Online Appendix for “Design Implications of Extended
Producer Responsibility for Durable Products”

OA1l. Proof of Lemma Al in §A1
Under the recycling target R and the collection target A imposed by EPR, the producer solves the

following maximization problem:
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subject to: R<r<1, 1-6,>0, 6,—6,>0, 6,>0, p,>0.

The market clearing condition 1—6; = 68; — 0, means 6, — 0, > 0 is redundant as we keep 1 — 6, > 0.
Furthermore, consumer 6, (by definition) is indifferent between choosing U or I, i.e., §6, — p, =
0, yielding 6, = p,/J; hence p, > 0 is redundant as we retain 6 > 0. Therefore, the full set of
constraints to analyze the problem is 1 —r >0, r— R >0, 1 —60; >0 and 6, > 0. Substituting the
expressions of §; and 6, from §3.1, the last two constraints can be written as (1+0 —p)/(1+35) >0
and (2p —1+46)/(1+36) > 0, which are equivalent to 1+J —p >0 and 2p— 1+ > 0 since 1+36 > 0.
We associate Lagrange multipliers with all the constraints to form the Lagrangian of the problem:

L= W (p—g(p,5)+)\(—;ﬂr2+(oH—p)T)) AL —1) F Ao (r— R)+ Mg (146 —p) + Aa(2p+6—1).

The Karush-Kuhn-Tucker (KKT) conditions yield the following:
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There are 9 possible cases (excluding inconsistent cases such as the one with both 1 —r =0 and

r—R=0).

M1 ]G @) [6G)6)[(7)]®)]0)
1—r >0|=0{=0{>0{>0|=0|>0|>0|>0
r—R >0[{>0{>0|=0|{=0|>0|=0|>0(>0
146—p |[>0[=0{>0|>0|=0[>0|>0[=0|>0

2p—(1-9)[>0|>0[=0[{=0{>0[>0[>0[>0]|=

We analyze each of them below, and we suppress the arguments of g(p,d) for brevity.

(1) In this case, A\; = Ay = A3 = Ay = 0. Substituting them into the KKT conditions, we derive
one candidate for the optimal solution to be r = (a+p)/8 and p= (1 4+ + g — Ma+ p)?/28)/2.
Moreover, the resulting Hessian is negative definite, confirming this candidate solution to be a local
maximizer.

To ensure the validity of this candidate solution, we need R<r=(a+p)/f<1and (1-40)/2<
p=(1+d+9g—MNa+p)?/28)/2 <1+4¢. Simplifications reduce them to 0 < a+p < B and —(1+8 —
9) < XMa+p)?/28 < (g+26). Note that the latter inequality always holds because A(a + p)? /20 is
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the effective unit recycling value at r = (o + p)/, which has to be lower than the unit production
cost, otherwise it leads to the unreasonable case where the producer can generate a steady profit
stream by simply producing and then recycling the products. Therefore, A(a+ p)?/28 < g < g+ 24.
Moreover, 1+ 8 — g + M a+ p)?/28 is the unit profit for the producer (accounting for both the
production cost and the recycling value), which has to be non-negative to keep the producer in the
market, and hence —(1+6 —g) < A a+ p)?/25.

(2) In this case, r =1 and p =1+ 4, which lead to zero production and zero profit. This unin-
teresting case is discarded.

(3) In this case, r =1 and p = (1 — 0)/2, with A\, = ((a+p)—0)/(1+35) and N\, =
(=26 — g+ X(a+p)—B/2))/(2(1 +30)). However, Ay, <0 because A\(—3/2+ (a+p)) < g < g+ 24,
with the LHS being the effective unit recycling value at » =1, which has to be lower than the unit
production cost. Therefore, this candidate solution is invalid and hence discarded.

(4) In this case, r = R and p = (1 — §)/2, with Xy = ((a+p)—BR)/(1+36) and N\, =
(=26 — g+ A(a+p)R—BR?/2))/(2(1+38)). However, similar to Case (3), Ay <0 and hence this
candidate solution is discarded.

(5) In this case, r = R and p =1+ §, which lead to zero production and zero profit. This
uninteresting case is discarded.

(6) In this case, r=1and p=(1+3J+g— A((a+p) —/2))/2. To ensure the validity of this
candidate solution, we need \; = (o +p—3)/(1+35)>0and (1-0)/2<p=(1+0+g—A((a+
p)—B/2))/2 <146, with the latter inequality being satisfied following an argument similar to
that in Case (1).

(7) In this case, r=R and p=(1+d+g— AN(a+ p)R — BR?*/2))/2. To ensure the validity of
this candidate solution, we need Ao = (BR— (a+p))/(1+35)>0and (1-6)/2<p=(1+0+g—
AM(a+ p)R— BR?/2))/2 <1+ 4, with the latter inequality again satisfied following an argument
similar to that in Case (1).

(8) In this case, p =1+ ¢, which leads to zero production and zero profit. This uninteresting
case is discarded.

(9) In this case, r = (o + p)/f and p = (1—7)/2. However, similar to Case (3), Ay =
(=20 — g+ ANa+p)?/28)/(2(1+3d)) <0 and hence this candidate solution is discarded.

Finally, the optimal new product price and recycling level are summarized below.

(i) When (a+p)/B<R (ii) When R< (a+p)/B8<1 (iii) When 1 < (a+p)/8
rr(d,p) =R r*(0,p) = (a+p)/B r(d,p) =1
pr=0+0+g-Ma+B)R- | p'=(1+d+g-AMa+p)?/28)/2 P =
BR?/2))/2 (1+d+9—-Mla+p)—5/2)/2

Equivalently, the optimal price is p*(p,d) = (1 + 6 + g(p,0) — M=B(r*(p,9))*/2 + (o +

p)r(p,6)))/2.




Lemma Al identifies three recycling scenarios that will be observed in equilibrium, which map
well to the range of recycling choices in practice. The first case (i.e., 7* = R) represents scenarios
where voluntary recycling is not profitable enough and hence the recycling target is binding at
optimality. This outcome represents the case of regulated markets, either due to low recycling
margins (« is small), or a quick drop in the marginal recycling value when the recycling level
increases (S is high). The second case (i.e., 7* = (a4 p)/B) represents voluntary (and partial)
recycling beyond compliance requirements. This outcome represents the case of the car industry
subject to legislation such as the End of Life Vehicles Directive, where voluntary recycling has
reportedly exceeded the compliance requirement levels (Smink 2006). Finally, the last case with

full recycling, i.e., r* =1, represents markets for valuable commodities such as aluminum cans.

OA2. Details of the Proofs of Propositions 2 - 4 in §4.2 and
Proposition A4 in §A2.

All of Propositions 2 - 4 are derived based on the closed-form solutions of §* and p* from Propo-
sitions 1 and A1 - A3. For Proposition 2, we can prove that 9§*/0R >0, 9§*/OX >0, dp* /JOR>0
and dp*/OA >0 when d <0.

OA 2.1. Details of the Proof of Proposition 3

For Proposition 3 with d > 0, we first derive the recycling target thresholds Ry and R, based on
the closed-form characterization of the optimal durability in Proposition A3. As mentioned in the
paper, we focus on the case where the recycling targets are binding at optimality so as to highlight
the EPR-induced design changes.

Note that when p* = (RA —dd)/(2):
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Hence 6* will be as stated in Proposition A3 with A= A, and b= b, with
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When p* =0:

(6 — 0462 + Ag)2(Fy)?
4(1+30)

1
(8) =T4(6) = with A, = —m — EBARQ +aAR+1and b, =7

Hence 0* will be as stated in Proposition A3 with A = A, and b = b,, with
Sint = (1/27(54m +2TAR(BR —2a) + 8(7 +3)) +9 — 47 + 3)/(187), and 86;,:/OR = (3A(BR —
@))/(v/27(54m + 27TAR(BR — 2) + 8(7 + 3)) + 9).
Combining all these results, we can show that (00*)/(0R) <0 when R € [Ry, Ry4] with
Ry =min[l,max|0, R}, Ry, R;]],

R4=min[1, max[0, min[R3, RY]]], where

2 3dA = 3d2a —4dAT + /A2X(A\(=3 + 3da +47)2 — 6(—1 + 3m) (d28 — 6AT))
e 3A(—d2B+ 6AT) ’
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+T72Bd?7° — 64d* X704 240d* \7° — 36d° \* 4 864 8d*mT° — 432d2)\m7'5> / <(12B7’3 — 3Bd*T +2d*\

— 6AT?)? (24B7° — 6Bd°T + 3d° X — 12A77) )

Rs;{Rz when m <m . and

R; otherwise

m= <2d4ﬂ +12d%a\ — 6daAT (34 87) +d* (28(15 — 87)T + A (=24 + 47 +270°7) ) + 7(2B7(9 + 47(—15 + 47))

+A(—4(4+4270%) 7% -9+ 607’))) / (18 (67%(A—2B7) + d* (=21 + 307)) ) )

Similarly, we derive the recycling target thresholds R, and R, in Proposition 3 from the closed-
form solution of p* for d > 0 from Proposition A2. We show that (0p*)/(0R) <0 when R € [R,, R,]
with

R Ry when m <m
" | min[l, max[0, RS, RY]] otherwise  ~

R.= { min[1, max[0, min[R{, R}]]] when d <d . where d= /%7

1 otherwise
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0
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P 1
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Based on these closed-form results, it is straightforward to show that R,, =1 when d > d; and

R, < R,, with R;= R, when m <m.

OA 2.2. Details of the Proof of Proposition 4

For Proposition 4 with d > 0, we first derive the collection target threshold A\; based on the closed-
form characterization of the optimal durability in Proposition A3, we show that (96*)/(0\) <0
when A > \; with

Ag=min[1, max[0, A, Aj, A}]], where

N VR2(3(13d2 + 47(3m — 137 +2)) + (6at + 5d — 38RT)?) — 5dR + 38R*T — 6aRT
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To derive the thresholds A,;, A, in Proposition 4, we show that, based on the closed-form solution
of p* in Proposition A2, dp*/0X <0 when X € [\, \,] with

Ar = min[1, max|0, As]],

A, =min[1, max[0, min[Xy, A0, A1]]], where

—/@PR? ((—6ad+ 3BdR — 87 + 6)% + 144(3m — 1)7) + 3d2R(BR — 20) + 2dR(3 — 47)

A= ,
36R2T

R VR (3(13d2 + 47(3m — 137 +2)) + (6at + 5d — 38RT)2) + 5dR — 33R*1 + 6a.RT

P 3R? ’
N VR ((6ar +2d —3BR7)2+12(3m — 1)7) + R(6aT + 2d — 38RT)

3 — 3R2 ’

_ 1

A2:36R27' (@ —377) <3RT (—4d® + 9d*7(BR — 2a) + 2d7 (87 + 3) + 367" (2 — BR) ) +
+V3

R%7 (4% — 672)" (24d*(BR — 20) — d (144m + 7 (27(BR — 2a)? + 16) — 96) + 12d7 (87 + 3)(2a — 53))
+4r (r (108m + 7 (27(BR — 20)? + 16) — 60) +9)) '



A

Figure OA1  The structure of the effect of A on §* and p*.

Based on these closed-form results, it is straightforward to show that A, < Ay4.
Figure OA1 provides a concise visualization of the optimal equilibrium durability and recycla-

bility choices.

OA 2.3. Details of the Proof of Proposition A4

Based on the expression of the new production volume, we can show that dq(p*(p*,0*),d*)/OR >0
when o >ax and mr <m <mpg with:

_ —2d3 +9Bd?> Rt — 6d? R + 8d72 + 3dT — 36 SRT2 + 18RT2

B 9d>T — 3673 ’
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<)
-
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+ 144BR** — 36 R*1° + 288aSRT° — 144aR7™) /(12d* — 48d%7?).

On the other hand, dq(p*(p*,d*),6*)/OX >0 when o > @, and m, < m <, with:
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/(216d*T — 864d>73).



OA3. Robustness of Propositions 3 and 4 to the b=7 Assumption

In the paper,we assume b= 7 to facilitate the derivation of the closed-form characterizations in
Propositions 3 and 4. Our analysis below demonstrates that our results are also robust to the
variations of the relative values of b and 7.

Step I. We fix the value of 3 (to simplify the analysis, as 3 does not seem critical in characterizing
the optimal designs as shown by the previous analysis and results) and 7, we also let d =7 (so
that d > 0, where design trade-off matters). Meanwhile, we allow b to vary. Then we study how
the optimal recyclability and durability choices are influenced by the recycling and the collection
targets. We show that the optimal design solutions have similar structures as those in our main
model with the assumption b= 7; i.e., Propositions 3 and 4 are still valid. We show the results of
the case with =1 and d =7 =7 below for an illustration. In this case,

—3 RY, R}, where 0 < R% < R% <1 such that the optimal durability §* decreases in R if
R € [RY, RY] and (weakly) increases otherwise.

—3J RV, Rb where 0 < R® < RP <1and d > 0, such that the optimal recyclability p* decreases
in Rif Re [RY, Rt ] and (weakly) increases otherwise; moreover, R’ =1 when d > Eb; and R} < R?,
with R}, = R® when m <m".

— 3% >0 such that the optimal durability §* decreases in A if A > A, and (weakly) increases
otherwise.

— 3N, AL such that 0 < A2, < A2 <1 and the optimal recyclability p* decreases in A if X €
[Ab,,A], and (weakly) increases otherwise. Furthermore, A2 < \%.

Specifically, the recycling target thresholds for the durability are
Ri)ili min[lv ma‘X[O7 R/1b7 R/2b7 Réb]]a

R%=min[1, max[0, min[R}, RY"]]], where

7 (\//\ (N(9(1 — 7a0)2 + 1602 + 12b(14c + 9m — 5)) — 882m + 294) + A(21a + 4b — 3))

Ry= SA(6bA — 49) !
] <\//\ (NO(1 —7a)2 + 1662 + 12b(14a + 9m — 5)) — 882m + 204) + A(—21a— 4b+ 3))
2 3A(6bA — 49) ’
L2 (\ﬁ\/)\(@la(?)a T F AT I\ —14)m + 42) — 7(3a + 1))\)
o 3(A—14)\ ’
Y- —84a\ 4 /(84aX +T0N)2 — 84(\ — 14)\(52b — 12m — 99) — 70X
60\ — 14)A ’
Rb= ! +(—28(90 + 2)b(A — 14) + 7(~154 + 63a(\ — 14) +11))

3(\—14)(6b(\ — 14) — 14\ + 147)
+7((\ — 14) (166 (X — 14) 4+ 4b((21a(9ex +4) — 22)\ + 27(\ — 14)m + 406) — 3\ (Ta(63a + 22) + 84m — 59)
+ 2646m — 2282))'/?),

2 (\ﬁ\/)\((Qla(Sa T2) A+ 9N — 14)m + 42) — 7(3a + 1)/\)

2 3\ —14)\ ’




. [ RY when m <m®
Rf;:{ 2 =" | and

R% otherwise
. 132302) 4 462 — 1662 4 224b2 — T5602bA — 336abA + 88bA — 1624b — 177\ + 2282
m= 108X — 1512b — 252 + 2646 :

The recycling target thresholds for the recyclability are
Riv- R when m <m®
"~ | min[1, max[0, R, R%]] otherwise ’

: . —b
R min[1, max[0, min[R}, R'"]]] when d<d . where &=V,
1 otherwise

2 (7(3a F DA+ VTVNRIaBa+2) + DA+ 9(A— 14)m + 42))

0b_-
= 3\ —14)\ ’
Rl 84aX + /(84aX + T0N)2 — 84(\ — 14)A(52b — 12m — 99) + 70\
° 6(A—14)\ ’
1
pb = —34 11) + 14b 2 A —4 2)b+ 11
R, 3(61)@_14)_14A+147)(6M_49)< 343(63c + 11) + 14b(98(9ax + 2) + 3\ (63 — 4(9a + 2)b+ 11))
(7 — 6b)2(6DX — 49)(16b% (X — 14) 4+ 4b((21(9ar + 4) — 22) X + 27(\ — 14)m + 406) + 2646m
++/14 )
— 2282 — 3\ (Ta (63 + 22) + 84m — 59))

The collection target threshold for the durability is

AP =min[1, max[0, A2, \;?, \%"]], where

 2V/7/R* (156D + 36m + 7(6a — 3R +5)2 + 207) — 42R* + 84aR + T0R

Albi

é 6R2 )

. 7(\/R2(64b2+48b(14a+9m77R75)+9(714a+7R+2)2)+R(42a+8b721R76))
A= 36bR2 ’
N (o6 4 ab(—18a+ 9 — 4) — 63R + 22+

Y 12(=7+3b)R2

/6462 + 4b (84(9c + 4) + 108m + 189R? — 84(9a + 2) R — 88) — 12(154+ 84m — TTR — 59) — 1323(R — 2a)2> .

The collection target thresholds for the recyclability are
AP, = min[1, max[0, \5]],

A2 = min[1, max[0, min[A3, \2°, A)*]]], where

b (21bR(126a—|—4b(—18a+9R—4) —63R+22)+21

T 36b(3b— 7)R2
J (7—6b)*bR*(64b> 4 4b (84c (9 + 4) 4 108m + 189R* — 84(9a + 2) R — 88) — 1323(R — 2a)2>

— 12(154a + 84m — TTR — 59))
LT (\/RQ (6467 + 43b(14c + 9m — TR —5) + 9(—14a + TR+ 2)2) + R(—42a — 8b+ 21R + 6))

, 36012 ’
w 2VT\/R2(=156b+36m + 7(6ac — 3R+ 5)2 + 297) + 42R? — 84aR — T0R
>\p = 6R2 ’
_V7T/R?(36m +7(6a —3R+2)2—12) 14(3a+1)
3R2 3R

PHES +7.



Step II. We fix the value of 8 and b, and let d = b, but this time we allow 7 to vary. We again
solve for the optimal design decisions, and the results in Propositions 3 and 4 still remain robust.
We continue with the example in Step I with 8 =1, but this time we change d=b=7 and we let
7 to vary. Then in this case,

—3 R}, R}, where 0 < R}, < R} <1 such that the optimal durability §* decreases in R if
R € [R},, R} and (weakly) increases otherwise.

—3 R, R where0< R} <R <1land d > 0, such that the optimal recyclability p* decreases
in Rif R e [R7, R7,] and (weakly) increases otherwise; moreover, R7, =1 when d >d ; and R} < R7,
with R} = R} when m <m".

— 37, > 0 such that the optimal durability 6* decreases in A if A > A}, and (weakly) increases
otherwise.

—3A7

rly

A7 such that 0 < A7, < A7 <1 and the optimal recyclability p* decreases in \ if A\ €
[AT,,AT], and (weakly) increases otherwise. Furthermore, \7 < A7.
The expressions of the thresholds have similar structures as the Step I results, and hence are
omitted for brevity.

The above analyses combined demonstrate that the insights provided by Propositions 3 and 4
continue to hold when b # .

Step III. We also conduct extensive numerical analyses with varying values of b and 7 (we show
one set, of examples in which we change the relative values of b and 7 in Figure OA2, more examples

are also available from the authors), all the results further support the robustness of our results to

the assumption of b= .

OA4. Details of the Calibrated Numerical Study in §5
We describe the details of the three steps of the calibrated numeral study as mentioned in Appendix
A3.

Step I. We derive the values of a; + p; and f3; for both ¢-Si (j = 1) and CdTe (j = 2) technologies
by using the recycling data. To this end, we first capture the recoverable material value from
recycling, and then incorporate the costs of transportation and treatment for recycling into the
analysis.

To capture the recoverable material value from recycling, we collect data on the material compo-
nents of PVPs, as well as the recovery rates and the market prices of all the composition elements.
Note that the market prices correspond to a 100% purity level, which may not always be achieved
by the current recycling technologies. Therefore, the actual values of the recovered materials may
be lower but these values are good approximations. The table shown in Figure OA3 summarizes

the data (Cucchiella et al. 2015, BIO 2011, BINE 2010, Takahashi et al. 2011, USGS 2015). We
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Figure OA2 Optimal design choices under varying values of b and 7.

a=15,=8m=0.6,d=2.

Polymers | Glass Al Si Zn Pb Cu Te Cd Ag

c-Si (% of weight) 6.89 78.45 10.60 3.18 0.13 011 0.64 0.00 0.00 0.01

CdTe (% of weight) 3.01 95.30 0.01 0.00 0.01 0.01 1.00 0.07 0.07 0.01

Material Recycling
Rate (% of weight)
Material Market
Price (5/kg)

- 95.00 | 100.00 | 81.00 | 50.00 | 92.00 | 85.52 §7.50 | 98.00 | 66.87

- 011 2.56 3.48 2.33 2.05 8.95 345 2.76 1134.3

Figure OA3  The material composition of different PVPs.

also obtain the average weights of the panels to be 102 kg/kW and 200 kg/kW for the c¢-Si and
the CdTe technologies, respectively (BIO 2011, Okopol 2007). We can now calculate the recycling
level (r,,;) that accounts for the recoverable material value for a panel based on technology j in

the following way: For every composition element of the panel, multiply its percentage of the total
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weight by its recovery rate; and then sum over all the elements of the panel. We can also derive the
unit recycling material value v,,; in the following way: For every composition element, multiply its
percentage of the total weight by the average weight of the panel, and further multiply the result
by the market price; and then sum over all the elements of the panel. Next, let o, + p; represent
the highest marginal recycling value of the product that only accounts for the recoverable material
value, given the recyclability of the technology. Then based on 7,,; = min[1, max[(a..; + p;)/B;,0]]
and v = —B;77,;/2 4 (mj + p;) 71, We can calculate asy,; + p; and §; for both technologies, by
B =20y /72 and Qs + pj = 20y /T (since 0 < (am; + p;)/B; <1).

Now we incorporate the cost of recycling into our estimates. The transportation and treatment
cost arising from end-of-life product recycling can vary depending on the location and the quantity,
but it is estimated to have an industrial average of ¢ = $420/ton (Choi and Fthemakis 2014,
Fthenmakis and Moskowitz 2008, BIO 2011), and it is comparable for both technologies. Based on
the average weights of the panels, we convert the cost into $/kW (a measure that is commonly used
in the industry); specifically, ¢; = $42.4/kW and ¢, = $89/kW. Note that the transportation and
treatment cost applies to the entire product unit. Therefore, the final unit recycling value v;, should
be the unit recycled material value net of the transportation and treatment cost; i.e., vjo = vp; —¢;.
We assume the transportation and treatment cost applies in a uniform manner to the product unit
and hence f3; remains unchanged. Substituting the relevant data into the equations, we arrive at
the following results: 8; = 0.1425 and By = 0.2257; v19 = 24.57 and vy9 = 30.706. Then we can also
solve for 7o and a; + p;o based on 7o = min[1, max|[0, (o; + p;)/6;]] and v; = —B;7% /2 + (o + p;)7;.
The results are: 119 = 0.587 and 799 = 0.522; a; 4 p1 =83.69 and sy + p, = 117.72.

Step II. Studies show that the degradation rates for c-Si and CdTe technologies are approxi-
mately 0.5% /year and 1.95% /year, respectively (Belluardo et al. 2014, Ye et al. 2014, Coker 2015,
Haroon 2015). Moreover, PVPs commonly have an expected lifespan of 25 years, which makes a
12.5-year period consistent with our model assumption of a two-period product useful life. There-
fore, we estimate the durabilities as §; = (1 —0.5%)'*° =0.94 and d, = (1 — 1.95%)'%° =0.78.

Step III. We show how we recover X; from the market data. First, we collect data on the
current prices of PVPs and the production costs: p; = $1.31 x 10*/kW, p, = $1.07 x 10%/kW,
g1 = $0.98 x 103/kW and g, = $0.74 x 103/kW (Goodrich et al. 2012, Woodhouse et al. 2013,
IRENA 2012). When consumers of type 6 obtain a per-period utility of X ;6 from a new panel, we
re-solve our model in a similar way as before and derive the equilibrium price in the baseline case
to be p; = (X;(149;) + g; — Aovjo)/2. Therefore, X; = (2p; — g; + Aovjo)/(1+6;); and calculations
give X; = 0.848 and X, = 0.791. Next, based on the generalization of our model with X;, the
producer profit in the baseline case is II;o = (X;(1+0;) — g; + Aovjo)?/4X;(1 +d;), whereas the
profit in the legislated case will be II; = (X (14 6;) — g; + Av;)?/4X;(1+6;) with r; = max[R, ;0]
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and v; = —B;(r;)?/2 4+ (a; + pj)rj. Then AIIl; = (II;o — II;) /IL,o. Based on this measure, Figure
3 in the paper shows the regions defined by min[AIl;, AIl,], i.e., the range of the collection and
the recycling targets within which technology j has a lower EPR-induced profit margin erosion.

Moreover, the figure also demonstrates how the regions change as the transportation cost varies.

OA5. Details of the Extension with A Competitive Market in §6

In this section, we describe the process of constructing the numerical study for the case where
the primary market for new product sales is competitive with both the focal (high-end) and the
competing (low-end) producers. Given the sequential nature of the problem, we solve the problem
backward by first identifying the optimal new product prices and the recycling levels chosen by
the two producers and then solve for the design decisions.

We first derive the market demands for both producers given the product designs. The per-
period utilities that a type 6 consumer can obtain from the different consumer strategies are (recall
that k is the relative perceived value of the competitor’s new products compared to the focal
producer’s, with 0 <k <1): V[N,0] =60 —ps + puys, VU, 00 =640 — puys, VIN., 0l = kO — p. + Duc,
VIU.,0] = k0.0 — puc, and V[I,0] =0. As mentioned in the paper, the different design decisions of
the producers may lead to the following three different market segmentation outcomes: (i) The
FFCC outcome emerges (I =1) when 0 <ké. <k <d; <1; (ii) the FCFC outcome emerges (I =2)
when 0 <kd, <d; <k <1; and (iii) the FCCF outcome emerges (I =3) when 0 <§; <kd. <k <1.

When the FFCC outcome emerges (given that 0 < kd. <k < J; <1), consumers of descending
type 6 choose N;,U;, N, U,, I, respectively. Specifically, there exist 65*, 05, 05, 05 € [0, 1]such that,
consumers of type 6 € (0',1] choose Ny, those of type 6 € (05,65'] choose Uy, those of type
0 € (05, 65'] choose N,, those of type 6 € (65, 05'] choose U, and the rest remain inactive and buy
nothing. The 65'’s can be solved by studying the indifferent consumers with V[N, 0] = V[U;, 07'],
V[U;, 05 = V[N, 05!, V[N, 05 = V|U.,65], and V[U,, 0] = V[I,05"]. Moreover, when the used
products are sold in the respective secondary markets, the used product prices are determined by
the market clearing conditions with 1 — 6! =60 — 65! and 65* — 65! = 05 — 6%, for the products of
the focal and the competing producers, respectively. This analysis give:

o1 2(GEHD2REF 42051~ 1) (65! - Dpg! (3581 418§ 0F 42051 -1))

Py 1GeT+D)Zh—(@ogT+1) (3551 +1)

cl
01 - 1_5;1 ’

5t (k(3e 85" —ag" (55" —dpg +2p5!)+4pg! +2p5 —1)-2(365'pe' +pE1)) el
(40661 +1)2k— (3551 +1) (355" +1)) (65" —k) S —k
1 (81 +1)% k(85" +2p§ — 1)+ (55 +1) (85" —1)pg! — (365" +1)8¢" (6" +2p§' —1)
(40561 +1)2k— (3561 +1) (354" +1)) (65" —k) ’

cl __
05" =

el 2581 (k(8g1 4651 -0t (85 —apEl +2p51)+4pS +2p5 — 1) —2(35% pEt +pEL))
Pe 4(5eTT1)Zk— (3581 +1) (355 +1)
k—6¢1k ’
B(6S 851 =52t (55" —4pS! +2pG ) +4pSt +2p5 —1)—2(365 pS +pE1)
k(4(851 4+1)%k— (3651 +1) (3551 1)) :

cl
05" =

cl __
05 =
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As a result, the demands for the two producers can be calculated as ¢y =1— 65" and ¢. = 05" — 05",
respectively. Then the profits can be written as:

e = (5?1 — 288" +1)%k 4 651 (35" — 3p5t +2pst 4 3) —p§t +2pSt + 1
(305" +1)(305" +1) — 4(3* +1)%k
et — ((5;1 + DE(S5 + 205" — 1) + 385 e + p!
N K (4(8¢" +1)2k — (366" +1)(365* + 1))

> (p?l =97 (5", 05 ) + A(=pri/2+ (a+p5«1)rf>>’

) (pil =9 (P2, 05") + A(—kpBr?/2+ (ka + Pil)%)) ;

with g7'(pf, 05') = m + 7(p7)? + dp§ 0 + b(65")* and g (pet, o) = k(m + 7(pg')? + dptoct +
b(0¢')?). We then solve max e e1 11§ and maxer 1 II$' simultaneously, subject to R <7y <1,
Py ¢ Te
R<r.,<1,1-65'>0, 05" — 65 >0, 05t — 05 >0, 651 — 0 >0, 65 >0, p,y >0 and p,. > 0. The
results are summarized below. The optimal recycling levels are r§'* = min[1, max|0, (a+p§')/6]] and
71+ = min[1, max{0, (ha+ )/ (68)]). Denoting M§' = g5 (55%,65) ~ A(—B(r§™)2/2-+ (a+ p)rs™)
and M< = gt (pt, 051) — AM(—kB(re™)? /2 + (ka+ pct)ret*), the optimal new product prices are:

c )Yc c

c1x (B0F43) (65 +1)2k— (365" +1) (65 +05 (365 +3M P + M +3)+ MG + ME' +1)

2( (361 4+1)2k— (3551 +1) (351 +1) ) ’
cte 208+ 13K+ 35 +1) (58 + 1) k(205 + M) +3ME" (355 6t 65! 495 +ME!
Pe 2((551+1)2k—(35;1+1)(3551+1)) )

We can then substitute these results to calculate the profits TI* (p¢'*, re', pSt*, 6t pit, 671, pst, 05")
for i = f,c with j ={f,c}\{i} (details of the expressions omitted for brevity).

Following similar procedures, we can solve for (p§*,r¢*), (pd*,r¢") and the resulting profits,
when the FCFC and FCCF outcomes emerge.

We next solve for the design choices that maximize the profits. From the first-order condition
equations for the design choices, we find that under each of the market segmentation outcomes, the
optimal recyclability choice for each of the producers in the competitive market still has the same
structure as that in the main model for the monopolist producer (as presented in Proposition A2).
To focus on the legislation effect, we only present the results with r¢* = R for i = f,c and d > 0
(for 1 =1,2,3). For the focal producer: p{* = (RX —dd$)/(27) for 6% < RA/d, and 0 otherwise; for
the competitor: p&* = (RA — dkd<')/(27) for 6 < RA\/(dk), and 0 otherwise. Based on these, the
producers’ profits can be written as II¢(d;*,65'). We next solve for the optimal d;'’s for the two
producers numerically with the following details (similar approach has been adopted by Moorthy
1988 to solve for the simultaneous optimal decisions on product quality levels for two competing
producers): We first identify the focal producer’s best response function given the competing pro-
ducer’s choice d.. To this end, we search for the §5* € [k,1] (in which case the FFCC outcome
emerges) that maximizes I1'(9%",d.) with the given J.; similarly, we search for the 0%** € [kd., ]
(in which case the FCFC outcome emerges) that maximizes II7(04°,d.), and the 67 € [0, kd.] (in
which case the FCCF outcome emerges) that maximizes II{*(6%°,0.). We then compare the profits
1§ (05, 6.) for 1 =1,2,3 and d¢(d,) = arg max; I1§ (§§*, 4. ). Following a similar procedure, we iden-

tify the competing producer’s best response function 6.(6¢) given the focal producer’s choice ;.
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Figure OA4 The optimal design choices under competitive market as a function of the collection target.

R=1,a=-1,=1,7=12,b=12,d=1.2, m=0.345, k= 0.65.

Since the optimal design choices (%, 6;) in equilibrium will be such that d;(6;) = 0 and 6.(67) = 6,
therefore 67 = 07(9%) =0."(d7) where 9" (-) is the inverse function of é.(-). As such, we identify ¢}
and §7 and the corresponding p} and p; as presented in Figure 4 in the paper for the recycling

target, and Figure OA4 here for the collection target.

OA6. Extension: No Secondary Markets

Our main model analysis has focused on a scenario with active secondary market trade of used
products. While active secondary market trade is common for a wide range of products (including
consumer electronics and PVPs), it may be limited for others due to factors such as high transac-
tion costs or lack of a consumer-to-consumer trade infrastructure. Nevertheless, producers of such
products can still deploy durability as a design lever to reduce their recycling obligations under
EPR. The only difference is that in this case the effect of durability manifests itself by increasing
the utility from direct usage of the used products rather than the resale value on the secondary
market. In this section, we analyze the implications of EPR on product durability and recyclability
in such markets that do not have consumer-to-consumer transactions of used products and we
denote this scenario by the superscript “ns”.

In this case, in a similar vein to our demand characterization for the main model, we can
show that there are three non-dominated consumer strategies, which are (i) N™*: to buy a new
product in every period (and then discard the used item upon the repeated new purchase, with
no resale value due to the absence of a secondary market); (ii) H"™: to buy a new product and
keep it for two periods; and (iii) I™*: to always remain inactive. In this case, one of two possible

equilibria can emerge (details are provided in the proof of Proposition OA1 in §0A6.1): (i) the
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(H™, I™®) equilibrium, with 6"** € [0, 1] and consumers with descending type 6 follow the H™* and
the I™* strategies, respectively; and (ii) the (N™* I™*) equilibrium, with 6™** =0 and consumers
with descending type 6 follow the N™® and the I"® strategies, respectively. In what follows, we
focus on the first case where the products are durable in equilibrium (i.e., 6™** > 0) because of
our focus on durable products. Furthermore, to highlight the effect of legislation in the existence
of the recyclability-durability trade-off in design, we restrict our attention to the case where the
recycling target is binding at optimality (r"** = R) and d > 0. Proposition OA1 below characterizes

the optimal design decisions.

Proposition OA1 Let d > 0. When a secondary market is absent, then under the (H™,1"™*) equi-
librium, 3 RS, RS R™ R A" A" A" where 0 < R < R%™ < R"™ < R™ <1 and 0 < A" <
AP <A <1, such that:

o The optimal durability §™** decreases in R for R € [R}7, R}}®] and (weakly) increases otherwise.
The optimal recyclability p™** decreases in R for R € [R}*, R’] and (weakly) increases otherwise.

Moreover, R} < R'°.

o The optimal durability 0™* decreases in A for X\ € [\3°,1], and (weakly) increases otherwise.

ns \ns
rl oy \r

The optimal recyclability p™** decreases in A for A €| |, and (weakly) increases otherwise.

Moreover, A\* < \I°.

Proposition OA1 shows that the structural results regarding the effects of the recycling and
the collection targets on the optimal recyclability and durability choices from our main model as
presented in §4 are robust to the absence of secondary markets. In other words, our results remain
valid regardless of the specific market structure and the channel through which durability takes its
effect: through influencing either the resale value of the used products in the secondary market, or

the direct value of usage for consumers who buy and keep the products.

OA 6.1. Proof of Proposition OA1l
As mentioned, when the secondary market for consumer-to-consumer trade of used products is
absent, there exist three non-dominated consumer strategies including N™*, H™* and I™°. As such,
two market segmentation outcomes are possible in equilibrium: (i) consumers with descending type
0 follow H™ and I, respectively; or (ii) consumers with descending type 6 follow N™*, H™ and
1%, respectively.

For consumers of type 6, the per-period utilities corresponding to the three consumer strategy
choices are: VIN™ 0] =0 —p"*, V[H",0] = ((14™%)0 —p"™*) /2 and V[I"*, 0] = 0. Note that both the
differences V[N"*,0] — V[H"*,0] and V[H"*,0] — V[I"*,0] are increasing functions in 6, therefore:
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e In Case (ii), 307, 05° € [0, 1], such that consumers of type 6 € (07%,1] choose N™*, those of type
0 € (03°,67°] choose H™ and all others remain inactive. By analyzing the indifferent consumers 67*
with V[N™ 07 = V[H™,07°], we derive 07° = p"* /(1 —6"*); similarly, we derive 05° = p"* /(1+6"*).
In this case, the new product demand ¢™*(p,d) can be written as ¢ = (1 —07%) + (07° — 03%)/2 =
(1 —p™ —(6™)?)/(1 — (6™)?). The producer’s profit function can be written as:

1— 5ns 2 _ ns 1
Hns(pns’,r_ns;pns’éns) — ( 1(_ (;ns)gg ) <pns _gns _{_)\(_Eﬂ(rns)Q + (a_‘_pns)rns)> . (OAl)

As in the main model, we solve the problem by backward induction, starting from solving
maxyns yns 11" (p"*, 7% p"*, 6™%), subject to R <r"™ <1,1—-67°>0, 67° —05° >0, 63° > 0, given the
product design (p™*,0™*).

e In Case (i), 3075, such that consumers of type 6 € (075,1] choose H™ and the rest remain
inactive. 675 can be solved by studying the indifferent consumers with V[H"*, 075] = V1,075 ],
which yields 675 =p/(1+6"*). The demand of new products in this case is ¢"* = (1 — 07;;), so the
producer’s profit function will be:

ns(, ns ,ns. NS NS 140m —p™ ns ns 1 ns nsy,.ns
s, 57 = (LS (= g A0+ (ot ) (0AD

We then solve max,ns ,ns II"* (p™*, r"*; p"*,§™%), subject to R <r"* <1, 1—67; >0, 075, >0, given
the product design (p™s, ™).

We first respectively solve for the optimal new product price and the recycling level for each of
the two cases, then we compare the resulting profits to identify the final optimal decisions for the

producer (and the resulting market segmentation outcome). The results are presented below.

Lemma OA1 When a secondary market is absent, given a product design with p™® and 6™,
the optimal recycling level r™*(p"*,0™) and the new product price p"**(p™*,0™) can be summa-
rized below. For the optimal recycling level: When (a4 p™*)/B8 < R, ™ (p™*,6™*) = R; when R <
(atp™) /B <1, 175 (07,87 = (a+ ™)/ B; and when 1 < (a+ p™)/B, 1 (p",57) =1 .

For the optimal new product price: When g™ <1 — §" + X(=B(r"*)?/2+ (a+ p™*)r"™*) —
6753/2(1 —6m9), then p™* = (1— (67%)% 4 g™ — A(—=B(r"**)? /2 + (a4 p"*)r™**)) /2 and the market
segmentation outcome will be as that in Case (i) where all the N™, H™ and I segments exist;
when g™ < 1— 0" + X (=B(r"*)2/2+ (a+ p™*)r"*) — 6751 /2(1 — 67%), then p™* = (148" + g"* —
A=B(r™*)? /2 + (a + p™)r™*)) /2 and the market segmentation outcome will be as that in Case

(ii) where only H™ and I™* segments exist.

The proof of Lemma OA1 is similar to that of Lemma A1l in Appendix Al and hence omitted
for brevity.
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Next, the producer further solves for the optimal design decisions to maximize
I (prs*, rms*; ps, §™%). We first show that when all N H™* and I™* segments exist in the market
in equilibrium as in Case (i), then it is always optimal for the producer to choose §™** = 0. As a
result, the effect of legislation in this case is straightforward as the design choices reduce to the
choice of recyclability, which can be easily shown to be increasing in the binding legislative targets.
To show this, we follow a similar solution procedure as in our main model to solve for the optimal
design choices. We can first prove that the optimal recyclability in this case has a similar structure
as that presented in Proposition A2. As such, the profit function in the case of v"** = R, with the
optimal choices of new product price, recycling level and recyclability, can be rewritten as:
(_Fnsé‘ns _ an(5n5)2 +Ans)2

11— (7))

H"s((s"s) _ , with A™ = 74m‘r+)\2R2724)\TRT(BR7204)+4T and B = 4(T+i7)—7—7d2 )
Solving the first-order condition equation

HH”S B (Ans _ 5(Bn95+Fns)) (5 (Ans +an (52 _ 2)) o Fns) _O
aons 2(62 1) B

yields the following candidate solutions:

VAAm B 4 (Fre)2 — Fms o D™ J2(A™ —2B™)
2Bns v e T 3\3/§an Dns ’
with D" = (/108(B"*)3(Ans — 2B"s)3 4 729(B"s)4(F)2 + 27(B"™)2F"*)Y/3, and two other roots

that can be proved to always be complex. Moreover, we can also prove that §;* < 0. Therefore, only

oy ==

07¢ and 07 are the candidate solutions for maximizing the profit. We can further prove that only
one of 87 or 67 will be in the range of [0, 1], and we denote it as 6"*. By studying 9I1"*(6"*) /96",
we derive the following:
O™ (67*)
oons

8Hn5 (6ns)

0 for ™ € [0,67]; and
<0 for 0™ €[0,07°]; an Sams

>0 for 6™ € (0=, 1).

Moreover, we also show that 6™ > §7¢ is infeasible as it leads to negative producer profit. Combining
all these results, the maximum profit is always achieved at 6™ = 0; i.e., §™* =0 in this case.
Consequently, the design implications under EPR straightforwardly reduce to promoting higher
recyclability in product designs.

We proceed to study Case (ii) where only H™* and I segments exist in the market in equilibrium.
We solve for the optimal design choices based on the Lemma OA1 results, following a similar
solution procedure as in our main model. We can first show that the optimal recyclability in this
case has a simialr structure as that presented in Propositions A2. As such, the profit function in the
case of r™* = R, with the optimal choices of new product price, recycling level and recyclability,
can be rewritten as:

(37 = Biyo™s + Ay P (Fy

with A7 = 4(1—m)T+AR(4aT+R(A—28T1)) and B™ = 47242
8(1 1 0m) i y

41 —2dRX T 47—2dRX\°

Hns(éns) —
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Solving the first-order condition equation

O™ (6™%)  (Fp®)? (A — By (0™)2 4 0"°) (Al + 0™ (B (30™ +4) —1) —2) 0
aoms —8(6ms +1)2 N

yields the candidate solutions:

1F/1+4AYy By 5o  1-4By F\/1+ 4By (4—3A} +4Byy)

5”5 = =
Ha,Hb o He,Hd o
2B} 6B

Note that 03, p;, € R with 077, > 0 and 37, < 0. Moreover, since d57;, can be shown to be a minimizer,
both ¢}, and 0%, are eliminated as optimal solution. When 63, 7, ¢ R, then the profit maximizing
solution 6™** can only take the value of 0 or 1, at the boundaries. The final optimal solution can be
identified by comparing the profits at 6"* =0 and ¢"* = 1. When ¢, 5, € R, by pairwise compar-
isons, we can determine the relation between the 0]*’s to be 077, <%, <07, <}; hence the optimal
0% can only take the value of 0, 1, or 6%%,. The final optimal solution can be identified by comparing
the profits at these three points. We characterize the results below, with Az =(1++/2)(1 — B}),
Apa=2 (9 + 8By + /(27 + 108B} + 144(B)2 + 64(B}y)?) /B;f) /27, As=3 — 1B}, Bi=(5 —
24/2)/17 and 67%,=5%5,.

int

(D"i) When 0 < B%® < Bg, (D"ii) When By, < B® < 1/4 (DUiii) When 1/4 < BR® <3/7 (D"iv) When 3/7 < BY®

. —_— 1 if A" <Apgs 1 if A" < Apgg . s
3 1 if A<A E . 3 S ! 3> sns if ATS <2
SNS* :{ H1, SNS* — { sns if AHB < AT < Aga, SNS* — sns if AHB < AT < 2, STS* — zn(t) Othchiscj

0 otherwise. int . int >
0 otherwise. 0 otherwise.

Based on this closed-form characterization of (p"**,d™**), Proposition OA1l can be obtained
by calculating 9p™**/OR, 0p™**/0X, 906™*/OR and 06™*/0X. Note that all the thresholds
e Ry R RS A, AL, A are in closed-form, with the expressions omitted here for brevity.

Moreover, by comparing the results in Propositions 3 and 4 in the main model with Proposition

OA1 with the absence of a secondary market, we also derive the following results:

Corollary OA1 Im¥ m¥ such that, when m <my, then R%* < Ry and R < R, ; when m >my,
then R}* > Ry and R} > R,.

Corollary OA2 3m;,m;, such that, when m <m}, then \2* > Xy and \"* > \,; when m > m,,
then Aj° < Ag and A'° < \,.

OA7. Extension: Profitable Recycling

In the main model, we focus on products with costly recycling (i.e., v(R,0) < 0) as they are the
primary targets of EPR legislation. In this section, however, we extend the analysis further to cover
a profitable recycling scenario, which also involves additional end-of-life product market dynamics.
Specifically, when the inherent recyclability of a product is sufficiently high (e.g., « is large enough)
and a binding recycling target still maintains a net profit from recycling in a regulated market

(i.e., v(R,0) > 0), we anticipate competition in the recycling market from third-party recyclers who



19

can generate profits from recycling the cores (i.e., end-of-life products). For example, the removal
of toxic materials from batteries led to a flourishing battery recycling industry involving a large
number of third-party recyclers (BU 2015). As such, in this section, we analyze the producer’s
optimal recyclability and durability choices under EPR with third-party recycler competition for
profitable-to-recycle end-of-life products.

We consider n independent, for-profit third-party recyclers along with the producer. We assume
all the third-party recyclers are homogeneous, so as to obtain insights while keeping the analysis
tractable. When recycling a unit of end-of-life product is profitable, then in order to elicit returns,
the producer and the third parties offer respective buyback options to consumers for the cores. Such
buyback options can take various forms including trade-in discounts, coupons, checks or cash. We
denote the unit buyback price offered by the producer and the i-th third-party recycler as p, and
p;i, respectively (regardless of the product condition). As the producer is the only party subject to
EPR, we assume that the producer has enough capacity to accept and recycle all arriving returns.
In contrast, a third party only has a limited capacity that can accept and recycle a fraction A
(0 < h<1) of all the end-of-life products. When the aggregate third-party capacity covers the
whole collection and recycling volume, h =1/n. We let w denote the unit recycling value that the
third parties can extract from recycling an end-of-life product. We focus on cases with binding
collection and recycling targets (A and R) to highlight the effects of legislation.

We construct a model similar to the one in Arnold (2001) to study the recycling market: We
consider that when consumers are faced with this capacitated recycling market, they perform
a random search among the producer and all the third parties to decide where to return the
core. In every search attempt, a consumer incurs a cost s (which can be regarded as a search
or delivery cost). When the consumer encounters a third party that is currently out of capacity,
another search (along with the associated cost) is needed, until the core is accepted for a buyback

payment. Then when all consumers are risk neutral, there exists a symmetric mixed strategy for

consumers represented by m = {mg, 7, ,m,} such that in every attempt to return the core, a
consumer chooses the producer and the i-th third party with probabilities my and m; (i=1,---,n),
respectively.

Given this returning strategy of the consumers, in every period, a portion 7; of the total returns
arrive at the i-th third party. Each of these recyclers accept returns up to capacity. Then they
start recycling and stop accepting returns during a time period Y for recycling the cores, where
Y is assumed to be exponentially distributed with parameter p and hence E(Y) =1/u. Without
loss of generality, we assume =1 in the following analysis (the actual value of p is not a critical
assumption). We assume the arrivals of returns follow a Poison process, then the rate of arrivals

will be m;q where ¢ is the total volume of the cores. Therefore, the period of time that the third
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party is able to accept returns (i.e., the time period before the returns reach the capacity) is the
sum of exponentially distributed random variables (i.e., the time intervals between returns) and
hence has a gamma distribution with E(X) = kq/m;q = k/7;. The collection (when returns are
accepted) and the recycling phases form an alternating renewal process. Following standard results
from alternating renewal process, the probability that the third party has available capacity to
accept consumer returns will be a; = E(X)/(E(X)+ E(Y)) =k/(k+m;) for i =1,2,...,n. For the
producer, oy =1 since it is able to accept any arriving returns.

For consumers, the expected payoff from following the strategy m = {mg,--- ,m,} is U = mo(pog —
s) + Y ¢ mi(api + (1 — a;)U — s). In order for m = {mg, -+ ,m,} to be an equilibrium consumer
strategy, it must hold that U =py — s = a;(p;) + (1 — a;)U — s. Solving it yields: p; — po = sm;/k,
where p; — pg can be regarded as the price premium the third party has to offer over the producer
to compensate the consumers for a possible out-of-capacity situation. Note that the result can also
be rewritten as m; = (p; — po)k/s; i.e., the probability that the i-th third party will be chosen in
the equilibrium consumer strategy (m;) increases in the third party’s recycling capacity (in which
case it has a lower out-of-capacity probability, i.e., higher service rate) and the price premium, but
decreases in the consumers’ searching cost.

For the i-th third party, the actual amount of returns that it is able to accept is a; portion of
all the returns that arrive. The third party chooses a buyback price p; to maximize its profit from
buying back and recycling the end-of-life product returns, where Profit; = (w — p;)(am;q). Solving
the maximization problem, along with all our results above, yields p; =po + \/52+(w——po)s —S.
Consequently, when the aggregate third party capacity covers the whole collection and recycling
volume, the buyback price the producer needs to offer to ensure the collection level A (i.e., 1y = \)
of end-of-life products for compliance will be py =w — s((2—\)* —1).

With the buyback price p, by the producer derived above, we first calculate the consumer
demand of new products to be ((1+0) —p+ (px —s))/(1+30). Comparing this to the demand
in §3.1, the change in demand is due to consumers’ anticipation that each product will generate
an extra expected value py — s at the end-of-life when returned for recycling. Then the producer
maximizes the following profit by determining the recyclability and durability in the design stage,
and setting the market price and the recycling level in every sequential period:

(1+0) —p+(pr—>5)

O(p,r;p,6) = — Y

1
(p — (m+7p” +dpd + b6*) + )\(—567*2 +(a+p)r —p,\)> .

With this profit function, we solve for p* and §* in closed-form, based on which we can then study
how the legislative targets influence the optimal design choices, by following the similar solution

procedure as in the main model. We restrict our attention to the case with d > 0.
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For the recycling target, the analysis of this extension shows the robustness of our results from
the main model: The recycling target shapes the optimal recyclability and durability choices in this
profitable recycling case with third-party recycler competition in a similar way as that in the costly
recycling case; i.e., the structural results in Proposition 3 remain valid (although the threshold
expressions will be different).

Similarly, we find that our previous results regarding the effects of the collection target (presented
in Proposition 4) also remain valid in this extension, given that the third-party recyclers extract
a higher unit recycling value than the producer. In the other case where the unit recycling value
extracted by the third-party recyclers (w) is lower than that for the producer, we observe an

interesting result, which we summarize in the proposition below.

Proposition OA2 When v(R,0) >0 and d > 0, p* is (weakly) increasing and 6* is (weakly)

decreasing in .

In contrast to the results in Proposition 4 where p* may decrease over certain range of A,
Proposition OA2 states that p* is monotonically increasing in A. This suggests that improving
recyclability in the presence of competing third-party recyclers is advantageous for the producer.
To see this, recall that when making the decisions on recyclability and durability to deal with the
EPR obligations, the producer is essentially comparing the marginal benefits of the two attributes,
while controlling the associated cost. First, to meet a higher collection target, the producer is also
retaining a larger percentage of the return from improving recyclability, hence it is profitable to
invest more on recyclability. Meanwhile, a higher p* creates a pressure to compromise durability
to achieve cost-effectiveness in the presence of the design trade-off. Second, expanding demand (by
forgoing the option of durability improvement) has an additional benefit now because every new
product can be sold at a higher price to reflect the buyback value of the product at end-of-life, but
part of this benefit is “free” to the producer since a portion of the buyback payments to consumers
are made by third parties. Consequently, the producer redirects more investment from durability
to recyclability.

On the other hand, however, when the third-party recyclers extract a higher unit recycling value
than the producer, the high unit recycling value will drive the third parties to act more aggressively
in acquiring the cores and raise the buyback price. As the producer has to match this price to
ensure a sufficient collection level for complying with the collection target, the producer incurs
higher cost for the buybacks. This higher cost will then offset or even completely wash away the
aforementioned additional benefit from expanding the demand of new products that are of higher
price. As such, increasing durability to sell less may still be the more effective design option for

the producer to directly respond to the higher volume of collection mandated by the collection
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target, especially when A initially increases. Therefore, the optimal durability may increase in the

collection target when A is low, as stated in Proposition 4 (four numerical examples are shown in
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