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Appendix A

Proofs in Model N, Model C and Model J

Model N is solved by the inverse induction method. The supplier initially determines e, w and

P,, » followed the manufacturer decides on p and p, . The profit function of the manufacturer first

takes the derivative of p and p,, and lets 07, —0, o7, _ 0.
op op,
. . a+bw+ep 1
Solving these yields, p= —p p, = 5(p'" —p, A+VA).

Substituting p and p,  into the supplier’s profit function, and taking the derivative of e, w and

P,, » then setting them equal to 0.

Subsequently, the equilibrium solution is obtained as below,



e —ap+bcp WV = 2(a+bc)k(~1+s)+cp’ v Ba+bo)k(-1+5)+cp’
Abk(~1+s)+p*’ abk(-1+s)+p> Abk(=1+5)+ p°

5

e —Ct+e, +el—c A+vA
P Ty

~Lere Clen—catva).
4 r

By substituting the equilibrium solutions into the profit functions, the optimal profits can be obtained,
as below,

N

s é((c+cr(—l+/1)—c/1+vﬂ)2 L Ma _bc)zk(—lﬂ)J

4bk(~1+5)+ p°
b(a—bc)’ k> (-1+5)’
(4bk(-1+5)+p7)

m

V= %(c, +e(~1+ )= (c, +V)A) +

e _ 48P’ k* (—~1+s)’ +24bk(—1+s)(c—cr —cA+(c, +V)ﬂ,)2 P’
’ 16(4bk(~1+5)+ p*)

3(c—c,—cA+(c, +VA) p* +8a’k(~1+5)(6bk(-1+5)+ p’)
16(4bk(~1+5)+ p*)

The

+

16abek(~1+5)(6bk(~1+5)+ p2)+8b2k(—1+s)(6k(—1+s)(c—c, —cd+(c, +MAY +c2p2)

+ 2
16(4bk(~1+5)+ p°)

proof processes of Model C and Model J are the same as Model N.
Appendix B

Proof of Proposition 1

We compare the optimal Al technology efforts across the three models,

oM o —ap+bcp —ap+bcp _ 4b(—a+bc)k pp
Abk(—1+5)+p*  Abk(=1+s5+p)+p*  (4bk(~1+5)+p* )(4bk(~1+5+B)+p")’

o g —ap+bcp (a—bc)p
T T Abk(—l+s+ B)+ p° 2bk(=1+s+ BY2+7)—p
2b(—a+be)k(—1+s+ B)yp ’
(26k(~1+5+ B)(-2+7)— p*)(4bk(~1+5+ B)+ p°)

Dueto —a+bc < 0,4bk(~1+5)+ p° <0,4bk(-1+s+ )+ p* <0,
—14+s5+ £<0,2bk(=1+s+ B)(-2+y)—p° <0,

* £3 * *
we conclude, e’ < e, e <e’,

thus eV <e <e”.
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Proof of Corollary 1

We analyze the sensitivity of e and e’" to key parameters.

oe”” _ 4b(a—bc)kp oe’ _ 2b(—a+bc)k(-2+y)p
B (4bk(-1+s+p)+p?) OB (2bk(-1+s+p)2+7)+p>)

With respectto /3,

J - —
With respect to ¥, Oe” _  2b(za+bok(-1+s+f)p

O (2bk(-1+s+ Y2+ +p*)

Dueto —a+bc<0,—1+5<0,—2+y <0, 4bk(=1+5)+ p° <0, 4bk(—-1+s+ )+ p° <0,
—14+s5+£<0,2bk(=1+s+ L) (-2 +y)—p° <0,

C J J
we obtain, de >0, de >0, de > 0.
op op Oy

The comparative statics with respectto k&, pand s follow similarly and are summarized below,

oe" _4b(a—bc)(-1+s)p oe” _4b(a—bc)(-1+s+pB)p
Ok (4bk(-1+5)+p") Ok (4bk(-l+s+B)+p’)
oe’  2b(—a+bc)(-1+s+B)-2+y)p

Ok (<2bk(-1+s+BY=2+7)+p*)

de"  (a—bc)(—4bk(-1+5)+p’) e (a—bc)(4bk(-1+5+p)-p’)
op (4bk(-1+5)+p2) 0P o (4bk(~1+5+p)+p*)
oe’  (a—bc)(2bk(~1+5+B)(-2+7)+p’)

o (-2bk(~1+5+ B)-247)+p*)

oe" _ 4b(a-bc)kp oe” B 4b(a—bc)kp
O (dbk(-1+s)+p*) O (4bk(-l+s+p)+p*)
oe’ B 2b(—a+bc)k(2+y)p

05 (“2bk(~1+s+p)-2+7)+p)

N C J N C J
we conclude, aL<O, ai<O, ai<O; de >0, de >0, de > 0;
ok ok ok op op op
N C J
8L >0, ai >0, ai >0.
os os os

Journal of Industrial and Management Optimization Volume 22, Issue 10, 5001-5038.



Proof of Proposition 2

2
Comparison of wholesale price w, w" —w" =— Aa—be)kfp <0,

(4bk(=1+5)+ p*)(4bk(~1+5+ B) + p°)

e Aa=boYk(2bk(<1+5)(=1+5+ By +(-B+(=1+5+B)y) p’)
v ((2bk(=1+5+ B)(-2+7) - p* ) (4bk(~1+5)+ p* )

_ _ 2 272 2 2 _ 2 4
When 0 < s < 40k=20kB—p 40K By +8bk fp* — 4bk Byp® + yp ’
4bk N

* * * * s
we have w’ <w"", thus w <w" <w"".

_ 2
Comparison of retail price p, p" —p~ =- 3(a2 be)k Bp :
(4bk(=1+5)+ p* ) (4bk(~1+5+ B)+ p°)

<0,

PR (a—bo)k (20k(=1+5)(~1+5+ By +(-3B+2-1+5+B)y) p’)
por= (2bk(~1+5+B)-2+7)— p* ) (4bk(-1+5)+ p*) '

_ _ 2 272 92 2 _ 2 4
When 0 < s < 20k=bkB=p DKy + 6bk Bp* — 26k fyp* + 10 |
2bk 2bk\Jy

we have p”" <p"',s0 p”" < pV < p“.

Proof of Proposition 3

2 2
Supplier’s profit comparison, 7z} -7z = (a—bec) kpp <o,

$ 0 2(4bk(-1+5)+p ) (4bk (-1 45+ B)+ o)

2 gl = bla—be)’ k> (=1+s+ B) 'y <0.

(26k(~1+s5+B)-2+7)— p* ) (4bk(~1+5+B)+ p°)

Dueto —a+bc<0,—1+5<0,—2+y <0, 4bk(~1+5)+ p° <0,
Abk(~1+s+B)+p° <0,—1+5+ B <0,2bk(~1+5s+ B)N(-2+7)—p° >0,

. . . * * *
which implies 7. <7z¢ <) .

Manufacturer’s profit comparison,
(a—bcy kP’ (16b°K> (~1+5) B +2bk(2 25+ B)p” — p* )
2(4bk(-1+5)+p* ) (4bk(~1+5+ )+ p*)

N* Cc*
. —7 =

m m
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m _ﬂ’-m -

b(a—bc)zkz(—l+s+,B)}/(4b2k2(—1+s + B) v +2bk(—=1+ 5+ B)-2+2s+6B—By)p> +(=1+s +3,8)p4)
(4bk(~1+ 5+ B)+ p*) (~2bk(~1+5+ B)-2+7)+p*)

T

5

—4bk p* +4bksp* + p° e (~1+s+38)p (4bk(~1+s+B)+p’) .
—16b°k> +16b°k>s + 2bk p* 2bk(—1+5+ ﬂ)(Zbk(—l +s5+ ) - ﬂp2)

when 0< <

. N* * *
obtain 7 <zt <zl

Proof of Corollary 2
Sensitivity of supplier’s profit to subsidy rate s,
N 1 N2 2 c 1 N27 2
org _ (a=bc) kp >0, org _ (a=bc) kp >0,
0 2(4bk(-1+s5)+p’) O 2(4bk(-1+s+p)+p’)
o (a—bc)’ kp’

_ >0.
05 2(-2bk(-1+s+ fY-247)+p7)

or)  2b(a—bc)’ k’(=1+5)p°

Sensitivity of manufacturer’s profit to subsidy rate s, = — >0,
Os (4bk(-1+5)+ p*)

¢ 272 )
when 0<s<1-34, 07, _2b(a—be)’k*(=1+s+3pf)p

— >0,
Os (4bk(-1+5+B)+p’)

3-2By+y-1 o, 2b(a—bc)’ k? (1—5—3ﬁ+(—1+s+2ﬁ)7/)p2

| - >0.
71 Os (2bk(—1+s+ﬂ)(—2+7)_p2)

when O<s<

Proof of Proposition 4
_ 2
Emissions comparison, E" —E< = b(za +bc)2kﬂ,0 (¢ +7,+7,) _
(4bk(=1+5)+ p* ) (4bk(-1+5+ )+ p°)

2b* (a—bo)k* (~1+s+B)’ y(z, +7, +7,)

EC-E" = ,
(26k(~1+s+B)(2+7) - p* ) (4bk(~1+5+ B)+ p*)

Dueto 7,>0,7,>0,7, >0 and —a+bc<0,—1+5<0,—2+y<0,4bk(~1+5)+p” <0,

Abk(—1+s+B)+p> <0,—1+5+ B <0,2bk(~1+s+ B)(-2+y)—p° >0.

We conclude EV < E<", E< <E”
Thus EV <E“ <E”.
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Proof of Corollary 3
Emissions sensitivity to subsidy rate s,

OE"  bla—bo)kp’(r,+7,+1,) OES bla—bo)kp’(r,.+7,+7,)
= 2 2 = 2
Os (40k(~1+5)+ p*) O (4bk(-1+s+pB)+p")

OE’  bla—bo)kp’(r,+7,+7,)

05 (-2bk(~1+s+p)(2+)+p )

Dueto 7, >0,7,>0,7z,>0 and a—bc>0,

m

OEY OE€ OE’
>0, >0,
Os Os os

>0.

SO

Proof of Proposition 5
2(2+b)(~1+5)(4bk(-1+5)+ p*)
8b(4+b)k(=1+s)+(6+b)p’

(4bk(~1+5+B)+ p*)(BQ2+b)k(~1+5+ B) = B’ )
bk(~1+5+ B)(b(6+b)k(~1+5+ B) +(~1+5)p")

Social welfare comparison, when 0< f < —

b

, We obtain,

O<y<

SW"N —SW¢ =
b(a—be) k> B’ (Sbk(—l+s)((2+b)(—1+s)+(4+b),B)+(2(2+b)(—1+s)+(6+b)ﬁ)p2)
2(4bk(~1+5)+ p*) (4bk(-L+s5+ )+ p*)

<0,

SWE-Sw’ =

2b(a—be)* k> (—1+s+ B)yb’ k> (—1+s+ f)’ (—8+b(—4+y) +6y)

(—8b2k2(—1+ s+ ) (=2+y)=2bk(~1+s+ B4+ y)p° + p* )2

_2b(a —be)’ K (~1+5+ B)y(bk(=1+s+ ) (2 -2 +b(-1+s+ ) —s(2+y)+¥) p* + fp") <o,
(—8b2k2 (=1+5+ B) (-2+y)=2bk(~1+s+ B)(~4+y)p* + p* )2

we conclude, SW" <SW¢ <Sw”.

Proof of Proposition 6
Optimal Environmental impact:
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(a—bc) (bk(—l +5)+p° )
4bk(~1+s)+ p°

e =[ep+ (a—bc)(bk(—1+s)+p2)

1
4bk(~1+5) + p* ](‘*/;’7 * Tc){z(CHC(—lM) —(cr+v)A+4ep)+

(a—be)(bk(~1+5)+ p°)
4bk(—1+5)+ p*

+(—%(—1+ﬂ,)(cr+c(—l+/1)—(cr+v)/1)+ep+

J(—\/Enﬂm)

+%(—1+/1)(C+cr(—1+i)—c;t+V/I)(\/zn—r,,)+%/l(c+cr(—1+/1)—c/1+v/l)rt

cr (a_bC)(bk(—1+s+ﬂ)+p2)
E [ep+ Abk(~1+s+ B)+ p’ ](—\/gfﬁrc)

1 (a—be)(bk(-1+5+B)+p’)
+[Z(l+/1)(cr+c(l+/”t)(cr+v)/1)+ep+ ST h) }(\/Zmrm)

+%(—1+l)(c+cr(—l+/1)—cl+vl)(\/g77—rr)+%/1(c+cr(—1+ﬂ)—cl+vl)rt

(a—be)(bk(-1+5+B)+ p’)
4bk(~-1+s+ B)+ p’ fu

J{i(ar+c(l+/l)(cr+v)ﬂ,+4ep)+

Jx (a—bc)(bk(—]+s+ﬁ)+p2)
E (ep— 2bk(=1+5+B)(-2+7)-p° (_\/;77+Tc)

1 (a—bc)(bk(-1+5+p)+ p*)
+[Z(l+/l)(cr+c(l+/”t)(cr+v)/1)+ep T E—— J(x/;77+z'm)

+%(—1+l)(c+cr(—l+/1)—cl+vl)(\/g77—rr)+%/1(c+cr(—1+ﬂ)—cl+vl)rt

+l(cr+c(1+/1)(cr+v)/1+4ep 4(abc)(bk(1+s+ﬁ)+p2)Jru
4 2bk(-1+s+ ) 2+y)—p

3b(—a+be)k B’ (2J2n -7,-7,-1,)

NE_pCr ,
(4Dk(=1+5)+ p* ) (4bk(~1+5+ )+ p*)
2b(—a+be)k(=1+s +,6’)y(bk(—1+s+ﬂ)+p2)(2«/277—rc -7, —ru)
EC-E" = ,
(20k(~1+5+ B)(-2+7) - p" ) (4bk(-1+5+ B)+ p*)
Dueto T >0:7,>0.7,>0 4 —a+bc<0,—1+5<0,-2+y <0,4bk(=1+5)+ p* <0,

4bk(=1+5+ )+ p* <0,=1+5+ B <0,2bk(=1+5+ f)(2+y)—p* >0

T, +71, +T,

And when 7 > . we conclude EN < ES , EC <E”
2\/e
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Thus EY <E <E”"

Proof of Proposition 7

Optimal Social welfare:

48b°c’ k> (=1+5)" +8b*c*k* (=14 5)* +24bk(~1+s) (c —cr—cA+(cr+ v)/”t)2 o’

+3(c—cr—cA+(cr+v)A) p* +8a’k(b(6+b)k(~1+5)" =2p°)

+16abek (~b(6+b)k(~1+5)* +2°) +16b2k(3k(—1+s)2 (c—cr—cA+(cr+v)A) —czpz)
16(4bk(~1+5)+ p*)

SV =

480°c’k* (—1+s+ B)’ +8b*c’k* (=1 +s+ B)’

+24bk(~1+ 5+ ) (c—cr—cA+(cr+v)A) p

+3(c—cr—cA+(cr+v)A) p* +8a’k(b(6+b)k(~1+s+ ) —2p")

+16abck (~b(6+bYk(~1+5+ )’ +2p° )+

16b2k(3k(—1+s+ﬂ)2 (c—cr—cA+(cr+v)A) —czpz)
16(4bk(~1+s5+f)+ p*)

SW< =

8b*c’k* (=1+s+ B)’ —16b°c’k* (—1+ s+ )’ (-3 +2y)

—12bk(~1+ 5+ )2+ ) (c—cr—cA+(cr+v)A) p*

+3(c—cr—cA+(cr+v)A) p* +8a’k(bk(~1+5+ B)’ (6+b—4y)-2p")

—~16abck (bk(~1+ s+ B)' (6+b—4y)-2p")

+4b2k(3k(—1 +5+ B (=2+7) (c—cr—cA+(cr+v)A) —4c’ pz)
16(~2bk(~1+5+ )2+ 1)+ p*)

Social welfare comparison,

2(2+b(=1+5)+65)(4bk(~1+5)+ p°)
8bk(—2+b(~1+5)+65)+(6+b)p’

Sw’ =

when 0< < —

9

4b2(2+b)k2( 1+s+ B) +bk(=1+s+ B)b(~1+5+ ) -2B+s+ B)p’ —(+s+ p)p*
bl(—1+ 5+ B)b(6 +bYk(—1+5+ ) —2p)

, WE

0<

obtain,
SWN —Swe =

b(a—bc)’ kB’ (8bk(b(=1+s)(=1+5+ )+ 65(s + )
_—2(1+2s+,B))+(4+12s+6,6’+b(—2+2s+ﬂ))p2)

2@bk(—1+5)+ P2 (dbk(— 115+ )+ p°) O
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SWE—-Sw’ =
2b(a—be)’ k*(—1+s+ By (b’ k*(~1+5+ B) (—8+b(—4 + y) +6%)

—bk(~1+s5+ B b(~1+5+B)-2@+s+ -y p  +(1+s+B)p*) <0
(=8P’ k*(=1+s5+ B)(=2+y)—2bk(-1+ 5+ B4+ 1) p° + p*)’ ’

we conclude, SW" <SW® <Sw”.
Proof of Corollary 4

Social welfare sensitivity to subsidy rate s,
osw™ _b(a —be)’ k> (2+b(—1+5)+6s)p>  OSWC _b(a —be)’ k> (2+65+68+b(—1+5+ B))p’
Os (4bk(~1+s)+ p*)* © Os (4bk(=1+s+ B)+ p°)’

5

oSW’  bla—bc)’k*(2+6s+6B+b(—1+s+ f)—4(s+ B)y)p’
os (2bk(=1+5+B)(-2+7)+p*)’ '

Dueto —g+bc<0,—1+5<0,—2+y <0, 4bk(~1+5)+ p° <0,
Abk(~1+s+B)+p° <0,—1+5+ B <0,2bk(~1+5+ ) (2+y)—p> >0

-2+b oSw"
>

9 O’
6+b Os

So, when s<

“2+b-6f-bB AW _

M O’
6+b Os

when s <

S<—2+b—6ﬂ—bﬁ+4ﬂ7/ 8SWJ>
When 6+b—4y , Os

0.

The proof processes of Proposition § are the same as Proposition 1 and 3.
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