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Section A.1: The optimal solution for In-house remanufacturing

The profit-maximization problem for the In-house strategy is:

1
max T = (pu1— wn) Dt + pr1Dy1 — [S / er(1— 0)F(0)d6] — B(1 — 1)

0<pr1<apn1;0<0:<1 N
0=04

= (pnl - wn)Dnl +pr1Dr1 - Cls[l - F(él) —p+ H(él]a
s.t.

D < S[1—F(6)],

B 6=6,
where Dp,; =1 — =Pl D, = %, and H(61) = [ 0f(6)db.
0

The constraint on D,; must bind at optimality since regardless of the p,,; and p,; the retailer loses profit
if it remanufactures items that it cannot sell. So the retailer will set 6; to exactly match the remanufacturing
volume to the demand. Then:

aPnl — Pri _ A

Dy = Oé(l—Oé) S[l_F(el]v

which yields p,1 = apn1 —a(l — a)S[1 — F (9~1)] Substituting this into the expression for D,,; provides:
Dnl =1 — Pnl1 — OéS[l — F(él)]
Then the profit-maximization problem reduces to:

max m = (pp1 — wp)[l — pn1 — aS[1 — F(él)]] +
0<p,1<1;0<0: <1

+Hapu —a(l —a)S[L— F(6)]][S[L - F(61]] -

—c1S[1— F(61) — p+ H(61)] — B(1 — c1).

Because for any given 01, 7 (Pm1 |§1) is strictly concave in p,1. The first-order condition of 71 (p,1) with
respect to p,; leads to p}, = H%, which is independent of 0,. The retailer’s decision problem can then be

expressed as the following single-variable optimization:

) _
max m - (mw)’ Sa(l—wa)[l-F@))
0<6:<1 4 2
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{M — Sa(l —a)[l — F(61)]H{S[L — F(61)]} —

—e1S[1—F(6;) —p+ H(6)] - B(1 —c1)
= —— + Saw, — SawnF(él) -
]2

—S%2a(1 —a)[1 — F(0))] —e1S[1 = F(61) — p+ H(0)] — B(1 —¢1).

Using x = aw,, and y = 25a(1 — «) as placeholders as noted earlier, differentiation yields:

dm

i = SfO){—z+y[l — F(61)] +ci(1—61)]}; (17
27T ~ ~ ~ ~
ddT = SOyl (B) — er] + Sf -+ y[l — F(B)] +er(1— By)). (18)
1

71(61) is concave in @) for the following reason. When 6; — 6%, —z + y[1 — F(8;)] + ¢1(1 — 61) = 0.

d27r1|~ -
> de2 101—07

From (17) %/(Sf(él)) +yF(61) 4 161 = ¢1 +y — x and (f;, F(6,)) are both nonnegative. When

Therefore = Sf(61)[—yf(h1) — c1] which is strictly negative.

c1+ vy —x <0, then Z% has to be negative. So the lowest possible 9~1 will be optimal, i.e., éf = 0. When
c1+y—x > 0, the zero of the first-order condition will be a unique global maximum. GNT will be the solution

to the following equation:
c16 + yF(0~1) =y+c—T.

The remainder of Table 2 follows directly.
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Section A.2: Nash bargaining formulation for Outsourcing for general §

The Nash bargaining equilibrium is the solution to a two-stage problem. The retailer’s profit-maximization

problem at the second stage is:

max T2 = (Pn2 — Wn)Dna2 + (pra — wy2) Dy, (19)

Pn22>Wn;Ppr2 <apn2

where Dyy = 1 — E2=Er2 apnd D,y = %. (19) is strictly and jointly concave in p,o and p,o for any

wyo. The retailer’s best-response prices for a given w,o (obtained by solving simultaneously for the p,,» and

pro that satisfy the first-order conditions of (19)) are:

1+ w,

an(wr2) = 9 s (20)
o+ wy

pra(wr2) = —5. 1)

Substituting (20) and (21) into Dyp = 1 — 22=Pr2 and D, = % indicates that for a given w2

the demands for the new and remanufactured products are:

1 Wy, — Wy

Dna(wr2) = 5(1- Taz)’ (22)
W, — Wy

Drz(wrz) = W_a;- (23)

We assume aw,, — wy2 > 0 so that demand for the remanufactured product is non-negative. Then we
step back to the first stage, in which the third-party’s profit-maximization problem is:

maXx Moo = WraDrog — 625[1 - F(9~2) —p+ H(0~2)]7 (24)

wr2 <awn;0<02 <1

S.t.

1
Dy< S / F(0)d0 = S[1 — F()]. 25)
0=0,
By the same logic that governed the profit-maximizing actions for the In-house strategy, the constraint in

(25) must bind in the optimal solution, i.e., Do = S[1 — F (9~2)] Combining with (23) yields:

Wyp = owy, — 2Sa(1 — a)[1 — F(6y)]. (26)
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Substituting (20), (21), (22), (23), and (26) into (19) and (24) allows reformulation of the retailer and

third-party profits as:

1—wy)? yS «
T = %JF%D—F(QQ)

Too = aS[1— F(6)] —yS[1— F()

2
I
2 ~ ~
| = c2S[1 = F(02) — p+ H(02)],

where z = aw,,, y = 2a.S(1 — a), and H(6y) = 0(52 0f(6)df. These expressions are used to simplify the

Nash bargaining formulation to a single-variate optimization in 0.
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Section A.3: The Nash bargaining equilibrium for Outsourcing when § = 1

The profit-maximization problem for the third-party is:

max 7o, = :L'S[l — F2] —yS[l — F2]2 — 625[1 — F — —I—HQ],
0<f,<1

where z = aw,, y = 2a(1 — a)S, Fy = [ f(6)df, and Hy = [** 0 (0)do.

The objective has these first and second derivatives:

M0 (B~ + 2y[L — F(Bo)] + ea(1 — Bo)};
dbs
d;gzzo Sf(02)[—2yf(62) — ca] + Sz + 2y[1 — F(62)] + c2(1 — 62].
2

First we prove that 7720(52) is concave in 6. When 6y — 9~§, —x + 2y[1 — F(éQO)] + co(1 — 9~2) = 0.

Therefore, %@éé; — Sf(61)[—2yf(61) — c1] which is strictly negative.
From the first-order condition , 422 /(S f(65)) + 2y F(62) + a2 = ¢z + 2y — x and (B2, F()) are both

dfa

nonnegative. When co + 2y — =z < 0, then CZ% has to be negative. So the lowest possible 0 will be optimal,
2

ie., §§ = 0. When ¢ + 2y — = > 0, the zero of the first-order condition will be a unique global maximum.
§§ will be the solution to the following equation:

Cgég + 2yF(§2) =2y+co — .

The remainder of Table 4 follows directly.
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Section B: In-house Strategy - Comparison of Uniform versus Triangular Distributions for 8

This section explores the robustness of the results in Section 4 to the distributional assumption for 6
(quality of used items at time of collection). Section 4 treats 6 as uniform on [0, 1]. Here we use the triangular
distribution, first with parameters [0, 1, 0] and then with [0, 1, 1]. A § with T'[0, 1, 0] distribution has u = %,
fO) =21-0), F(f) = 0(2 —6), and H(F) = w. With a 7'[0, 1, 1] distribution for 0, u = 3,
£(6) =26, F(6) = 6%, and H() = 2.

In the interest of brevity, we limit this illustration to the case in which Outsourcing involves a third-
party with full leadership power (6 = 1). Using the same parameter settings as in Section 4 (i.e., « = 0.8,
wy, = 0.2, and S = 0.2), we depict the congruence and conflict regions for the comparison between In-
house and third-party-led Outsourcing. We use values of ( that facilitate a direct comparison to the results in
Section 4.2.

Table 2 and Table 4 provide the respective optimal/equilibrium outcomes for general distributions of
0. Figure 3 compares In-house and third-party-led Outsourcing with respect to retailer profitability and
environmental performance with a uniformly distributed §. Figure 10 and Figure 11 do the same for  ~

Triangular|0,1,0] and 6 ~ Triangular|0,1, 1], respectively.

c 4 1(P). I(E) c 4 1(P).1(E)
1 £ 1 /
L(P),
L(P), I(E) O (P), I(E) 1(E)
- O (P),1(E) Lm
OE (P),
(E) Pt
O (P), O (E)
L(P),
0 (P), 0 (E) HO®
x—2y x—2y Y
LQ EF!I \ > 1. >
0 - 1 0 - O(P), VO (E 1
=7 mom . x—y O®,10(E) .
(a) B = 0.005 (b) g = 0,01

Figure 10: Retailer profit and environmental impact when 6 = 1 and 6 ~ Triangular[0, 1,0]: Regions of
congruence and conflict

Figure 10 and Figure 11 have the following in common with Figure 3. As the fixed-cost coefficient
[ increases, the regions where Outsourcing is more profitable also grow - in particular, the [O(P), O(E)]

region (Outsourcing congruence) grows, the [I(P),I(E)] region (In-house congruence) shrinks, the [/(P), O(E)]
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L(P), 1 (E) L(P), L (E)
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I(P),0(B)

o @),
1(E) 7
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1(P),
10 fF\I > -
0 x-y 1 B 0 x—y 1
Cy
(a) # = 0.005 (b) B = 0.01

Figure 11: Retailer profit and environmental impact when 6 = 1 and § ~ Triangular[0, 1, 1]: Regions of
congruence and conflict

conflict region shrinks, and a [O(P), I(E)] conflict region emerges.

Several differences are noteworthy. The O(P) area is larger in Figure 10 than in Figure 3. This is because,
relative to 0 ~ Uniforml0,1], § ~ Triangular|0,1,0] shifts the distribution of used products towards
lower quality. On the other hand, the /(P) area is larger in Figure 11 than in Figure 3. This is because,
relative to 0 ~ Uniforml0,1], § ~ Triangular[0,1,1] shifts the distribution of used products towards
higher quality, making In-house more profitable for the retailer.

To summarize, the Uniform distribution lies between the two extreme Triangular distributions we have
considered in this section. The trends across these distributions validate our characterization of the setting in

the main paper, and show some robustness to the distributional assumption for 6.
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Section C.1: Proofs of Propositions 1 and 2

Table 5 is Table 2 when the quality of used products collected is 6 ~ U|0, 1].

Range for c;
c1 € (0,2 — 9] | ca€(z—y1)

01 0 1—- Ufcl

* T+w, I+wn
Pn1 — 2
P o[ = 51— a)] S
Dr, s _ 5o L — Goptalum

* S
Dy S el

* 1_ n 2 1_ n 2 2
w || Sy -] - B0 - ) | el 4 S B - )

where z = aw, and y = 2a(1 — «)S.

Table 5: Optimal solution for In-house remanufacturing for 6 ~ U|0, 1]

Proposition 1. In-house remanufacturing and Retailer-led Outsourcing have the following ordering with

respect to retailer profit:

(@) Ifeq,c0 € (0,2 —yl, thenif ¢y > % +ci(1— %), In-house gives the retailer greater profit; otherwise
Outsourcing does;

(b) Ifc; € (0,z—y]and ¢ € (x —y, 1), thenif cy > S(2m—y—£§2—25(1—01) —y, In-house gives the retailer

greater profit; otherwise Outsourcing does;

() Ifcy € (x—y,1)and o € (0,2 — y], thenif ca > (22 —y) + &5—01) - yfcl, In-house gives the

retailer greater profit; otherwise Outsourcing does;

2
(d) If c1,c0 € (w —y, 1), then if co > 2*22;2@:5’(51@:)1()@/%;?), In-house gives the retailer greater profit;

otherwise Outsourcing does;

where z = aw,, and y = 2a.5(1 — «).

Proof of Proposition 1.

As noted in the main paper, the Retailer-led Outsourcing equilibrium can be obtained from Table 5 by
making the following adjustments: (a) co in place of c; since remanufacturing occurs at the third-party’s
variable cost; (b) 0 in place of 0, to match the subscript to the strategy; and (c) 5 = 0 because the retailer

no longer maintains internal manufacturing capability.
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The expressions for the optimal/equilibrium retailer profit directly yield the following:

(@) Ifer,c € (0,2 —y], then ] — 75 = %(cz —c)—pB(1l—c1);

(b) Ifc; € (0,z—yland co € (x —y, 1), then7} — 75 =522 —y —c1) — B(1 —c1) — 2(5_fi2);

() fep € (z—y,1)and cp € (0,2 — gy, then ] — w5 = 2(5—_&1) — Bl —c1)— 52z —y —c2);

2 2
d) Ifcy,co € (x —y, 1), thenf — 7w} = % —B(l—¢c) — %

Straightforward algebra then produces the findings of the proposition. Q.E.D.

Proposition 2. In-house remanufacturing and Retailer-led Outsourcing have the following ordering with

respect to environmental impact:

(a) If c1,c2 € (0,2 — y], then both In-house and Outsourcing yield an equal (and “best” possible) envi-

ronmental outcome;
(b) Ifc; € (0,2 —y] and c2 € (x — y, 1), then In-house is better for the environment;
(c) Ifc; € (x —y,1)and ¢ € (0, z — y], then Outsourcing is better for the environment; and
(d) If ¢y, c9 € (z —y, 1), then if:

® c; = cg, both In-house and Outsourcing yield an equal environmental outcome;
e ¢ < c9, In-house is better for the environment; and

® ] > co, Outsourcing is better for the environment.

where z = aw,, and y = 2aS(1 — «).

Proof of Proposition 2.

0; is our metric of environmental impact, with lower values indicating a greater amount of remanufactur-

ing. Comparing the optimal/equilibrium values of 6, and 6, from Table 5:
(a) If ey, co € (0,2 — y], then 65 = 65 = 0;
(b) If ¢; € (0,2 —y]and ¢3 € (x — y, 1), then GNT = 0; and 9~§ > 0.
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() Ifey € (z—y,1)and ¢3 € (0,2 — ], then 87 > 0 and 65 = 0;

_ _z(ci—c)

(d) If¢; € (z—y,1) and ¢3 € (z — y, 1), then 6 — 63

— . =z
T yteo ytec1 (y+c1)(y+e2)”

Straightforward algebra then produces the findings of the proposition. Q.E.D.
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Section C.2: Proofs of Propositions 3 and 4

Table 6 is Table 4 when the quality of used products collected is 6 ~ U|0, 1].

Range for cy

€0, —2y] | e (w—2y,1)
o; 0 1— 4
wry T —y 5+ il
PEo Ttwn Ttwn
Pra s 72+ wn + 522 ]
D:Z S 21/5;-102
D | 50 | Tp-g=
i i s T e
T, %[2x — 2y — ¢9] 2[2@793;2]

where z = aw, and y = 2a(1 — «)S.

Table 6: Equilibrium for Third-party-led Outsourcing of remanufacturing when 6 ~ U0, 1]

Proposition 3. In-house remanufacturing and Third-party-led Outsourcing have the following ordering with

respect to retailer profit:

(a) Whency € (0,2 —yland co € (0,2 — 2y, thenif ¢y < W, In-house gives the retailer greater

profit; otherwise Outsourcing does;

. —y)— 2 .
(b) If c; € (0,2 — y]and co € (x — 2y, 1), then if ¢; < 5(22_% 26 _ (5_25)(%§+02)2, In-house gives the

retailer greater profit; otherwise Outsourcing does;

(c) Ife; € (x —y,1) and ez € (0,2 — 2y], thenif 28(1 — ¢1)(y + 1) + yS(y + c1) < 229, In-house

gives the retailer greater profit; otherwise Outsourcing does; and

_ _ e 22S[2yten)’—y(yte)]  grq _ _ -
(d) Ifeg € (x —y,1)and ¢ € (z — 2y, 1), then if 2 rer) @t es)? B(1 — ¢1) > 0, In-house gives

the retailer greater profit; otherwise Outsourcing does.

where z = aw,, and y = 2a.5(1 — «).
Proof of Proposition 3.

Comparing the retailer profits from Table 5 and Table 6:

(a) When e € (0,2 —y]and ez € (0, — 2y], then f — 75 = (2 —y — 1) — B(1 —c1) — 2
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(b) If ey € (0,z —yland ez € (z — 2y, 1), then 7} — 75 = (22 —y —c1) — B(1 — 1) S22y

T 20yte)”
(c) Ifc; € (z—y,1)and c2 € (0, z — 2y|, then 7] — 75 = 2(5—1201) —0(1l—c1)— %;
2
(d) Ifc; € (x—y,1)and g € (x — 2y, 1), then 1] — 75 = 2(5—1201) —0(1l—c1)— 2(255%2)2

Straightforward algebra then produces the findings of the proposition. Q.E.D.

Proposition 4. In-house remanufacturing and Third-party-led Outsourcing have the following ordering with

respect to environmental impact:

(a) If c; € (0, —y] and c2 € (0, x — 2y], then both In-house and Outsourcing yield an equal (and “best”

possible) environmental outcome;
(b) Ifc; € (0,2 — y] and c2 € (x — 2y, 1), then In-house is better for the environment;
(c) Ifc; € (x —y,1)and c2 € (0, z — 2y, then Outsourcing is better for the environment;
(d) ife; € (x—y,1)and ¢g € (x — 2y, 1), then if:

e ¢ — c1 <y, In-house is better for the environment;
e c; — co =y, both In-house and Outsourcing yield an equal environmental outcome; and

e c; — c2 > y, Outsourcing is better for the environment.

where z = aw,, and y = 2aS(1 — «).

Proof of Proposition 4.

0; is our metric of environmental impact. Lower values indicate a greater amount of remanufacturing,

and hence more environment-friendliness. Comparing 6, and 6, from Tables 5 and 6:
(a) Ifeg € (0,2 —y| and ¢ € (0, 2 — 2y], then éf = §§ =0;
(b) If ¢; € (0, —y] and c2 € (x — 2y, 1), then GNT =0, and 0~§ > 0;
(¢) Ifc; € (x —y,1) and ¢o € (0, z — 2y], then GNT > 0 and §§ =0;

(d) Ifey € (z—y, 1) and g € (z — 2y, 1], then 0} — 65

=z  _ _x x o
T 2yt y+c1 (y+c1)(2y+c2) (Cl €2 y)

Straightforward algebra then produces the findings of the proposition. Q.E.D.
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Section D.1: The optimal solution for In-house remanufacturing when ¢, < ¢, =1

Here we assume ¢, < ¢, = 1. The collected used products’ quality is a random variable 6 with finite

support in the range [0, ¢,]. The cumulative distribution function of 8 is F'(#), with F'(0) = O and F(¢,) = 1.

Analysis of the consumer surplus results in the following demand functions: D, = 1 — %, D, =
QGrPn—pr
aqr(l—agr)”

The profit-maximization problem for the In-house strategy is:

ar
max T = (pn1 —wn)Dn1 +pr1Dp — [S / c1(gr — 0) f(0)do] — B(1 — c1)
0<pr1<apn1;0<6, <1 B

0=0,

= (pn1 — Wn)Dp1 + pr1 Dy — e1S[gr — ¢ F(61) — p+ H(61] — B(1 — 1),

s.t.

Dy < S[—F(6)].

As with the original model, the constraint on D,.; must bind at optimality since regardless of the p,,; and
pr1 the retailer loses profit if it remanufactures items that it cannot sell. So the retailer will set 9~1 to exactly

match the remanufacturing volume to the demand. Then:

aPnl — Pri

D4=——
m a(Jr(l - O“L")

S[l - F(él]v
which yields p,1 = app1 —aq,(1—agq,)S[1—F (9~1 )] Substituting this into the expression for D,,; provides:

Dnl = 1 —Pnl — OZQTSD - F(él)]

For any fixed 9~1, m is strictly concave in p,;. The first-order condition leads to py; = 1+2“’”, which

is independent of 0,. The retailer’s decision problem can then be expressed as the following single-variable

optimization:
(1—w,)? 1 ~ -
max wm = ——+ =S(1—F(6h))2aqw, —2Saq(1 — aq,)(1— F(61)))
0<6:<1 4 2

—c1Slgr — - F(01) — o+ H(61)] — B(1 — c1).
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Using x = ag,w, and y = 2Saq,(1 — ag,) as placeholders, differentiation yields:

M Sp )+ yll— FO)) + er(ar — 01)]):
dbq
27T ~ ~ ~ ~
ddT = SO [-yf(B) — er] + Sf -+ y[l — F(B)] +er(1— 6y)).
1

The reason 71 (6, ) is concave in 6; is as follows. When 8; — 6%, —z + y[1 — F(61)] + c1(gr — 61) = 0.

2 = = D .
Therefore, ddT?bl—»é{ = Sf(01)[—yf(01) — c1g,] which is strictly negative.
dmy
When ciq, +y —z <0, % has to be negative. This is because from the first-order condition, s;?(% ) +
1 1

yF(9~1) + 16 = c1qr +y — z < 0; and 6, and F(9~1)) are both non-negative. So % < 0. Then the lowest
1
possible 9~1 will be optimal, i.e., éf = 0. When c1q, +y — x > 0, the zero of the first-order condition will be

a unique global maximum. éf will be the solution to the following equation:
16y +yF(01) = c1gr +y — .

The optimal solutions when ¢, < 1 and 6 follows general distribution are shown in Table 7.

Range for c¢;
(GRS (Oa Iq:y] | (GRS (Iq;rya 1)
0; 0 Solution of
c101 +yF(0h) = cigr —x+y

* TFw, ITfwy,
Pni P =

* agrta—y agrte—y[1-F(07)]
Pr1 2 2
D, 172“’" —aq.S 17% —ag,S[1 — F(07)]
Dy S S[1 — F(67)]

—wp, 2 —wn, 2 _ * ~*
m | Sl S —y) —aS(ar — ) - B —er) | Ul STy RG]
—c1Slgr — ¢ F(07) — p+ H(07)] — B(1 — c1)

where © = agrwn, y = 2aq,(1 — ag.)S, H(0;) = foéf 0f(0)do, and p is the mean of 6.

Table 7: Optimal solution for the In-house remanufacturing strategy when ¢, < 1

Table 8 is Table 7 when the quality of used products collected is 8 ~ U|0, g,|.
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Range for c;
GNS (07 mq—ry] ‘ C1 € (Iq;ryv 1)
QgrWn
&) 0 qr — c1+2Sa(l—agr)
Pn1 e 2 - 20 e
o) age [~ — S(1 — ag,)] (1 + 5795001 —aqm
1—wn 1—wn So?grwn
D:Ll 210 — Sag, 210 — cat+2Sa(l—agr)
Sawn
D;, s o425 (l—ag)
T—wn)? 1—wn)® Sagruw,
| S+ S20gwn — 250g,(1 - ag)] | U 4 g St s
—c15% — B(1 —c1) A —c)

Table 8: Optimal solution for In-house remanufacturing when ¢, < 1 and 6 ~ U[0, ¢, ]

Section D.2: The equilibrium for Outsourcing of remanufacturing when ¢, < ¢, =1

The equilibrium for Retailer-Led Outsourcing

The equilibrium is the same as the optimal solution for the In-house strategy stated in Appendix D.1,
except that (a) co replaces cy; (b) 52 replaces 51; and (¢c) 5 = 0.

The equilibrium for Third-party-Led Outsourcing

The equilibrium when ¢, < 1 and 6 has a general distribution is shown in Table 9.

Range for cy
C2 € (07 I;fy] ‘ C2 € (I;—szv 1)
05 0 Solution of
2l + 2y F (02) = caqr — v + 2y

wy T —y z —y[l — F(63)]

* T+w, Ifwn
pn2 2 2 _

* agrt+z—y agr+z—y[1-F(03)]
Pro 2 2 -
Dy | S —aqS T~ ag, S[L— F(5)
Di; s S[L- F()]

* —wn)? —wn)? G\ 12
5 — s ) Uognl 4 31— F(B3)] i
T3 || S(z—y) +c2S(gr —p) | S[L — F(63){z — y[1 — F(03)]} — coSlgr — F(05)qr — p + H(65)]

where © = agrwn, y = 2aq,(1 — ag.)S, H(03) = foég 0f(0)do, and p is the mean of 6.

Table 9: Nash bargaining equilibrium for the Outsourcing remanufacturing strategy when § = 1 and ¢, < 1

Table 10 is Table 9 when the quality of used products collected is § ~ U0, g,].
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Range for cy

ez € (0, 7] | ¢ € (74 1)
%2 0 I — @+4§iﬁiaqr)
Wy agqw, —2Saq,(1 — ag,) agrw, — %—&O_‘q@g:")”
Pro H% It
Pro rictenn SRonloet) | fagy + g — b G
D7y S 024_423%
D;klz 1_2wn — Sag, 1_2wn B Q—i—ig‘a%rlliz%)
3 Lol + $%ag,(1 - aq,) S Sl 2 1y
w5, || Sag(w, —2S(1 — ag,)) — 22% SCQSI:qi) + 2(02f46§§ﬁ_’iaqr))

Table 10: Equilibrium for Outsourcing of remanufacturing when 6 = 1, ¢ < 1, and § ~ U[0, ¢,

Proposition 5. The impact of ¢, is as follows:

(a) Under In-house and Outsourcing strategies (¢ = 1 and 2, respectively), increases in relative quality
for remanufactured products (g;,-) leads to increases in: the retail price (p,;) and demand (D,;) for the

remanufactured product, and retailer profit (7;).

(b) Under Third-party-led Outsourcing, if the third-party’s remanufacturing cost is sufficiently low (i.e.,
co € (0, (x—2y)/qy]), the third-party’s profit increases with ¢,; otherwise (i.e., c2 € ((z—2y)/qr, 1)),

the third-party’s profit will first increase and then decrease with g,..

Proof of Proposition 5.

We are unable to derive closed-form solutions when € has a general distribution. So for the subsequent
analysis we consider a uniformly distributed §. Table 11 shows how ¢, impacts the optimum of the In-house
strategy (based on the solutions in Table 8). Table 11 shows how ¢, impacts the equilibrium for Retailer-led
Outsourcing. Table 12 shows how g, impacts the equilibrium of Third-party-led Outsourcing (based on the

equilibrium shown in Table 10). Straightforward differentiation produces these comparative statics. Q.E.D.
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Key Decisions
Parameter | 67 | piy | piy | Dy | Dy |
[ ot [NCIINC] 1] | [NOT]T |

The directional relationships are abbreviated as follows, and apply over all ¢1 € (0, 1) unless otherwise noted: (a) NC indicates no
change; (b) NC/7 indicates NC when ¢; € (0, (x — y)/¢r] and T when ¢1 € ((z — y)/gr, 1).

Table 11: Comparative statics for optimal solution for In-house remanufacturing

Key Decisions
Parameter 03 ‘ Wry ‘ P2 ‘ Pro ‘ D7y ‘ 2 ‘ 5 ‘ T30
| 1 [NCq] 1T [NC] 1 [ | [NC/T[ 1 [1/(then]) |

The directional relationships are abbreviated as follows, and apply over all c2 € (0, 1) unless otherwise noted: (a) NC indicates no
change; (b) NC/7 indicates NC when ¢ € (0, (x — 2y)/qr] and T when c2 € ((x — 2y)/gr,1); (¢) 7/ (Jor |) indicates T when
c2 € (0, (x — 2y)/qg-] and (7 then |) when ¢y varies within the rage of ((x — 2y)/gr, 1).

Table 12: Comparative statics for equilibrium for Outsourcing remanufacturing when § = 1
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Section D.3: The optimal solution for In-house remanufacturing, adding salvage value g

The profit-maximization problem for the In-house strategy is:

1 =6,
max 1 = (Pt — Wn)Dp1 + pr1Dp1 — [S / c1(1—0)f(0)do] + S / gf(0)dd — B(1 — c1)
0<pr1<apn1;0<6:<1 ~ 4

0=0,

= (1 — wn)Dp1 + priDey — e1S[1 — F(01) — p+ H(61] + gSF(01) — B(1 — 1),

s.t.

Dy < S[L=F(61)],

. 6=6,
where Dp,; =1 — 2Pl D, = 70‘5’(111:231, and H(0,) = 6[ 0f(6)do.
As in previous sections, the constraint on D,; will bind at optimality, i.e., the retailer will set 0, to exactly

match the remanufacturing volume to the demand. Then:

aPnl — Pri

Dy =
! a(l —a)

S[l - F(él]v
which yields p,1 = apn1 —a(l — a)S[1 — F (9~1)] Substituting this into the expression for D,,; provides:
Dnl =1 — Pnl1 — OéS[l — F(él)]

Then the profit-maximization problem reduces to:

max m = (Ppp1 — wp)[l — pn1 — aS[1 — F(él)]] +
0<p,1<1;0<0:<1

+Hapn — a(l — a)S[1 - F(O))[S[L — F(61]]

—c1S[1 — F(61) — pn+ H(0))] + gSF(0)) — B(1 — ¢1).

For any 0y, m (pn1|§1) is strictly concave in p,,;. The first-order condition leads to p}; = 1+2“’”, which

is independent of 0,. The retailer’s decision problem can then be expressed as the following single-variable

optimization:
1 —wp)? -
max m = M + Saw, — Saw, F(61)
0<6; <1 4

~S2a(1 — )|l — F(0)]) — c1S[1 — F(fy) — pu+ H(0))] + gSF(6,) — B(1 — ).
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Using z = aw,, and y = 2S«(1 — «) as placeholders, the profit becomes:

(1 —w,)? ~ Sy ~
max 1w = ——+Sz(l—F(01)— —[1—F(61)
0<6,<1 4 2

+clSF(§1) — ClsH(él) — gSF(él) — ﬁ(l — Cl).

I —e1S(1— p)

The differentiation yields:

M S p@){— 4yl — F(01)] + er(l— 61)] + g):
a6,
2
% = SfO)[-yf(6) —a] + Sf -z +y[l = F(61)] + cr(1 - 61) + g].
1

m1(61) is concave in 6; for the following reason. When 6, — 6%, —z+y[1—F(61)]+¢1(1—6;)+g = 0.

dzzrl
’ dG%

Whenec; +y+g—2x <0, % has to be negative. This is because %/(Sf(él)) + yF(61) + c16) =
1 1

Therefore | b—G; = Sf(01)[—yf(61) — c1] which is strictly negative.

c1+y+g—xand 9~1 and F’ (9~1)) are both nonnegative. So the lowest possible 51 will be optimal, i.e., GNT = 0.
When c; + y + g — = > 0, the zero of the first-order condition will be a unique global maximum. GNT will be

the solution to the following equation:
by +yF(6) =y +ci+g—

We examine this condition for different ranges of g and c;.
e if g >0,

ifg<z—yandc <:E—y—g,then9~{ =0;

ifg<xz—yandc >:E—y—g,then9~f =10 +yF0) =y+ec +g—

if g > x —ythenc; —|—g—|—y—:1:>0,andthen0~f =10 +yF0) =y+e +g—
e if g < 0 (x —y — g must be positive),

if 1 <:E—y—g,then9~f =0

if ¢1 >:E—y—g,then0~{ = +yF0) =y+e +g—

To summarize the above cases, regardless of whether g > 0 or g < 0, the optimal solution is such that:
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(a) as long as ¢; > max{z —y — g, 0}, then éf =

andc; <z —y — g, then éf = 0. Table 13 presents

c1by +yF(01) =y+ci+g—z(b)wheng <z —y

these findings.

Range for ¢;
c1 €0,2—y—g | a€l@—y—g1)
0; 0 Solution of
b +yFb)=c1+g—xz+y
* TFw, Tfwy,
Pni e 2T
* atz—y atz—y[1-F(67)]
Pr1 2 2
D:, = — oS = — aS[1 = F(67)]
Diy S S[L - F(67)]
—w.,)? —w.)? — * e
m | S S —y) S - ) — B - ) ol 4 g2 — gL~ F(F7)]) -
—c1S[1 — F(01) —p+ H(07)] + gSF(07) — B(1 — c1)
where x = awn, y = 2a(1 — a)S, H f(el 01(0)d, and p is the mean of 6. We assume g < = — y.
Table 13: Optimal solution for In-house remanufacturing with non-zero salvage value
Table 14 is Table 13 when the quality of used products collected is § ~ U|0, 1].
Range for c;
c1 € (0,2 —y—g 616(33—11—9,1)
01 0 1-— +Cl
* T+wn, 1+U)n
Pn1 . 2 =
n xTc
P a[ — S(1 - a)] 5+ 2(y1+cylg)
1—wy l—wn _ 5
;kLl w —Sa 2w (_ Olgg-mclg)
S(z—g
:1 . S . ytc1
T—wn T—wn
|t Se—y—a) - B0 —a) | R+ Sl - 0)? + 20(y + )] - B — )

where £ = aw, and y = 2a(1 — «)S. We assume g < x — y.

Table 14: Optimal solution for In-house remanufacturing with non-zero salvage value when 6 ~ U[0, 1]

54




Section D.4: The equilibrium for Outsourcing of remanufacturing, with non-zero salvage value g

The equilibrium for Retailer-led Outsourcing (§ = 0)

The equilibrium is the same as in In-house optimum stated in Appendix D.3, except that (a) cy replaces

c1; (b) 52 replaces 51; and (¢c) 5 = 0.

The equilibrium for Third-party-led Outsourcing (&

=1)

Range for cy
cg€ (0,2 —2y—g] | ca€(x—2y—g,1)
0; 0 Solution of
colo +2yF(03) = co+g—x+ 2y

w, T —y —y[l — F(63)]

* T+w, Itwn
Pn2 2 2

% atr—y ataz—y[l-F(63)]
Pro 2 2
D, I=un oS I — o S[1— F(63)]
D;, 5 S[L— F(3)

—Wn 2 —Wn 2 0% 2

3 et el o+ (1 - F(83)]
T30 || S(x—y)+ S —p) | S[1 = F(05)[{x —y[l — F(65)]} — c2S[1 — F(03) — p+ H(63)] + SfF(63)

where = awn, y = 2a(1 — ), H(03)

Table 15: Nash bargaining equilibrium for the Outsourcing remanufacturing strategy when § =

non-zero salvage value

f(% 01(0)d6, and p is the mean of 6. We assume g < = — y.

1, with

Table 16 is Table 15 when the quality of used products collected is § ~ U|0, 1].

Range for cy
CQG(O,m—2y—g]| o€ (x—2y—g,1)

o 0 1— o

2 rT—Y T — %
P2 H% H%
Py - ba+az— 5t
Diy ey
Dip| 5 -So g — 2
B (A—wn)? wn) 4 Sy (1—Zvn)2 + é?z—ygjzg)g
T30 %[293 — 2y — 62] syl (@ — 9)° +29(2y + c2)]

where £ = aw, and y = 2a(1 — «)S. We assume g < x — y.

Table 16: Equilibrium for Outsourcing of remanufacturing when 6 ~ U[0, 1], with non-zero salvage value
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Proposition 6. The impact of per-unit salvage value g is as follows:

(a) When ¢; € (0,2 — y — ¢g] for In-house; c2 € (0,2 — y — g] for Retailer-led Outsourcing; or co €
,x — 2y — g| for Third-party-led Outsourcing, there is no impact of g on the optimal/equilibrium
0 2 for Third-party-led O ing, there i imp f he optimal/equilibri

solutions.

(b) When ¢; € (z —y — g, 1) for In-house; c5 € (x —y — g, 1) for Retailer-led Outsourcing; or ¢3 € (x —
2y — g, 1) for Third-party-led Outsourcing, a higher g leads to higher retail price (p,;), higher demand
for new product (D,;), and lower demand for remanufactured product (D,;). Under In-house and
Retailer-led Outsourcing, the retailer’s profit (m;) increases with g. Under Third-party-led Outsourcing,

the retailer’s profit decreases with g while the third-party’s profit (72,) increases with g.

Proof of Proposition 6.
These comparative statics follow from straightforward differentiation. Table 17 shows the properties of

In-house and Retailer-led Outsourcing, while Table 18 addresses Third-party-led Outsourcing. Q.E.D.

Key Decisions
Parameter 07 ‘p;kzl‘ Pr1 ‘ Dy ‘ 1 ‘Wik
| g1 |INC/H|[NC|NC/T[NC/|NC/L] 1 |

The directional relationships are abbreviated as follows, and apply over all ¢1 € (0, 1) unless otherwise noted: (a) NC indicates no
change; (b) NC/7 (or |) indicates NC when ¢1 € (0,2 —y — g] and 7 (or |) whenci € (z —y — g, 1).

Table 17: Comparative statics for optimal solution for In-house remanufacturing

Key Decisions
Parameter 05 ‘ Wy ‘ Do ‘ Py ‘ D, ‘ Dz, ‘ 3 ‘ T
[~ g1 |[NC/T [ NC/J | NC | NC/T | NC/T | NC/| | NC/L | NG/ |

The directional relationships are abbreviated as follows, and apply over all c2 € (0, 1) unless otherwise noted: (a) NC indicates no
change; (b) NC/7 (or |) indicates NC when ¢z € (0,2 — 2y — g] and T (or |) when ¢z € (z — 2y — g, 1).

Table 18: Comparative statics for equilibrium for Outsourcing of remanufacturing when § = 1
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