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Appendix A

Al Proof of Theorem 1

92

. . . (—2b
From Eq. (6), the Hessian matrix of the processor’s profit IS[ 0

] , the first principal minor
2 1

is -2b < 0, the second principal minor is -6, +2b3 >0 as b and B become sufficiently large, so

the Hessian matrix of the processor’s profit is negative definite, the processor’s profit is concave in

NS
or. _0

. 0 . . . .
both p and m , solving . i < . The optimal retail price and the carbon reduction efforts of
9T _p
om

r

processors can be expressed as —af, —bwB +1,56, -1, B6, —1,B0, +wo; + B0, + ﬁlez/is)

S
2bp,-6;
0, (—a+bw+1,6,-1,6,-1,0, + 6,4, +6,1,)

and - Wp 0 . We put those two expressions into Eq (7), then
1~ Y




bwp (a—bw+1 6 +1,(-6,+6,)-6,(A + A . NS . .
%= A " ‘2b;( 9‘2 )=0: (% +4)) , solving ag;‘v =0, and the optimal wholesale price is
=

% +é‘fz “04 ZO0A 1 we put the expressions back into the abovementioned optimal

m

s _ A=kl

retail price and the processor’s carbon reduction effort, we can get the following expressions:

wo (30807 )[a+6,(1,—4)+0,(l, -2 -4)] e s [a+6,(1,-1,)+6,(l,- 2, 1,)]
P 26(2b5-6,") T 2(268-0,") ’

NS* bﬁ] |:a+01(lm_ZO)+92(ZO_/1.V_/1;-):| NS* ﬂ[a+91(lm—IO)+92(lo—ls—ﬂr)j|2
DY = , 7=
2(268-6,) 8(2b5-6,)

, and

Ne* ﬂ[a+91(lm —IO)+92 (lo_ls _/L)]z
BT 4(20-06.) '

Putting the optimal decision into Eqs (2-4) can yield E™" ¢s™" and $™ .To ensure that the
price and profit are greater than 0, it is necessary to satisfy [a+6,(l,~1,)+6,(l,-4 -4,)]>0 and
(268-0,)>0.

oW _—0+0, " _(6+6,)(34 -4) om™ _ 6,(-6,+6,)
In addition, % » 7, 26(26,-6;) T, 2(268-67)
aﬂ'rNS* _ﬂl(_el+92)(a+91(lm _ZO)+02(10_2’3_A%)) aﬂ'SNS* _ﬂl(_91+02)<a+01(lm_ZO)+92(IO_A’3_Ar))
ol 4264 -67) ©al, 2(265 - 6;) ’
OE™" _ 2P.urson 510, (_91 +‘92)(a +6 (lm _lo)"'ez (lo -, -4 ))
0l (46, —202) ’
GCSNS* _ bzﬂlzgz (_91 +92 )(a +01 (lm _lo)+92 (lo _)ﬁv _ﬂ’r ))
ol, 4(26p,-6) ’

aSNS* _ IBI (_01 + 02 )(6bﬂ1 _3022 +2pmrbonb92 +b2181 )(a + 91 (lm _ZO)+ 92 (ZO _ﬂ‘s _ﬂ'r ))
al, 4(26p,-62) '

When 6, <, the first-order derivatives mentioned above are all less than 0.

A2 Proof of Theorem 2

ow™  (l=1,)5(268,-67)

Referring to the proof of Theorem 1, we have 99 _b(4bﬁ1ﬂz_(ﬂ| +28,)6;)

™ (h-1,)5.(368-6) op™" (L, —1,)bBp oW
89 :—b 4b _ 2 92 s an 60 = 4b _ 0 12 2 92 . Because O<ZO <lm ’ 60 >0 ,
] (4688, (5, +28,)67) L (4088, —(B+28,)6]) 1
TS* TS*
P >0 oD >0 . Furthermore, we have
a6, ) and a6,
o™ (88, (268,-6) (1, ~1,)(a+6, (1, ~1,)+ 6, (1, 4, —zs))) .
06, ’

(_4bﬂ1ﬁ2 + (ﬂl + zﬂz )922 )2
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on,”" (2ﬂ1ﬂz (b - )(a +6, (L, ~1,)+0, (I, =2, = 4, )))

>0 ,

06, 2(4bB,8, (B, +25,)6,)
o™ (2p b (L =1) BB (B + B,) 0, (a+6, (1, 10)+.92(10—,1,—,1S)))>0
00, (4bB,5,+(B,+28,)6) ’
5Cs™ (b BB (a+6,(1,~1)+ 6, (l =4, 4]

- >0 , and
26, 2(4bB,8, (B, +21,)6,)
as™ (1, =1) BB, (BB, (64 D) 42D, 00, (B + B,) =07 (B, +38,)) (a+ 6, (1, ~1,) + 6, (I, 4, — 4, ))) o
66" (4bﬂ1ﬂ2_(ﬁ1+2ﬂ2) 2 )

A3 Proof of Proposition 1

Because 8WTS* _ ﬂz((gb ﬁl ﬂz +(ﬂ1 +2ﬁ2)92)(lo _/1s _lr)+2bﬂ102(2ﬂl(a+61 (lm _lo)+02(ﬂ1 _4ﬂz)(lo _As _ﬂ“y))))

00, b(bp, B, ~ (B +25,)6; )’ ’
if 5>, the molecules 4B, (I, = A, ~A4.)+(B +25,)6,(2a+26, (1, ~1,)+6,(l, = 2, ~2.)) > 0 Therefore,
{(l%zﬂf@ +(B+28,)65 )L, ~ A ~4,)
o "™ | 12650, (38, +28,)(a+6,(1,-1,)+36,(B -2B)(l, - 4, - 4,))
the solution is 0</k </, - 00, b Bo—(f + 25.)00) - If
™ o p (126° BB, + (B, +2,)05 ) (I, — 4, — 4,) o
o0, , the molecules #: Vb0, (3ﬁ1+2ﬂ2)(a+9( 1)+ 30,8~ 2 (I, — _/1,)) . It can be seen
(1267 B2 B, + (B +2/8,)65 + 63,05 (3, +218,) (B, —28,) ) (A, + 2. )~ 2bB.6, (3B, +21, ) (a+6]1,)
that %> - We make

(126° B B, + (B, +23,)6; +6bB6; (3B, +218,) (B, ~2/3,) —2bB,0,0, (35, +218,))
(1267 B2 B, + (B, +2/8,)05 + 6303 (3B, +218,) (B, —28,) ) (4, + 4, )~ 2b/360, (3B, +213,) (a+ 61,
(1267 B2 B, + (B, +2/3,)65 +6bB,6; (35, +28,) (B, —2/3,) - 2b3,6,6, (35, +213,))

solution is 4 </, <I,.

=

. Therefore, the

4abp, p, +a(131 +2ﬂ2)‘922 (lo )(131 +2ﬂ2)‘9‘9
om™ (B+5) ~4b B, (1,6, +1,(6, —26,)+26, (2, + 1))
Because = SR >0 and
06, <_4bﬂ1ﬂ2 131 + 2ﬂ2) )
op™ (b8 B (408 B.(ly =2~ 2,)+ (B +2B,)0, (2a+26, (1, ~1,) +6, (I, - 2, ~ 1,)))) D™
%6, @~ (B, + 21 + When "5 70, the
molecules  40A5 (I =24 =2,)+(B +25,)0,(2a+26, (1, ~1,)+6,(l, =4 =4))>0 It can be seen that
(46,8, +6; (B +2ﬁ2)) A +2,)=20,(a+61,)(B +28)
0> We take

_(4bﬂlﬂ2+022(,31 +288,))(4 +4,) =26, (a+61,) (B +25,)
- B +28,)(02 -200,)

(

4bBB, +0; (B, +2/,)(6; —266,)
(
(B

) , then the solution is % <k </, -

4bB B, +6;

A4 Proof of Proposition 2
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(B +28,)(a+6,(1,-1,)))
BB (a+6,(1,1,)+0, (I, =4, - 4))| +86° BB, (I, = 4, — 4,)

op ™ 26860, (2(f, +28,)(a+6, (1, ~1,))+ (8 ~28,)6, (1, - 4.~ 1,))
Because ———= 3 >
20, (468.8,-(5.+28,)6,)
. ~((B+28,)(a+6,(1,-1,))65)
i 9% >0 then BB (a+6,(,—1,)+0,(1,—4—4)) +86°B B, (l,— 4~ 4,) >0.

2

26,0, (2(B,+2,)(a+6,(L, =1,))+ (8 ~28,)0, (I, 4, - 1,))
(a+66,1,-4bB,0,(a+01,))(B +28,)+ (80’ BB, + 2686, (B -2/3,)) (4, +4,)
(6.6, —4bp,0,)( B, +21,)+(80° B B, + 23,6, (B, —218,))
(a+66,1,-4bB0, (a+61,)) (B +28,)+(8 BB, + 2686, (B -28,))(4 +4,)
(6.6, —4bB6,)( B +2,)+(86° B B, + 2686, (B, -213,))

It can be seen that % >

we take 5= , then the solution

is 13 <lO <lm .
ox™  BB((B+28,)(a+6,(L,~1,))6, +4bB.B, (I, = 4, —2.))(a+6, (L, ~1y)+ 6, (L, = 4.~ 1))
Because 0 -

, (4588, - (. +28,)0.2)
aggs*w,then BB ((B+28)(a+6,(L, 1)) 0, +4bB B, (I, = 2, = A,))(a+6, (L, ~1,) +6, (L, — 4, = 4,)) > 0.

4b4, B, (ﬂr +ls)—l92 (,BI +2ﬂ2)(a+l9]lm) /= 4bp, B, (l}, +ls)—92 (,Bl +2ﬂ2)(a+911m)
4b5,5,~ 06, (f, +25,) » then take %= 15,5, ~00,(5,+25,)

so the solution is % </, </, -

3

if

We obtain % >

5

4abp B, +3a (B +2,)6;
pcar‘bunbﬂ]ﬂ2 (ﬂl +ﬂ2)(a+01 (lm _lﬂ)+92 (10 _j’r _ﬁﬁ')) +(ﬂl +2ﬂ2)922 (3171191 +lU (_391 +02)_92 (ﬂr +As))
st —4bB B, (-1 0 +1 (6, -36,)+36, (1 + A
Because ok _ ﬂlﬂ2(}m |+ (6,-360,)+36,(7,+4,)) 0
% (4688, +(8 +25.)02)

b B p2* (a+6,(1, —1,)+6, (I, 4, - 2,))
6CSTS*=(4bﬂ1ﬂ2(lo_l ) (ﬁ1+2ﬂ2) (2a+29 (l 10)+92(10—lr—ls))) . oC, s

and , 1f >0 then
%, (4[7'31'32 _(ﬁ1+2ﬂ2) 2 ) 00,

(4688, (I, =2, = A)+ (B, +2,)6, (2a+26, (1, 1)+ 6, (I, = 4, = 4,))) > 0 _ it can be seen that

1 4bBBy (A, + 24 )~ (B +2p,)6,(2a+261, -0, (4, + 1))

e

4bﬁ1ﬁz (B,+28,)6,(0, 29) . If we take

)6 (
)
4bBB, (4, +A)—(B +28,)0,(2a+261,-6,(2, + 1))
s 4bﬂ1ﬂ2 (B+25,)6,(6, -26,)

In addition,

, then the solution is % </ </,
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os™  Bp(a+6,(1,~1,)+6,(l,— 4 -1))

00, (465.8,~(5 +28,)0.2)

~((B+28,)(a+6,(1,~1,)) 63 )+86* BB, (I, — 4, = 4, )+ 2636, (2(B + 28, ) (a+6, (1, ~ 1))+ (B ~28,)6, (L, = 4, ~ 4,))
+8, (B +28,) (4688, ~ (B, +2/,)6, ) (a+6, (1, ~1,)) 0, +4bB,B, (I, = A, A,

P (B, +B,) (B +28,)05 (3a+36, (1, = 1,)+ 0, (I, = 4, = 4,)) +4bB, B, (a+ 6, (1, = 1,) + 36, (I, = 2, = ,)))

b*B B, (4bﬂ1ﬂ2(lo—/1,—ls)+(ﬂ1+2ﬂ2)92(2a+291(lm—lo)+92(10—i,—ﬂs)))

3

TS*
ir &
00

2

>0 then

~((B+28,)(a+6,(1,~1,)) 62 )+ 8 B2 B, (1, = 4, = 4, )+ 268,60, (2( B + 2, ) (a+0, (1, =1,))+ (B = 28,) 0, (I, = £, = 4, )

+8, (B, +28,) (4088, (B, +28,)6; )(a+6,(1,~1,)) 0, +4bB B, (I, = 4.~ )

P (B + ) (B +28,)65 (3a+36, (1, — 1) +0, (1, = 4, = 4,)) + 46 B, (a+ 6, (1, =1, ) +36, (l, = 4.~ 1,)))

BB B, (4685, (=4 —4,)+ (B, +2,)0, (2a+26, (1, ~1,)+ 6, (L, = 4, = 4,)))
~((8+28,)(a+6,(L,~1,))65 ) +86" BB, (1~ 2, 4, )+ 2686, (2(8 + 25, )@+, (1, ~1,)) + (B ~28,)6: (1~ 4, = 1))
+B, (B +2,) (4D B, ~ (B, +28,) 6,7 )(a+6, (L, ~1,)) 6, + 4B By (1~ 4, - 4, )

Let 0h)= P (B4 B,) (B +28,)65 (3a+36, (1, =1, ) + 6, (1, = 4, = 4,)) + 4bB S, (a+ 6, (1, ~1,)+36, (1, = £, - 4 ))) ’
b B B, (4685, (I, =4, = 4.)+ (B +28,)6, (2a+26,(1,~1,) +6, (1, -4, - 4,)))

The function Q(/,) is linear with respectto /,. Let /, denote the value of /, when Q()=0.

Therefore, the solution is I, </, </, .

>0

A5 Proof of Proposition 3

B6: [a+0,(1,~1,)+6,(l, A ~2,)] (368,-65) 63 [ a+6,(1,~1,)+0, (1,4 = 4,)]
Aw= >0, Ap=
Because 2] 28, (268,-6;)- 6 | 2(20,-6; ) 28,(208,- 62 )- 6 |
B0, (46, - 63 ) a+6,(1, ~1,)+0, (I, A, —4,)] o and AD bBi0;[a+6,(1,~1,)+0,(l, -4 1] 0
= >0, = >
2(268,-62)[ 28, (26, - 6 )- 6 | 2(268,-6: ) 28. (205 - 6;)- 63 |

then the solution is w™ >w™",  p™ >p™", W™ +m™ >m™", and D™ >D™.

>0 ,

A6 Proof of Proposition 4

o PO(4A-G)(L, L) L oAD b4:60; (1, =)

We h —=
S o0 -0 )2 (8- 6 ) -5 00, 220 -60) 20, (208, -6)-45]

A7 Proof of Proposition 5
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((2,=1,)(B,+28,)6,6,°)+326" BB, (1,6, — 1, (6, ~26,) - 2(4, + 1,) 6, )+
a(320° B B, +8b° B (B, + B,) 0, —2b, (55, +883,)0," + (B, +2/3,)0,° ) +
26,0, (-1, (58, +88,)0,+2(2, + 4,) B0, +1, (58,6, +85,6, - 26, )) +
Am 86° 326, (L, (B, + B2) Bo6, +4(4, +A,) o0, =1, (8.6, + B, (6, +46,)))

1

We have = 5 >0 and
00, 2(26,-0:) [2, (265, -6 )- 56 |
(1662828, (a+(1,~1,)6)+ 2406 (I, = 4, = 2.) B2 5,0, = 2b(1, = 4, = ) B, (B, +413,) 6’
oAD _ 20828 (a+ (1,-1,)8)8, — (I~ 4~ A) (B, +25,) 6, o
00, 2(20 —9;)2[252 (264, —622)—,3]022]2

A8 Proof of Proposition 6

If we let Az =x""-2"", Az, =" -2, AE=E" -EY™ , ACS=CS™ -cs™ , and
2
AS—ST_55 . we obtain  ag —tOlhh)+0 (k-2 -2)] ﬁ12(8bﬂ]ﬂ29§—(2ﬂ1+4ﬁ2)9£‘) ’
8(26,-63) 28, (26563 )- 6% |

B0 [a+6,(1,—1,)+0,(l,— A ~4)]
4(268,-6:) 28. (265, - 62 ) - B6: |

s

1 + 4ﬂ2(ﬂl +ﬂ2)
(268-6) (25, (208, -6:)- 56 |

BB (804.8,05 - (5, +48,)0: ) [a+06,(1,~1,)+0,(l,— 2, - 2)]

AE = pczlmn bﬂ162 |:a+91 (lm _ZO)+92 (Z() _ﬂ’s _/ly ):|2 X| —

and

ACS 2 2 ’
8(-268,+0;) (—4bBB, +(B,+25,)60;)
_b(6+b)ﬂ] _2pcarbonb92 +3022
2
M:ﬁl[awg(zm—10)+92(10—/1Y—/1,,)]2 (-265,+6;)

3 : A8 (BB, (6+)+ 200 b (B +.)0~(B +38)6) |
[26,(265,-63)- 562 ]

A9 Proof of Proposition 7

—4b 281602
We  have Az, _ (4085, +(5,+25,)6,’)

06, 4(2bp,-6,7)

on, (b =) 207 (a+6(h ~h)+0, (b =4 - %))

6, 2(268, -6, )(4bBB, — (B, +2,)0,")

(lm_lo)ﬁ‘(a+91(1m_10)'“92(10_/77_/15))[1_ 4ﬂ2(_2bﬂ1+92 ) ]
0

b

OAE 1

=_pcarbonb(lm _lo)ﬁlez (a+61(lm _lo)"'ez (lo_lr_;ts)){_ 1 + h, (ﬂl+ﬂ2)

2 7|7 0 ’

(-268,+06)  (—4bBB, +(B +28,)6,) J

oaCs _ b (b —h) A (a+6, (1, ~ 1)+ 0, (l — 2 —A4))(868,5.0, - (5, +45,)0,")
a6, 4(-2b5,+6) (~4bB. S, + (5 +25,)6.2)

20, 2

<0 s and
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_b(6 + b)ﬂl - 2lycarbonbeZ + 3922
(268,-6)

OAS 1
= =—(l,- — - 0.
50, aln )/ (a+80=h)+0,(b=4.-4)) 4B, (B(6+5) BB+ 2.0b (Bt )0, ~(8 +35,)0) |
+ 2
(4688, - (B, +25.)6,")
A10 Proof of Proposition 8
2B =4,=4)+(1,~1,)86, + b,
(20802
166878, (46 B, (I, - A, = . )+(B +28,)(a+(1, 1,)6,)6,
We have a@A@ﬂr:%ﬂl(‘H’Hl(Zm_lo)‘l'az(lo_lr—/ls))+ ﬂlﬁZ( ﬁlﬂZ(U ’ S)+(ﬁ+ﬁ)(a+( ) ) ) >07

(B, +25,) (45,6, (5 +26,)6)
+—8b(10 =4, =2) B (B =28,) B, +4B, (B, +28,)(a+ (L, -1,)6,)6,
(B,+28,)(46p.5, (5 +26,)0.2)
80° BB, (a+6,(1,—1,))+166° B B,0, (I, = A, — A.)
B0, (a+6,(1,—1,)+6,(l, = 2, = 1)) =2b(l, = A, = 2,) B, (B, +4/3,) 6,

2

oAz, _ —(B,+28,)(a+(L,-1,)6,)6,* o
06, 2(265,-6,2) (4bp.B, (5, +25,)6.°) ’
OAE 1
20, = charbonbﬂl (a +0, (lm _10)+92 (lo -4, =4 ))
46, (a+6,(1,~1,)+0,(l,— 4, - 4,)) L - LACREY GRS, ;
(-268,+6,)  (—4bBB, +(B, +25,)6,)
A ,and
+282(lo_lr_ls) - ! 2+ ﬂZ(ﬂl+ﬂ2) 2 >0
(-265,+6,)  (~4bBB, +(B +25,)6,")
Ha+0,(1,~1,)+0, (I~ 4 —A,))| ~————+ Plhth)
(-265,+6,7) (4B, +(B +25,)6,")
640 BB, (a+6,(1, 1,))
+1285° (1, = A, = 4,) B’ 6,
_24b2 (lo _/77 _/73 )ﬁlzﬂz (ﬁl +4:B2 )‘923
b’ B0, (a+6,(1,~1,)+0,(,— 2, - A,))| —24bB,B, (B, +28,)(a+6,(1,-1,))6,
12b(ly =2, — 4,) 26y’
+2(B,+28,) (B, +4B,)(a+6,(1,-1,))6,
5ACS= +(lo_/1r_/lv)(ﬂ1+2ﬂ2)(ﬂ1+4:82)927 50
20, 4(265-0.2) (468, (B, +25.,)6.") '
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