%"> —p;%%> 50, which also means that it is worth refurbishing. In
other cases, the manufacturer should choose the no-refurbishment strategy (Ro).

Proof of Proposition 6
First, we define all the parameters’ restraints as

Uz{a,ﬂc,kc,é,c c |0<a<1,0<ﬂc<1,0<kc<1,0<5<1,0<cn<1,0<c,4<1}

n>-r

Using the results from Appendix A, we give the differences between two profits from CoRy and
CoR+ as shown below:

Journal of Industrial and Management Optimization Volume 22, Issue 2, 1112—1139.
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(+2k. 82— 5)1-5)2-0)
(3+2k 87 — 25} '

MR — R %(1 ~6, | 2k 2 -5+25 45

We get M % <M %% if 0<p. <1, 0<k.<1, 0<c,<1, and 0<&<1. From this, we
know that refurbishing just some of the collected items is not beneficial, and no refurbishment is a
better choice.

Next, we compare the profits from CyRyp and CyR- as follows:

M1<C°R:> —M1<C“R0> :%(cn —l)ﬂc(2cr -2c¢,a +(1 -c, )(l—a)aﬂc).

Letting M %> — p %> >0, we get the conditions which lead the manufacturer to refurbish all

. . 2 - .
the collected items: (i) S ca< a, and 0<p. < M ; (i) ay<a<l , where
c a(l - a)(l -c,)

n

_1-3c, +\/1—6cn +9c. +8¢, —8¢,c,
%= 2(1-¢,)
Last, we compare the profits from CyR+ and CyR- as follows:
5-8¢,f. —¢,(5-24,(2a(2+(1-)p. )+ k.f.)-25)
<CoyR_> _ <CoR,> _ Cu -1 _ 2 _ _ _
M; MR =) 8, 2+ 2k 52 - 5)2- )1 5)_25_2ﬁ3(kc+2a(1_a)) .
(3+2k,82 - 26

. Otherwise, M “*> will be higher than M %%,

It is obvious that ¢, —1<0, so the positivity and negativity of the formulation above is equivalent
to

8(c, —1)(2+2k.8 - 5)(2-5)(1-5)
(3+2k.52 25)

A=5-8¢f —c,(5-28.(2a(2+(1-a) B.) + k.B.)-25)+ ~26-2f (k. +2a(1-a)) (4)

However, it is difficult to judge whether Equation (13) is greater or less than 0. Therefore, let
A =0, and we have

5 T+ 480, —du (k. — 61, )+ 32k 10, ° — duk B (k, — du )+ \/ w1+ 2k, 2
b 4(”1 + 8u2ﬁc _2ulﬂc2 (kc —21/!3 ))

5 T+ 48,5, —du, B2k, —6u; )+ 32k 1, 57— duik, B (k. —4u3)—\/u1u4 (1+ 2,82 F
b 4(”1 + 8u2ﬂc - 2”11302 (kc - 2”3 )) ’

where u =c,—1 , u,=c, —c,a , u; = ala—1) , and
uy ==3u, —32u, B, +4u, (5k, — du, ) B> + 64k u, B — du k,(3k, —8us )B .
Through collating the equation A =0, we can see that the coefficient of 57 is

p=—4[-1+c, +88.(c, —c,a)+ 21—c, Nk, +2a(1-a))B?)
By calculating ¢ <0, we have the necessary and sufficient condition (A) as follows:

1 1
- ——
2 NE) 2 1 B? | Bl
<— and ———"—% —
2 2 2 2

(1 @) 7<ﬂc<1,0r(ii) T<ﬂc <a<+
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Q) k, > 212 —2a+2a*;
(3) (9 g(ac)< ¢, <1 and f(c,)<c, <c,a;or(ii) ¢, <gla),and ¢, <c,a.
_ l_cn _ ﬁc(l_cn )(kc + Za(l_a)ﬂc) _1_ Saﬂc
where fle,)="g5"+ e 4 o o) e p e A )T

As Condition (A) is satisfied, we know that A>0 can be true if and only if
Max{0, &,}<8<Min{l, &,} , which means M;%% —M "> <0 . On the other side, if
0<8<Max{0, &} or Min{l, 8,}<5<1, A<0 canbe trueand M %" — M "> >0,

However, by Condition (B) where B=C,4, we have ¢>0. At this time, if and only if
Max{0, 6,}<&<Minfl, &,}, A<0 canbe trueand M; " — M %> >0,

We summarize the results as follows:

. e a—
(1) MEOR> 5 ppCofom 5 pp s> if (1) S <o <@y, and 0<p, <M; (i) a,<a<l;
c, a(l—a)(l—cn)

(2) MR > pR> s p SR> A (1) Max{0, 8,}<8<Min{l, &,} with Condition (A); (if)
0<8<Max{0, &} or Minf{l, &,}<&<1 with Condition (B), where B=C,4;
(3) MR > MR 5 M SR> in other cases.

Proof of Corollary 1

Using the results from Appendix A, we can find the difference between the two profits from CopR-
and C+R- as follows:

MECRS e _ (2c,a -2¢, +(c, ~1)B.(k, +2a(1- @)}
8(k, +2a(1-a))

>0,

S0 MR > MR
Proof of Proposition 7

According to the consumer surplus formulation mentioned in our manuscript, we use the

equilibrium from Appendix A and give the consumer surplus under the CoRy and CoR- strategies
as follows:

C§~Coo> :%(1—(:,, V(4+568);

C§~Cok> =§(1—cn )2(4+(5+4(1—a)aﬁ3 )5)

We calculate the first-order condition of each consumer surplus as follows:

<CoRy>
aCS—:i(l_cn)z >0
0o 32

aCS<COR:> _ 1 s )
7_3—2(1—@1) (5+4(1—a)aﬁc)>0

Thus, as the consumer’s willingness to wait & increases, the consumer surplus always increases
when the manufacturer adopts the CoRy or CoR= strategy.
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Proof of Corollary 2

Using the results from Appendix A, have the differences between two consumer surplus from
CoR-= and C+R- as follows:
as(a—1)2¢, —2c,a+(1-c, Nk, +2a(1-a))B. \2c,a —2¢, +(1-c, \k. +2a(1-a))B.)
8(k, +2a(1-a)) '

CS<C*R:> _ CS<C°R=> —

However, there will be three cases with ¢S<“%> > cs<“*> as follows:

_k +2a-2a° 2¢,a —2c,
- k, +4a -207

k, +2a -2a°

(1) 0<e, and 0<p. <

2 27
k,—c,k.+2a-2c,a-2a" +2c,a

k.c,—k,—2a+4c,a+2a* —2c,a’

(2) ><c, <1 and 0<c, < ;
k,+4a-2a 2
2a-2a’ kec,—k, —2a+4c,a+2a’ —2c,a’
3) W—CZ<C”<1 , Cn P TLOTTCAT G n <c, <c,a , and
k.+4a-2a 2
2c,a—2c
0<pB. < L a -

k,—c k, +2a—2¢c,a-2a*+2c,a

From the conditions above, we find that the collection target may affect the consumer’s benefits.
Especially when the collection target is low, the consumers will benefit from the manufacturer’s
C+R- strategy.

Proof of Proposition 8

As Proposition 6 has proved that CyR+ can never be an optimal choice, we only consider the total
social welfare in the CyRy and CoR- scenarios. According to the results before, we get the following
total social welfare in the CoRp and CoR- scenarios:

(1-c, 14-24e, —24¢, ~8e,(3-25,)- 45, (k. B, ~4e,)+ 5 —c, 14+ 5 - 4k, 52
%)

SW<C°R°> —

(cn —1)(2(7cn —7+12(ed +e, +es)+ Sﬂc(cr —e.+e,.+e; —a(cn +e; +e, +e, ))+ S, ))
32

SW<C0R:> _

2

where §, =28,(1-¢, Yk, +2a(1-a))-5(1—c, 1 +4aB2(1-a)).
<CyRy> _ 2 <CyR_> _ 2
osW _(-c,) >0 and &7 _(-c,) (1+4a,83(1—a))> 0, which means
0o 32 00 32
that in compliance mode (Cy), the total social welfare always rises as the consumer’s willingness to
<C,R_> _ 2
wait increases. Similarly, we have 6SW65 =-— (l ;”) <0, which indicates that in voluntary mode

(C+), the total social welfare may decline as the consumer’s willingness to wait increases.

We then have

Proof of Proposition 9

In order to analyze the problem in different scenarios, we consider the Lagrangian for the
refurbisher’s problem as follows:

LRZ = (prZ _Cr)qr _kcqf /2+/11 ((I_T)qnl _qr)+ﬂ’2qr

For the refurbisher, she/he has two collection strategies: One is collecting some but not all, and
the other one is collecting all available products. However, her/his unique refurbishment strategy is to
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make full use of the collected items (R-).
(1) The first situation (collecting some but not all) means A, =0 and A, =0. We first solve the
refurbisher’s problem and let 0L,,/dq, =0. We then have

Cr + (an + qr2 )a — a‘_}

=" k. +2a

Subsequently, the equilibrium in all cases can be resolved by following the steps in the proof of
Proposition 1. We list the just equilibrium for each scenario below.
CoRy scenario
(k, +a)c, - cna)

Through calculating, we find 7, = ol a)
ctal2-a

<0, which indicates that the CyoRy scenario will

not exist.
(2) The second situation (collecting all available products) means 4, >0 and A, =0. We first
solve the refurbisher’s problem and let 6L,,/dq, =0 . We then have g¢,=(1-7)g,, and

A =av+2q,ar—c, —a(2q, +q,, +4,,)-k.q, (1-7). Next, the equilibrium in all cases can be resolved

by following the steps in the proof of Proposition 1.
CoRy scenario
Through calculating, we reach the equilibrium shown in Table B3.

Table B3. The equilibrium in the CoRy scenario.

Parameters Optimal value
(1-¢c, Nl-a -6 +ar)

n 342k, 57— 25 +a(2(-6)+ all— o))z 1)
(1—c, o+ 2k, 8% —5+a(2-35)1-7))
2 2(3+2k. 82 - 26 -a(1-7)2(1-8)+a(l-7)))
B.(1-c,Nl-a-6+ar)
1 342k, % —25+a(2(-6)+ all—2))r 1)
qr2 0
J (1-¢c, N1—a-5+ar)l-7)

342k, 2 -25+a(2(1-8)+ a(l-7))r 1)

However, ¢,,>0, ¢,,>0,and A4 >0 should hold. We then see thatif and only if (1) 0<¢, <c,,

or ¢, <c, and ¢, <c¢, and (2) §<r,or 6>7 and « <i_—§, the CyRy scenario could exist, where
. al(l-c)i-a)i-6-all—0)+c,B5+7-4-2k 2 ~5t+a(l-cN4-36-7))
' 26 -3-2k B2 +a(2(0-6)+a(l-7)f1-7)

x (1-a)l-7r)1-6-all-7))

" 442k, B2 -35-1(1-6)-all-7)4-35-1)

and
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