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A. Appendix

Al. Comparisons between 2nd-period appropriations (benchmark
vs. SO)

Table Al. Comparisons between 2nd-period appropriations (benchmark vs. SO)

* SO - 0] ¥ o)
Wio Wio Wiy — Wiy | Wi — Wy

0 =0.5 10.52192 | 0.41233 | 0.10959 1.43196
0 =0.75 | 0.52246 | 0.41337 | 0.10909 1.42214

0=1 10.52300 | 0.41439 | 0.10861 1.41239
g =0.5 ]0.52192 | 0.41233 | 0.10959 1.43196
g =0.7510.52192 | 0.41206 | 0.10986 1.43162

g =1 |0.52192 | 0.41193 | 0.10999 1.43146
r=0.75 | 0.52192 | 0.41233 | 0.10959 1.43196
r=0.5 |0.34770 | 0.27441 | 0.07329 1.43999
r=0.25 | 0.17373 | 0.13696 | 0.03677 1.44878

0 =5 10.52192 | 0.41233 | 0.10959 1.43196

0 =6 |0.62630 | 0.49499 | 0.13132 1.71859

0=7 10.73069 | 0.57771 | 0.15298 2.00531
c=0.5 |0.52192 | 041233 | 0.10959 1.43196
c=0.751]0.37069 | 0.28697 | 0.08372 0.99455
c=09 |0.31526 | 0.24261 | 0.07265 0.84003
d=0.5 ]0.52192 | 0.41233 | 0.10959 1.43196
d=0.75 | 0.47119 | 0.38568 | 0.08551 1.34318
d=09 |0.44102 | 0.37018 | 0.07084 1.29069




A2. Comparisons between 2nd-period appropriations (competitive
abatement vs. SO)

Table A2. Comparisons between 2nd-period appropriations (competitive abatement vs. SO)

W2 wyo | W — wid | Wy — WO
0 =0.5 ]0.52279 | 0.41233 | 0.11047 1.43291
0 =0.75 ] 0.52376 | 0.41337 | 0.11038 1.42360
0=1 0.52470 | 0.41439 | 0.11031 1.41438
B =0.5 ]0.52279 | 0.41233 | 0.11047 1.43291
B =0.75|0.52250 | 0.41206 | 0.11044 1.43226
B = 0.52236 | 0.41193 | 0.11043 1.43193
r=0.75 | 0.52279 | 0.41233 | 0.11047 1.43291
r = 0.5 | 0.34809 | 0.27441 | 0.07369 1.44042
r=0.25 | 0.17383 | 0.13696 | 0.03687 1.44888

0 = 0.52279 | 0.41233 | 0.11047 1.43291
0 = 0.62756 | 0.49499 | 0.13258 1.71997
0 = 0.73240 | 0.57771 | 0.15469 2.00718

c=0.5 |0.52279 | 0.41233 | 0.11047 1.43291
c=0.75{ 037081 | 0.28697 | 0.08384 0.99467
c=0.9 | 0.31531 | 0.24261 | 0.07269 0.84008
d =05 ]0.52279 | 0.41233 | 0.11047 1.43291
d=0.75|0.47313 | 0.38568 | 0.08745 1.34529
d=09 |0.44378 | 0.37018 | 0.07361 1.29371




A3. Lemma 1l

Each firm ¢ maximizes the following profit function in period 2:

Wia (Wig + wj2)
—dwﬂ — dwjl + 9)

7Ti2:\/w_i2\/x_i2_cwi2_r(
Taking first order conditions with respect to w;» and x;5, we obtain

T2 2wio + wjz

2\/Wiz T (0 —d(wir +wj1))

V Wi2 B
2\/x;o

Simultaneously solving the above equations we obtain the following best response functions,

=0

c=0.

r (0 —d (wil + wjl)) — 4cwj2
8c

W2 =

r (9 —d (wil + wjl)) — 4CU)j2
32¢3

Tig =

By symmetry, firm j has similar best response functions. That is,

r (0 —d(wi +wj1)) — 4w
8c

Wjo =

r (0 —d(wi +wjr)) — dew;s
32¢3

$j2 =

Simultaneously solving them we obtain period-two appropriations,

r (0 — d(wzl + wjl))

iz = = 12¢
r (‘9 —d (w,-l + wjl))
Tz = 2 = 48¢3
which are positive if d < ——.
w1 + Wj1

A4. Proposition 1

Second-period profits are obtained by plugging results from Lemma 1 into period 2 profit
function,

T (—dwil — d’LUjl + 9)
144¢2 '
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Hence first-period aggregated profits are

Wit (wﬂ + U}jl) (5 (T (—dwﬂ — dwjl + 9))

V Wily/ 441 il 0 1442
Taking first order conditions with respect to w;; and z;; we obtain

dor w;1 + Wj1 W;1 i \/x_zl
144¢2 0 0 21 /Wit

v Wil B
2y/Tuin

Simultaneously solving the above equations we obtain firm ¢’s best response

c=0

6(36¢c — dor)  wjn
Wil =~

2882 2

Similarly, the best response function for firm j is

0(36¢c — dor)  wi
288c2 2

wjl =

Simultaneously solving the above best response functions, we obtain first-period equilibrium
appropriations for each firm ¢,

0(36¢ — dor) 0(36¢ — dor)

* d ot —
Wi 13202 M Ta 17284

36¢

which are positive if r < —.

Finally period 2 equilibrium appropriations are obtained by substituting the above results
into Lemma 1. We find

Or (36¢(6¢c — d) + 6d>r) . Or(36c(6c—d) + dd*r)
and z}, =
2592¢3 10368¢?

* —
Wi =

By symmetry, firm j equilibrium appropriations are the same than those for firm 7.
Comparative statics period 1:

owy;  (36¢ — dor)

20 1302 which is positive for all admissible values of 7.
c

Comparative statics period 2:

ows, 0 (18¢(6c — d) + dd> — 18¢(6c — d
i _ (18¢( ;2960)3 r), which is positive if r > (;(2; )

for allradmissible values of r.

, which is satisfied



Owj,  Or(72¢* — 24cd + d?or)
dc 864c*

6c (VIVZ =07 +2)
or

, which is positive if d <

36¢(6¢ — d)

36¢
The condition that guarantees wj; > 0is r < 5 and that for w}, > 0isr > 725

36(6¢ — d) 36¢

Thus, combining these two conditions we obtain that r € | 25 ds )

Comparing both cutoff we have that,

36¢(6c —d)  36¢
&5 A
e <d
36(6¢c — d) 36¢
———~ —] and

Hence, equilibrium appropriations in both periods are positive if r € | 5

<d
c<g

A5. Proposition 2

Each firm ¢ maximizes following profit function in the second-period,

Wiz (Wi + wj2)
(—dwﬂ (]_ — Z,‘l) — dwﬂ (]_ — Zjl) + 9)

Ti2 = \/Wi2X4j2 — —CTij2 — ,
Taking first order conditions with respect to w;s and x;o, we obtain

\/L;2 2’LUZ'2 + ij
2,/wi2 T (dwzl (Zil — 1) + dwjl (Zjl — 1) + 0)

v Wi2 B
2\/%‘2

Simultaneously solving the above results yields the following best response functions,

c=0.

Or + drwil (Zil — 1) + d?"wjl (Zjl — 1) — 4C'LU]'2
8c

Wi =

Or + drwﬂ (Zil — 1) + drwjl (Zjl — ]_) — 4C’lUj2
32¢3 '

T2 =

Similarly, best response functions for firm j are

Or + drwil (Zﬂ - 1) + dTU)jl (Zjl - 1) — 4CU)Z‘2
8c

”LU]'Q =

Or + drwﬂ (Zil — 1) + drwﬂ (Zjl — 1) — 40'11}1'2
32¢3 '

ZL‘jQ =



Simultaneously solving the above best-response functions we obtain optimal period-two
appropriations,
r(dwi (2 — 1) + dwj (251 — 1) +0)
12¢

r(dwi (zin — 1) + dwj; (zj1 — 1) +6)

48¢3
Thus, second-period profits can be obtained by plugging in the above results into period-two
profit function, which yields,

Wiz = Wj2 =

Tig = Tjo =

T (dwzl (Zil — 1) + dwjl (Zjl — ].) + 6))
144¢2

Therefore first-period aggregated profits are,

O(r(—dw;; (1 —z;1) —dwip (1 —2z;1) + 60 w;p (Wi + w; 1
\/w—ll\/aj—ll_’_ ( ( 1( 11)4462 ]1( ]1) ))_ 1( 16 jl)—cxi1—§62i21

and taking first-order condition with respect to w;, x;; and z;;, we obtain

Vo dor(1—2za)  wia+wjp  win 0
2/ Wi 144¢2 6 6

v Wil

=0

2\/Tqn ¢
d5rwi1 ﬁ —0
1442 T

Simultaneously solving the above results gives us the following best response functions,

5184c%08 — 144¢°BddOr — 20736¢* fw;y

Wit = ATAT2043 — 252072
B 12963cf — 363d60r — 51848c*wjy

tin = ATAT2E4 3 — 4262012
d?6%0r? — 36c0dor + 14402d5rwj1
Zil1 = .

d?6%0r? — 414724
By symmetry, best response functions for firm j coincide with those for firm <. Simultaneously

solving the above functions we obtain the following first-period appropriations and abatement
efforts in equilibrium.

3 1443c%0(36¢ — dor)

Wit = 6220881 — 2526072
3656(36¢ — dor)

T 622088c* — d2520r2

Ti1
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_ défr(dor — 36¢)
Cd2620r2 — 6220883c¢4

Zi1

36¢
Hence first period appropriation levels are positive if r < —. Plugging the above results

into the second-period appropriation we obtain the following,

Or (17915904a%c® (36¢(6¢ — d) + dd>r) — 10368ac®d?00r(12¢(dr — 3) + dor) + d*6*6%r*)
12¢ (d2626r? — 62208act)?

W2 =

Lig =

Or (1791590432 (36¢(6¢ — d) + dd*r) — 1036833 d>50r(12¢(6r — 3) + dor) + d*§10%*r?)
48¢3 (d2020r? — 622086¢4)° ‘

By symmetry firm j’s equilibrium appropriations are the same than those for firm i.
Comparative statics period 1:

Own 89579524 (36¢ — dor)
90 (d2620r2 — 62208act)®

0w 144ac?ds0 (62208act + dobr(ddr — 72c)) o . .
= — 5 , which is negative for all admissible
or (d?0%0r? — 62208ac?)

which is positive for all admissible values of 7.

values of 7.
Owiy  144c*d*6%0%r*(dor — 36¢)
B (d26%6r2 — 62208act)®

Comparative statics period 1:

which is negative for all admissible values of 7.

0z 62208¢*dd0r(dor — 36¢) . . o
= 5, which negative for all admissible values of r.
IB  (d2620r? — 62208act)

A6. Lemma 2
Let us consider the following difference in appropriations, for each firm k where k =i, j,

d?620%r2(36¢ — dor)

1 O = 302 (6220884 — d20%0r2)

The above result is positive if

d?626%r*(36¢ — dor)

>0
432¢2 (622085c* — d?5%0r?)

and solving for r we obtain
36¢ .

r<—=r.

od



A7. Lemma 3

Let us consider the following difference in appropriations, for each firm k& where k = i, j,

*
Wg2 — Wy =

d?60%r?(36¢ — dor) (124416ac (18¢ — dor) + d>520r3)
2592¢3 (d26260r2 — 622083¢4)* '

From the above difference we observe that the denominator is always positive. Hence we

36¢
focus on the numerator. It is positive if 36 — ddr > 0 or r < o =r* and 18¢c — dor > 0
18c 1" . e . - .
orr < Si- o Since the second condition is more demanding, we have that w;s — w};, is

*

r
unambiguously positive if r < 5

A8. Lemma 4

The social planner maximizes joint second-period profits as follows,
T2 + Tjo =

Wig (Wig + wj2) W (Wiz + wj2)

wi2xi2_cwi2_7‘ (—dwll (1 — Zﬂ) — dwﬂ (1 - Zjl) + 0) I wj2xj2_cxj2_7” (—dwzl (1 - Zil) — dwﬂ (1 — zjl)

Taking first order condition with respect to w;s and x;2, we obtain,

\/Ti2 B 2 (wig + wjg)

2,/wi2 r (dwzl (Zil - 1) + d’LUjl (Zjl - 1) + (9)
VW2
2\/Zi2

Simultaneously solving the above equations we obtain the following best-response functions,

=0

c=0.

Or + d?“wﬂzﬂ — drwﬂ + drwﬂzjl - drwjl — SijQ
8c

Wiz =

Or + drwﬂ (Zil - 1) + drwjl (Zjl — ].) — 8C’I,Uj2
iz = 32¢3 '
Similarly, best response functions for firm j is,

Or + drwilzﬂ — drwﬂ -+ dT"LUjl,Zjl — dTU)jl — 8cwi2
8c

Wio =

Or + drwilzﬂ — drwﬂ + drwﬂzﬂ - drwjl - SCUJZ'Q
32¢3 '
Simultaneously solving the above best-response function we have that,

Lo =

T (dwﬂ (Zil - 1) + dU)jl (Zjl - 1) + 9)
16¢

Wiz = Wiz =



T (dwzl (Zil — 1) + dwjl (Zjl - 1) + 9)
e e 64c? '
Hence, second-period aggregate profits are,

T (dwzl (Zil — 1) + dwjl (Zjl — 1) + 0)
64c?

In addition,

8wi2 . T’[’LUﬂ(Zﬂ — 1) -+ wjl(zjl — 1)]

<0ika1<1.

od 16¢
Ow;s B dr(z1—1) 0 1
(9101-1 N 16¢ Zf =il .

A9. Proposition 3

The first period profits can be expressed as

wiy (Wi +wj) 1 wj (W +wj) 1
VWi /T — cxin — 0 — - 521215 TV Wjiy/Tj1 — CTj1 — - 0 — - 5%215
+(5 (T (dwzl (Zil — 1) -+ d’LUjl (Zjl — 1) + 6))
64c2 '
Taking first order condition with respect to w;; , x;; and z;;, we obtain,

dor (zin — 1) wa+wj  wy n Vi1 wj 0
6402 0 0 2,/wi1 0 N

v Wil

—c=0
2\/Tqn ¢

dérwil —0

64c2 Pan =0.

Simultaneously solving the above equations we obtain the following best-response functions

_1024¢° 80 — 64¢ BdoOr — 8192¢* fwjy

Wi = 8192¢43 — 4262012
B 25630c — 163do0r — 2048 ¢t w;
tin = 8192613 — 4262012
16c0dor — d*6%0r? — 128c2ddrwj;
<1 =

8192¢* 5 — d?6%0r?
Similarly, best response functions for firm j are,

1024c¢3 36 — 64c2Bdo0r — 8192¢* Bw;;
8192¢* 3 — d26%0r2

wj1 =
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_256p0c — 168d60r — 2048c w;
= 8192613 — 4262012
16c0dor — d?5%0r% — 128c2ddrw;;
8192¢4 5 — d25%0r?
Simultaneously solving the above best-response functions we obtain that socially optimal
equilibrium appropriation levels are,
50 _ 64ac’0(16¢ — dor)
11638484 — d2520r?
50 _ ddfr(dor — 16¢)
T 1252002 — 16384 5¢
Or  128Bc*dOr(16c — dor) (10245 — door)

Zj1 =

Y27 T6e (d202072 — 163848c1)?
Or  32BdOr(dér — 16¢) (d6Or — 10243¢3)
2T G4 (26207 — 163848¢4)°
16¢

The above results are positive if s > d.
r

Comparative statics: period-one appropriations

ow® 1048576525 (16¢ — dor) . . o
= 5, which is positive for all admissible values of r.
o0 (d?620r? — 16384 3c¢*)

ow;®  646c°do6 (163845¢" + dobr(dor — 32¢))

doOr(32¢c — dor)

, which is negative if § <

or (d2620r> — 1638453¢*)? 163844
owsP 643c?do8 (163848 + doOr(dér — 32¢)) . . o dobr(32¢ — dor)
=— 5 , which is negative if 5 < 1
o] (d2520r2 — 16384c4) 16384c
owsP 643c?do8 (1638483t + doOr(dér — 32¢)) . . o dobr(32¢ — dor)
=— 5 , which is negative if § < 1 .
od (d2520r2 — 163843c1) 16384c¢

Comparative statics: period-one abatement effort

0230 16384c¢*dobr(dor — 16¢)
OB (d26%0r2 — 1638453c*)*

, which is negative for all admissible values of r.

0250 ~ dor(dér — 16¢) d3§30r3(dor — 16¢) il o for all aduissib]
96 3797 — 163846 (d20%9r — Losapey? | eBtive tor alladmissibe
values of r .

A10. Lemma 5

Let us compare the following difference in appropriations for each firm k where k = 1, j,

ot g0 B30 —dor)  645c0(16¢ — dor)
BTk 4322 163845c* — 262072
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6307 + 112645 dort) — 36¢d?0%r?0? + 147456570
B 707788836 — 432c2d2521r20 ’

the above term is positive if and only if

4¢%d6 (270 — 7045c%) 43/27c3d8650% (90 — 73683¢%) + 16y 12¢
r > —+ 5/3.7343 + —=r.
3/81c3d86%02 (90 — T363¢%) + 48y 32/3d35°0 0
where v = v/3./Bc8d1261203 (136294432c* + 3573723c20 — 656162).
16¢ ) ] o _16¢
But we also need that r < 5d Hence, this term is positive if r € [7, 5_d]

Al1ll. Lemma 6

Let us consider the following difference in appropriations for each firm k where k =i, j,

~ 50 ) 4dor — 64c 324¢ — 9dor
Wi — Wy, = 165c70

16384Bc% — 20202 | 62208Bc4 — d20°0r

The above result is positive if

16660 4dor — 64c N 324¢ — 9dor -0
U\ 16384864 — 25202 6220861 — 4262012

4dor — 64c N 324¢ — 9dor 0
>
16384 5c* — d?620r? ~ 622085c* — d?620r?

and solving for r we obtain

4 /5 3/5c3d65662 (109850 —6505928c2)+4320 52/3¢2d454 (84501900882 ) 4 650262
c
o 3/5¢3d55502 (109850 —6505923¢2) +4320
r o> =
15d343

where T' = v/15,/Bc8d!251263 (12266496 52c* + 21441403c20 — 5492562).

A12. Lemma 7

Let us consider the following difference in abatement efforts for each firm k& where k = i, 7,

50 . dor — 36¢ dér — 16¢
2py — 21 = dofr

62208act — d2H20r2 + d2620r? — 16384act

The above result is positive if

dor — 36¢ dér — 16¢
ddOr >0

62208act — d2H20r2 + d2520r? — 16384act
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dor — 36¢ dor — 16¢
62208ac* — d2620r2 + d?026r2 — 16384ac* >0
64 (179ac3dér — 1584ac?)
5d262r? '

solving for # we obtain 6 >

A13. Lemma 8

From Lemma 2 we have first-period equilibrium appropriations without abatement are higher
than with abatement

if 7* holds.

From Lemma 5 we have first-period equilibrium appropriations with abatement are higher

than socially optimum levels

* SO
Wy > Wiy

. _ 16¢
if r e [r, ﬁ] holds.
From Lemma 6 we have first-period equilibrium appropriations with abatement are higher

than socially optimum levels

~ SO

if 7 holds.

Thus by combining Lemma 2 and 5 we obtain r € [, 7*], in this case # < r*. Similarly by
combining Lemma 2 and 6 we obtain r € [F,7*], in this case 7 < r*.

This gives us the following 3 cases:
1. if r € [F,r*] or r € [F,1*], we get

* ~ SO
Wkl > Wi > Wy -

2. if r >r*and r > 7 and 7 = 7, we get

~ * SO
Wg1 > Wi > Wy -

d.ifr>r"and r < 7,7 and 7 < 7, we get
) g

SO ~ *
Wiy > Wil > W -
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