Online Appendix to “Choice of E-Waste Recycling Standard Under Recovery
Channel Competition”
A. Proofs of Analytical Results

Throughout the analysis, in order to ensure that the recyclers’ profit functions are concave, we
assume b<2 in the single recovery channel and b < 3/2 in the competing recovery channel; otherwise,
all e-waste goes to a recycler and nothing is sold in the secondary market. We also require that

b< % so that the recyclers always incur positive marginal processing cost. In order to guarantee

the optimal fraction of e-waste sold in the secondary market qbf * €(0,1) and the optimal wholesale
price w; 20, we assume that max{a + e+ (b—1)(k - 2Q), a + € + k — 2Q}<r<a + € + K + 2Q(1 - b) for
single recovery channel, and max{a + ¢ — 4?—;3(362 —2K),a+ €+ K — %Q}<r<a te+r+ Q(% —b) for
competing recovery channel throughout the analysis.

Proof of Lemma 1. We solve the problem using backward induction. For the collector’s problem,
we write the Lagrangian as L, = 7rc+71¢I+’yg¢n+'yg(1—¢1)+'y4(1 —ng). We find that the Hessian is

negative semi-definite in (gZ)I, gZ)H). At the optimality, the first-order conditions (FOC) (i.e., gif =0
oL

a¢,§ = 0) and the complementary slackness conditions (i.e., ’yl¢>[ =0, qubn =0, y3(1 - gbI) =0,
and y4(1 - d)II) = 0) should hold. Solving these optimality conditions (OCs), we find nine solutions,
as shown in Table 1. From the expressions given in Table 1, we observe that Solution 1 (because
o' < 0), Solution 2 (because y; < 0), Solution 5 (because 4 < 0), and Solution 7 (because v; > 0

and 74 > 0 cannot hold simultaneously) can never be feasible. From the remaining solutions, we

and

deduce that, regardless of the recycler’s choice of standard, (bn* > 0 only if gbI* =1.

Table 1: Solutions for the collector’s problem under single recovery channel

(;5[ qu Optimality Conditions
Soln 1 205 T 507alA) 71 =0,7%2=0,73=0,7,=0
Soln 2 0 2;;?;(;1)1) 1 =-(1-)Q7BK,72=0,73=0,74 =0
Soln 3 s 0 71 =0,72 = Qruw(1-B)(1-a),73=0,74=0
Soln 4 1 e 7 =0,7 = 0,73 = =(1 - a)(2Q78 - K)Q7H, 74 = 0
Soln 5 | Hrel e L 1= 0,7 = 0,75 = 0,7 = Q7(1 - B)(1 - 2)(2Q7af - 2Q7a - w)
Soln 6 1 0 71 =0,7 = Q7(1 - B)(2QT0aB — ak + w),v3 = —QTB(2QTL — K+ w),v4 = 0
Soln 7 0 1 71 =-QTB2QTAB 1)+ K —w), 5 =0,73 = 0,74 = QT(1 - ) 2Q7a(B — 1) + s — w)
Soln 8 1 1 71 = 0,75 = 0,75 = Q7B (2Qra(B — 1) = 2Q7A + r — w), 74 = ~Q7(1 - B)2QTa — ar + w)
Soln 9 0 0 71 = —Q7B(k — w), 72 = —Q7(1 = B)(ak —w),v3 = 0,7, =0

Furthermore, note that the recycler does not receive any e-waste under Solution 8 and, because
we are analyzing the choice of recycling standard, this solution is not relevant. Solution 9 is the

case where the secondary market does not exist; we analyze this case separately under § 4.2. Note
K K

that when Q > IS Solution 4 (because v3 < 0 if @ > 277) and Solution 6 (because 3 < 0 if

Q > 2’%) can never be feasible. Therefore, only Solution 3 remains when @ > 2’% and we have
¢ = g5 <land ¢ = 0.0

Proof of Proposition 1. Focusing on the case when @ is large, i.e., Q> 2’%, from the proof
of Lemma 1, we know that gZ)I* = QZ;UT and ng*
i(/{ -2Q — w)(2a + b(k — 2Q — w) + 2(w — r + €)). The recycler profit is concave in w because

2
B;FTRSU) = b_Tz < 0 (recall we focus our analysis on the region where b < 2). Solving the FOC
Org(w) _ r—a—e+(b—2)w+(2Q-k)(b—1) _ r—a—e+(1-b)(k—2Q)

ow 2 2-b :

=(. Then, the recycler profit becomes wx(w) =

=0, the optimal wholesale price is w"(e)



ate+rk—r+2Q(1-b) 71_>|< (6) (r—a— e) +(4Q-2k)(r—a— €)+K) —-4Q(b-1)(b-3)(Q-k)
2Q(2-b)BT ¢ 4(2-b)? ’

Substituting w”, we have ¢I*(e) =

(r—a—e-x+2Q)?
12-0)
tween the recycler profits evaluated at ¢ = 0 (for t=L) and ¢ = e (for t=H): Ag=np(e = 0)-mx(e =

_ e(1Q-2a—e—2K+2r)
€)= 5-2)

and WE(G) = . Lastly, to find the recycler’s choice on ¢, we calculate the difference be-

which is always positive because the difference can be equivalently written as

Ag = (1 Be™ (e = e))Qe and ¢'*(e = e) < 1. Thus, it is optimal for the recyler to choose

4(2 ~b)
t*=L (i.e., € = 0). As a result, we have o'* = %fgg;b) and w* = W. In addition, we
find é* = %ﬁ;@;kb), I* 20, and qp= H;g—:g)_'{, whereas the secondary market price for high-
2(b— 1)( —K)—a+k+r

quality items is pI* = (Note that pH* is not relevant because, at the optimality, no

2(2-b)
low-quality items are sold in the secondary market, i.e., qg* =0).0
Proof of Corollary 1. Taking derivatives of qg*, q;, w”, pl* 772}, and 772 given in Proposition 1

with respect to @, we find that: (i) 88% = 55 >0, and f’qS =15 0 if and only if b < 1; (ii)

= -2 <oif and only if b< 1, 2+ :——<01fandonlyifb<1 ; (iif) Gt = =m0

and a%c = 1z (I;)(lb)b)(” 2Q) _ 206 1;(317 Ll 85 > 0 (because r > a). If b< 1
R b— . . o

then the sign of depends on Q. Note that an = A (b1)2()3 b <. Solving for ) in 85 =0,

we have @) = Q = M; and thus 2Z¢ <() if and only if @ > Q and b< 1. Lastly, note that

© 2(3-b)(1-0)
0Q _  (2-b)(r—a)
b T (b-1)2(b-3)2 20. 0

Proof of Corollary 2. Taking derivatives of qé*, q}%, w®, pI* 772, and ﬂ'E given in Proposition 1,
8q +r—1-20Q 8q +2Q—-a— .\ Ow” +2Q—-a—

with respect to b, we find that: (i) —5- = % <0and 5 = ﬁ >0, (i) G = TR (2_b)a2 = >

op* _ r+2Q-a—r oy IR _ (a+k-r=2Q)? 87rc _ (a+n—r—2Q)2

07 e 2(2—1))2 >0 (111) B 4(2—6)2 > (0 and —2(2—13)3 >0. 0

Proof of Lemma 2. When there is no secondary maurket7 a collector sells all the collected e-

waste to his recycler, i.e., qbf =0 for k = {I,II} and qgr; = Q;. In this case, the recycler’s profit
TR =(r—w; —a—¢€)Q; + bQZ2 decreases with w;, hence the recycler sets w* =0.0

€ {H, L} by substuting in w; = 0 and qg; = Q;

) j
in recycler’s profit given in (6). When both recyclers choose the same standard, this leads to Wéf* =

mﬁé* = M and ngH *= ng * w. When the recyclers choose different standards,

their proﬁts are wgf* _ 771%121[* _ Q(1+77)(bQ(1Z77)+2(T—a—6)) and sz{{* _ gzL* _ Q(l—n)(bQ(i—n)ﬂ(T—a)). Next,
we start with characterizing the conditions under which (H,H) or (L,L) is a unique equilibrium.

i. (H,H) outcome is a unique equilibrium when the following conditions hold: 1. ngH * 7['}[%{{* >

0, 2. wglL - Wéf* 20, 3. FgQH - Fg; *>0, and 4. wﬁg* - Wég* 2 0. Having symmetric recyclers,
Conditions 1. and 2. will be the same as conditions 3. and 4., respectively. Thus, without loss

of generality, we analyze for recycler 1 and find when conditions 1. and 2. hold. Here, Condition
1. wng* - Fé{l* = %((2r—2a+(2—n)b@)n—2e) > 0 is equivalent to e < e; = M
n(2r— 2a+bQ(2+n))

Condition 2. 7_‘_glL* _ 7_(_}[%,%* _ _ Q((2e(1+n)-n(2r-2a+bQ(2+n)))

Proof of Proposition 2. First, we find wti?”‘ fort;

> 0 is equivalent to e < eg =

4 2(14n)
In sum, (H,H) is a unique equilibrium when e < min{eq, e5}.
i. (L,L) outcome is a unique equilibrium when the following conditions hold: 1. wIL%f* —ngL * >
0, 2. WIL%{{* - ngH* 20, 3. WII{';J* - Wég > 0, and 4. ngL* - ng* > 0. Since the recyclers are

symmetric, Conditions 1. and 2. will be the same as Conditions 3. and 4., respectively. Therefore,
without loss of generality, we provide the analysis for recycler 1 and find when Conditions 1. and 2.



hold. Here, Condition 1. 7'['1[%%* —ngL* = Q((ZE(1+77)_77(22_2a+bQ(2+")))

2. 771[%{[* - ngH* = —% ((2r = 2a + (2 = n)bQ) n — 2e) = 0 simplifies to e = e;. To sum up, (L,L) is a

unique equilibrium when e > max{e;, e}

> 0 simplifies to e = e5. Condition

#1t. Comparing e and e reveals that e; = eq if and only if b < % When e < e < ey, (HH)
and (L,L) are both equilibria. In that case, note that (L,L)) dominates (H,H) because 7'(_1[%5 > ng.
For b > ﬂr—;;) (i.e., e1 < e3), for intermediate values of e, i.e., when e; < e < eg, we have ﬂglL* > ﬂélf*

and ngL > WgQH *, implying that (H,L) is an equilibrium. Likewise, (L,H) is another equilibrium
when e; < e < ey due to symmetry. O
. . . * . ang * aﬂ'g(?ji)
Proof of Corollary 3. Taking derivatives of 7p; with respect to b and @, we find: —5—=—7—=
8¢r§f* _ 8”1L2(L3ti) _ Q_2 >0 871'}}3[1-]:* _ a”}%gfz‘) _ Q2(1+77)2 >0 an{,fiH* _ aﬂ'gg—*i) _ r+bQ-a—e >0 P
ob — 9 4 T Y 9 T 9 T 4 QT QT 2 QT
LLx LHx HL*
O R(3-4) _ r+bQ-a >0 awgiL* _ O R(3-4) _ (14n)(r-—a—e+bQ(1+n)) >0 87r}IéZvH* _ O R(3-4) _ (1=-n)(r-a+bQ(1-n))
0Q 2 :To R To R 2 T R Ts 2
Odn; _( QR _
5 =0, 20 =1/2>00
Proof of Lemma 3. We solve the problem using backward induction for symmetric and asym-

metric choices of recycling standards.

(H,H) and (L,L) Equilibria. For the collector’s problem, we write the Lagrangians as Lo =
I I 11 1 I I 11 11

mo1+ Y591 +6(1—¢1)+ 7191 +72(1 -1 ) and Lo = moa +y7ds +9s(1— d2) + 7302 +7u(l—¢y'). We

find that the Hessian is negative definite in (qﬁi[, gbiH). At the optimality, the FOCs should hold:

> 0.

Furthermore,

OLcy  2Q7B(k —wi) - Q°T° (261 + ¢3) - Q2T aB(261 + ¢5 (1 = B) + dvs — dvg

8(;5{ = 1 =0 (A.l)
OLoy _ 2Qr(1-Bllor —w)-Q"r (1 - B)(2¢1 + ¢2)-Q"T 1AV 201" +és) +dm —da (o
ael 4 - ’
Loy _ 2Q7B(n—w,) = Q'r*B(¢1 +203) - Q*r* (g1 +205')(1 - B) + dyr — 4y _ (A3)
0} 4 |
OLey _ 2Qr(1-Bllon —wa)-Q raf(1-B)id1 + 202)-Q*r"all = B (61" + 265 ) tdr—dvs
8(;551 B 4 - '

In addition, the complementary slackness conditions (i.e., 75<Z>{ =0, v(1 - gb{) =0, 'quﬁ{I =0,
7ol = ¢1') = 0, 3765 = 0, 3s(L = ¢3) = 0, 7305 = 0, 7(l ~ ¢') = 0) should hold too. Solving
these OCs we find that there are 81 possible solutions. Specifically, any combination of solutions
1-9 from Table 2 with solutions a-i from Table 3 is possible. In the remainder of this proof, we
refer to possible solutions using the names given in Tables 2-3. For example, solution 5(a) refers to
0< {¢{, ¢£} <1, qﬁ{f = <Z>£[ = 0. Next, we show that some of these solutions can never be feasible.

Note that, from FOCs the following equalities should hold at the optimality:

ﬂaazf} —a(l—ﬂ)%f,l = —QrA(1-B)1-a)[Qra(l - B)(2¢1" + ¢5") + 2wy |-4a(1-B) (75 —76) + 4B(11—72) =0 (A.5)
1 1
OLco OLgy II Ir _
BW_QH_B)T& = —QTB(1-B)(1-a) [QTa(l = B)d1" +2657) + 2w2:|—40¢(1—5)(’>’7"78) +45(73774)=0 (A.6)
2 2

Consider solutions where ¢* = 0, i.e. solutions 1(a-i)-3(a-i). Here, from OCs 75 = 0 and
vs > 0. Then, (A.5) can never be satisfied if 47 < 73, which holds only when v; = 0 and 75 = 0.

This implies that (;5{1* > 0 (solutions with d-i from Table 3) can never be feasible. Solutions where
I1I*

$1

(because recall that here gb{* = 0 too) and we analyze this case separately in Benchmark 2 in § 4.2.

= 0, on the other hand, imply that the collectors do not sell in the secondary market at all



Soln | 41 [ ¢3 | Soln [ 91" [ 93" |
1 0 0 a 0 0
2 0| + b 0 +
3 0 1 c 0 1
4 + 1|0 d + 0
5 + | + e + +
6 + | 1 f + 1
7 [1]0 g | 1] 0
8 1|+ h 1 +
9 1 1 i 1 1

Table 2: Possible solutions for ((b{, qﬁé) for the Table 3: Possible solutions for (qb{l, gbél) for
collectors’ problem under recovery channel com-  the collectors’ problem under recovery channel
petition competition

Therefore, solutions 1(a-i)-3(a-i) are eliminated here. Using similar arguments and (A.6), we show
that solutions with d)é* =0, i.e. 4(a-i) and 7(a-i), are eliminated too.

Note that the first term in the right hand side of (A.5) is negative. Therefore, for the equality

to hold the last two terms, i.e. <da(l-73)(v5 — v6) + 48(71 — 72), should be positive. Therefore, if
5 = ¥g then v > 9 should hold. This implies that if gb{* < 1 then gf){l* = (. Similarly, the first term
in the right hand side of (A.6) is negative. Therefore, for the equality to hold the last two terms,
ie. <a(l-75)(v7 —13) + 48(73 — v4), should be positive. Therefore, if v; = 75 then ~3 > 74 should
hold. This implies that if (ﬁé* < 1 then ¢§I* = (0. Also, when (bf* = @U* = 0, collector ¢ does not
sell to his recycler and this leaves recyclers outside of our model. These cases are not relevant for
our research as we analyze the recycler’s choice of standards. Furthermore, when qﬁil = qSZ-I I = 1,
collector ¢ does not sell in the secondary market and we analyze this case not here, but separately as
Benchmark 1 in § 4.1. In sum, from the remaining solutions (i.e., 5,6,8,9), only 5(a), 6(a,b),8(a,d),
9(a,b,d,e) are possible or relevant.
(H,L) and (L,H) Equilibria. Here we give the proof for (L,H) equilibrium. The analysis for
(H,L) equilibrium is similar and omitted for brevity. We again write the Lagrangians for each
collector’s problem as Loy = w1 + 75¢{ + v6(1 - ¢{) + 71¢{I +7o(1 - qﬁ{l) and Log = oo + 'y7¢£ +
vs(1 = 65) + Y30’ +44(1 — ¢2'). We find that the Hessian is negative definite in (gbi[, (bl-H). At the
optimality, the FOCs should hold:

Lcy Q%722 (1-n)2ne| ~nds ~2¢1 ~63) + Q*r2afn-1)(B-1)2ns]" - nes’ 291" - ¢37) - 28Q7(k — w1)in - 1)+ 4(v5 - v6)

- =0 A7
oo : (A7)
Lon (1-n)1-B)Q7 (Qraf(2né] - ndh - 261 - 63)+ Qrall-B)2né] " - ned’ —2¢1" - ¢17) +2(ak - w1)) + 4(y1 - 72)

T 1 =0 (A.8)
8(1:1
oLca _ Qr’(-ni2nei —no5-261-93)+ Q 1 aBln = VG- 1N2ng1  nes 201" ~03")~267 QU —win -V dbs =ve)_ o
001 4 )
Loy (L4701 -B)rQ(QaBr(ns] ~2n0] -1 - 265) + Qa1 - A)rtns1! ~2med! 617 ~268T) + e —wa)) +alys —va) (A.10)
3¢£1 N 4 a ’

In addition, the complementary slackness conditions (i.e., 'y5¢{ =0, v6(1 - gi){) =0, vlqb{I =0,
Yol = ¢1") = 0, 475 = 0, 75(1 = ¢3) = 0, 3365 = 0, (1 = ') = 0) should hold too. Solving
these OCs, we again find that there are 81 possible solutions. Specifically, any combination of
solutions 1-9 from Table 2 with solutions a-i from Table 3 is possible. Next, we show some of these
solutions that can never be feasible. Note that, from FOCs, the following equalities should hold at
the optimality:

OLci _
ogl!

9Lc1

B o0l

a(l-p)

= —QrB-A1-a)1-n)[Qra(1-) (21 - mei’ + (1 +mes" )+ 2wi |-4a(l - B)vs ~76) + 4811 = 72) =0 (A.11)



ﬂifbgf—a(l—mf’;g = ~QrA(-I1-al(1+ n)[@ral1-8)((1-mel” + 21+ n)h! )+ 2ws]-4a(1 - B)lyr ~v8) + 4B(ys — a0 (A12)

Consider solutions where ¢} = 0, i.e. solutions 1(a-i)-3(a-i). Here, from OCs 4 =0 and 4 >0.
Then, (A.11) can never be satisfied if 77 <5, which holds only when ~7 =0 and 5 20. This implies
that qb{l* >0 (solutions with d-i from Table 3) can never be feasible. Solutions where qb{l* =0, on
the other hand, imply that the collectors do not sell in the secondary market at all (recall that,
here, qﬁ{* =0 too) and we analyze this case separately in Benchmark 2 in § 4.2. Therefore, solutions
1(a-i)-3(a-i) are eliminated here. Using similar arguments and (A.12), we show that solutions with
Pr=0, i.c. 4(a-1) and 7(a-1), can be eliminated too.

Note that the first term in the right-hand side of (A.11) is negative. Therefore, for the equality
to hold the last two terms, i.e., <a(1—708)(v5 — 76) + 468(71 — 72), should be positive. Therefore, if
~5 2 vg then v1 > 5 should hold. This implies that if qb{* <1 then ¢{I* =0. Similarly, the first term
in the right-hand side of (A.12) is negative. Therefore, for the equality to hold the last two terms,
i.e., 4a(1-8)(y7— 78)+4ﬁ(73—'y4) should be positive. Then, if v7 = vg then 3 > 74 should hold. This
1mphes that if d)é < 1 then qbé = 0. Also, when qﬁf = (Z)ZU* =0, collector ¢ does not sell to his recycler,
leaving recyclers outside of our model. As such, these cases are not relevant for our research, given
that we analyze the recycler’s choice of standards. Furthermore, when ngZ = ¢ZI I = =1, collector @
does not sell in the secondary market; we analyze this case not here, but separately as Benchmark 1
in § 4.1. To sum up, from the remaining solutions (i.e., 5,6,8,9), only 5(a), 6(a,b),8(a,d), 9(a,b,d,e)
are possible or relevant.

In § 5 we focus on the case 5(a) so we need to find the sufficient condition to ensure that case
5(a) is the unique relevant outcome. This is achieved by finding the sufficient condition that renders
infeasible all the other cases, 6(a,b), 8(a,d) and 9(a,b,d,e). For example, for case 6(a) in the (H,L)

W and (ﬁé = 1. This solution is feasible only if qb{ >0,

which is equivalent to wy < k — %Q/BT(l — 7). In other Words this solution would be infeasible if

outcome, the equilibrium is qﬁ{ =

K= %Qﬂr(l —1n) < 0 (since wy = 0), or equivalently, @ > m We apply the similar approach

to find the sufficient condition for infeasiblility of (H,H), (L,L), (H,L), (L,H) outcomes under cases
6(a,b),8(a,d) and 9(a,b,d,e). Comparing those conditions reveals that ¢ > ) renders infeasible
all of those cases except for 5(a).0
Proof of Proposition 3. We analyze symmetric and asymmetric equilibria separately:

1. Consider the case when t; = t5 and both recyclers choose the same recycling standard, i.e.,
(H,H) or (L,L) is equilibrium. Following backward induction, we first obtain the optimal fraction
of e-waste quantity to sell in the secondary market. Under the assumption @ > ( ok only 5(a) is

feasible, i.e., ¢. " (wy,ws) = %, o (wy, wy) = % nd ¢!™* = qﬁél* = 0. Substituting

qﬁf (w;, w3—;) into recycler i’s objective function, given in Equation (6), we obtain each recycler’s
profit as: mpy(wy,ws) = %(2/4 - 3Q — 4wy + 2wy)(6a + 6¢; — 61 + 6wy + b(2Kk — 3Q — 4wy + 2w>)) and
Tro(wy, wy) = 3—16(2/<c - 3Q + 2wy — 4wsy)(6a + 6¢; — 61 + 6wy + b(2k — 3Q + 2wy — 4w,)). We have

O mpi(w;) _ 4(-3+2b)
Bwi2 - 9

2k
Br(1-n)

< 0 (because b < 3/2 by assumption). Thus the optimal wholesale prices are

obtained by solving the FOCs aﬂgl(wl) = 0 (for ¢ = 1,2) simultaneously. The unique equilibrium

are given by wj = w, = 12{ra- 61)(9(34;1;))(2” 3Q)

i=1,2, we obtain 1" = ¢3" = LG gk = 01" Br Q) + 01" (L= B)rQu = g3y = 03" BrQa +
63 "(1 - B)r Q2=4(“+“+7;L;§3‘4”’Q Gr = (1= 7)Q1 +(1 = 61")87Q1 + (1 = 61 ")(1 = B)7 Q1 = gro =

(1= 7)Qs +(1 - ¢5%)87Qs + (1 - ¢3/*)1 - B)rQ, = Ar=izaltdQ 1 plx  Mramnmaib-31Q-nlibod)

Substituting w; and wj_; into ¢Z- *(w;, ws—;) for




3-2b)(2(r—a—e;—k)+3Q)> 8(r—a—e;—k)>—2Q(4b—21)(r—a—e;—x)-4Q>(4b-3)(b-3 4b-9)?
Th =7T22=( ) (;(9(1_42)25)+ Q .nd T =ty = (r—a—e;=r)*=2Q( ) ;(42_9,;% Q°(4b-3)(b-3)+Q~r(4b-9) 7

2
where ¢; = e if tj=ty=H and ¢; = 0 if t;=ty=L. Therefore, ngH* =7Tg2H* = (3_%)(2(;(;:;_2”%3@)

and

LLx_ LLx_ (3-2b)(2(r—a—r)+3Q)>
R1 —7"R2 — 2(9_4b)2

#i. Consider the asymmetric equilibrium when recycler i chooses the high standard (¢;=H)
while recycler 3 — i chooses the low standard (tz3—)=L), i.e., ¢; = e and €3—;) = 0, for i = 1,2. Note
that in this case, Q; = 1+—7762 and Q3 = 1_—7762. From above, we know that only 5(a) is feasi-

2(w(z—j)—2w;+kK) 2(w;—2w(3_4)+kK)
ble (because Q > 75—, ie., ! (wy, wiz—i)) = %7 ¢>3 o(wi, wiz—;) = ﬁ and

¢ZI I = qu* = 0. We use backward induction, as explained above, for symmetric equilibrium. For

brevity, we omit the details and provide the final solution: w % w(*3_i) = %,
05+03+4(7-4b)e 03—-05—8e _

qﬁz (= 41)(5346)Q67(1+17 and <Z>(3 )T oo 4b)(53 4172)QBT( o where 01 =(5 — 4b) (12(r—a)—(3-4b)(3Q-2k)),

0 —(9 4b)(3 = 4b)Qn, and O3 =(5-4b) (4(k+a—r)+(3- 4b)Q). Substituting these into qr;(w;, w(z-y)),
. * _ (9-4b)Qn+2(5-4b)(r—a—k)+3Q(5-4b)+2e(4b-7)  * _ (40-9)Qn+2(5-4b)(r—a—k)-3Q(4b-5)+4e  * _
we obtain gp; = (5-4b)(9-4b) » AR(3-i) = (5-4b)(9-4b) »dsi =

61" BrQi+ 67 (1= B)TQi, Qi) = FagBTQsi) + D3 (1 = B)TQ(3-3), and secondary market price

of high-quality product is pl* = 4(T_a_'€)+(4b;3§_QE_H(4b_9). Lastly, the recyclers’ optimal profits are
x_ B-2)2(5-4b)r—a=r)-2T-4b)e+Q(9-4b)+3Q(5- )  (3-20)(2(5-4b)(r—a—r)~Q(9-4b)y+3Q(5-4b) +4c)>
Ri :

i = 2(5-4b)2(9-4b)2 » TR(3-i) 2(5—4b)2(9—4b)2
We omit expressions for the collectors’ profits as they are tedlous Using the optimal solutions pro-

vided in this proof, they can be easily calculated as 7'['01 qg; pl* +q§{*pn*+q;iw;‘ fori=1,2 and are

2
available from the authors. Therefore, ngL Y= 771%{* = (20RO a-;éiziz);?s)_e42§é(9—4b)n+3Q(5—4b))

HLx _ _LH% _ (3-2b)(2(5-4b)(r—a—r)-Q(9-4b)n+3Q(5-4b)+4e)*
and iy " = iy = AR g detind

Proof of Corollary 4. Taking the derivatives of w;, ¢p; and q};(?’_i), given in Proposition 3 (ii)

and the Proof of Proposition 3, with respect to e, we find that: 861‘; t = % > 0, 8‘“‘“ =
2(7-4b) Opisi) _
W-50-1) > 0, whereas —5~ = 5)(9 ) < 0, if and only if b > 2.0

Proof of Proposition 4. In order to find which recycling standard recycler 4 should choose, we
need to consider all four possible equlibria: a. both recyclers choose the high standard, i.e., (H, H);
b. recycler 1 chooses high standard, while recycler 2 chooses low standard, i.e., (H, L); ¢. recycler 1
chooses low standard, while recycler 2 chooses high standard, i.e., (I, H); d. both recyclers choose
low standard, i.e., (L, L). Table 4 summarizes the recyclers’ profits under each possible equilibrium.
The expressions for optimal profits are provided in the proof of Proposition 3. Next we analyze the
conditions required for each symmetric equilibrium to be optimal and show that an asymmetric
equilibrium can never be optimal.

R2 chooses H | R2 chooses L
HH*x _HH=* HL¥ _HLx*
R1 chooses H | 7p; , 7Ry TR1 »TR2
LH* _LH=* LLx _LLx
R1 chooses L TR1 >TR TRl »TR2

Table 4: Summary of the Game
(H,H) Equilibrium: For (H,H) to be a unique equilibrium, the following conditions must hold:
1Loap™* - a5 0,2, mhi* —rhl* 50,3, 7y —mhyt > 0, and 4. why - mhyT > 0. Since
the recyclers are symmetric, Conditions 1. and 2. will be the same as Condit1ons 3. and 4.,

respectively. Therefore, without loss of generality, we provide the analysis for recycler 1 and find



when Conditions 1. and 2. hold.
Condition 1. If recycler 2 chooses H, then recycler 1 chooses H if and only if

Hus  LHe (3-2D)2(r-—a-e-k)+3Q)% (3-2b)(2(5-4b)(r —a— k) — Q9 — 4b)n + 3Q(5 — 4b) + 4e)?
Ay = TRy —TR1l = -
2(9 — 4b)? 2(5 — 4b)?(9 - 4b)?
(3—=2b)((9—4b)Qn — (14 — 8b)e) (4Qbn — 24Qb — 9Qn + 16ab + 8be + 16bk — 16br + 30Q — 20a — 6e — 20k + 207) .
2(4b - 5)(4b - 9)?

which can be equivalently written as

(3= 20)Q ((9 - 4b)Qn — (14 = 8b)e) ((1 = Bret“*)(1 = n) + (1 - Brer "))
A= >0. (A.13)
A(5 — 4b)(9 — 4b)

Since (1 = Brot ™)1 =) + (1 = Br¢t"H*) > 0 and b < 3/2 (by assumption), we conclude that
Ay > 0 iff one of the following two conditions holds: 1.i.) b < 5/4 and e < &; 1.ii.) b > 5/4 and
e > ¢, where € = =491 - Bocause the recyclers are symmetric, if recycler 1 chooses H then recycler
2 chooses H (when A 2 0).

HLx* LLx*

Condition 2. If recycler 2 chooses L, then recycler 1 chooses H if and only if Ay = 7" — 7, =
(3—2b)(4Qbn—9Qn—8be+14e)(4Qbn+24Qb—9Qn— 16ab 8be—16bk+16br—30Q+20a+14e+20x—207)
2(4b-5)?(4b-9)?

> 0 which can be rewrit-
ten as
(3 - 2b)Q (9 - 40)Qn — (14 - 8b)e) (1 = Brog " F*)(1 + 1) + (1 - Broy =)

Ay = 15— 409 —10) > 0. (A.14)

Since (1 — ﬂT¢{HL*)(1 +n)+(1- [37¢{LL*) > 0 and b < 3/2, comparing expressions for A; (see
(A.13)) and A,, we conclude that sign A; = sign Ag. Thus, Ay > 0 iff Condition 1.4. or 1.i:. holds.
This also proves that asymmetric equilibrium can never arise. That is because, for an asymmetric
equilibrium, WII%{I* - wng *= -A; >0 and ngL i W]L{f* = Ay > 0 should hold simultaneously.
However, this is not possible because sign A; = sign As.

(L,L) Equilibrium: For (L,L) to be the unique equilibrium, the following conditions must hold:
1. 71'1%{{* —ﬂ'ng* >0, 2. F]I%f* ngL* >0, 3. WgQL* WgQH > 0, and 4. ﬂ'}%* - Wég* > 0. Because
the recyclers are symmetric, conditions 1. and 2. again will be the same as conditions 3. and 4.,
respectively. We find that 1. Wé{l* - ngH* = -A; and WIL%f* ngL* = —Ay. Therefore, (L,L) is a

unique equilibrium if and only if 2.i.) b <5/4 and e > €; or if 2.ii.) b > 5/4 and e < & To sum up;
i. If b < 5/4, then the equilibrium is (¢],t5)={(H,H) if e < & and (L,L) if e > &} and
i. If b > 5/4, then the equilibrium is (¢],t5)={(L,L) if e < € and (H,H) if e > €}.

Note that if e=€ then A=A, and therefore there are multiple equilibria (i.e., (t],t5) = (t1,t2)

where t1, ¢, € H, L). Finally, A=rht* i H* - ‘3‘21’)‘5((3:5’;)%2”“‘*2“) > 0 (because (2r+3Q-2a-e-2k) > 0

from 1— BTqﬁ{HH* = % > 0). Therefore, whenever (H, H) arises as equilibrium it creates
a prisoner’s dilemma. O

Proof of Corollary 5. Taking the derivatives of the optimal solutions given in Proposition 3(1.)

with respect to @, we find that: (i) ng = 2?9__4fb) >0 if and only if b< 3 1, and agél = m > 0; (ii)
%g = % < 0 and 881)_;* = % < 0 if and only if b < %; (iii) 3;31 = 3(3—2b)(2r(4;)?ﬁb)za 26726) 5 )
and ag;C’ = 8(4b_3)(S_b)Q+(4b_z)((;b;;)3)n+2(4b_21)(a+6i_r). Therefore, 88@ 0 if and only if b < % and
0> @ (4b—3)(4b— é?;nzg)(éb ljl)(a+el L.



Proof of Corollary 6. Taking the derivatives of the optimal solutions provided in Proposi-

tion 3(4.) with respect to b, we find that: (i) % = 4(2”3%__1?))_2261_2“) > 0 (this and the following

inequalities hold because 6@“ € (0,1) and therefore 2r + 3Q — 2a — 2¢; — 2k > 0 by assumption) and

aqét- _ —4(2r+3Q-2a-2¢;-2k) ow] _ 12(2r+3Q-2a-2¢;~2k) . 8p_1* _ 8(2r+3Q-2a-2¢;,-2k) e

o - (9—40)2 <0; (il) 5 = (9-4D)2 > 0; and =5~ = (9-40)2 > 0; (i)
* 2

8251 _ 2(Q(9—4b)+4(27‘+3Q—2a(s—)%zb—)§n))(27‘+3Q—2a—26i—2&) > 0 and 87TR1 _ (3—4b)(27‘+(?;?;b2)¢;—26i—25) . Therefore,

awR’ <0 if and only if b > 3/4. O

P'r'oof of Lemma 4 The difference between the total env1r0nmental impacts is Ag =pt_pft o

(Ao Xy anmi™ + As Yoy a8")- (AH Y 1q§zH* +As Yoy qs; ), where ¢§; = q5; +qg;". Here, we
substitute in the expressions of qu‘ and qu‘v given in the proof of Proposition 3i. and 4. for
(H,H) and (L,L) equilibria, respectively, and find Ag= 220 -As )6_(3Q_3‘:§”+2T_26)(AH ) Note that
(3Q —2a — 2k + 2r — 2¢) = qgiH*(9 —4b)>0 and Ay >\, (by assumption). Therefore, Ag >0 if and
only if 2e(Ar, — A\g)>(Ag — A\)(3Q — 2a — 2k + 2r — 2¢). O

Proof of Lemma 5. The difference between the surplus under (L,L) and (H,H) equilibria is

2 I*; _
Ag = GEE_gHH _ 4el4Qb-3Q0—da—2e—dr+dr) “hed iz d5i(e=0) 5 < 0. The difference between the total

(9-4b)? - (9-4b) (9 4b)
collector profits is Zz ) LL*_Z? ) giH* 2e(21Q— 46(25 iz?) de—8k+8r) _ 46216135;;(6:6) 26(9(%:iz?)g+46) > 0.

From the proof of Proposition 3, we know that Y -, g =Y -~ 7ni * > 0. Therefore, Ap =
LLx | _LL* HH+x _ _HHx . .
Zie{m} (7r0i + T )_Zie{l,Q} (7701' + Tp; )>0. To sum up, the recovery channel achieves higher

profit under the low standard whereas secondary-market customers achieve lower surplus. There-
2e((33Q 8Qb+8ab+4be—8br—28a—14e+28r)—4(7-2b)k)

fore, the sign of Ap+Ag e

in the sum of profits compares with the difference in surpluses. If the potential secondary-market

(33Q—8Qb+8ab+4be—8br—28a—14e+287")7 then Ap + Ag>0. O

Proof of Proposition 5. Thé(7dfggerence between the total welfare achieved under (L,L) and
(H,H) equilibria is Ay, = W — w7 = Ae(rp—)s)2(3Q-2a- 2H+2r 26)(/\}[ ALPHONAL*AS)  Recall that
Ag > A and (3Q — 2a — 2k + 2r — 2¢) > 0. Therefore, Ay, > 0 1ff 2e(>\L As)> Ay —AL)(83Q —2a -2k +
2r - 2¢) - S (Ag + Ap). D

B. Each Recycler Working with Multiple Collectors

We consider the case where each recycler works with a mutually exclusive set of n collectors. Define Q;;

as the amount of e-waste collector j, who works with recycler i, receives from donors. Since donors are
indifferent between the n identical collectors of recycler ¢, collector j receives Q;; = =

depends on how the difference

size is small, i.e., kK<

Ci units of e-waste, for
t1=1,2and j = 1,2,...,n. We denote m¢;; as the profit of collector j, working with recycler i. To optimize
his profit, collector j chooses the fraction of e-waste of each resalable quality level to sell in the secondary
market, denoted by gbfj €[0,1] for i=1,2, j=1,2,....,n and k=1,I1. Thus, the amount of high (low) quality
e-waste collector j sells in the secondary market is qéij = qﬁfjﬂTQ,»j (qééj = gbfj[(l - f)7Q;;). Then the total
amount of high- (low-) quality e-waste sold in the secondary market by collectors working with recycler ¢
is qéi = Z;-Lzl qéij (qéﬁ = X?:l qééj), for i=1,2. The structures of the inverse demand functions p’ and p'’
for high- and low- quality e-waste remain the same as in (1)-(2), respectively. Lastly, collector j sells the
remaining e-waste, qp;; =(1 - qbZJ)BTQ” (1- ¢,J )1- B)TQ” +(1-7)Q;;, to recycler i at a wholesale price w;;.
The profit functions of the collectors and recyclers are given as follows:

I oI, I T 11 11 . ‘
Teij(Gijr @i ) =D sij + P dsij + Wijqrij, fori=1,2,j=1,2,...,n

Y j-1 ARij .
TR = Z(T - wi;)qRi; _/0 glz)dz, fori=1,2



