Online Supplement I: Analysis of the Subgame Between the Firm and

Consumers Given the Availability and Price of Offsets

For x > 0 and « € [0,1], denote e, o = max(min(é, q,€),0), where €, , is the solution to the equation

[z 4+ (€pa)]am + f'(éza) = 0.
I1  With Carbon Offsets
Lemma I1.1. If g > &, then t*(g) = 0.
By Lemma I1.1, if g > £, then the firm does not buy any offsets, and thus the subgame will be the
same as the game without carbon offsets (see Section 12).
If g <&, then the firm has the following six options to choose from:

1. Sell to high-value eco-unconscious consumers alone (i.e., d. = 0, d, = (1 — @)B,m) at p = vp,.

Then, the firm’s profit maximization problem is
max (vp, — ¢ (e) — gt) (1 — a) Bum — f (€)

s.t. e€|0,¢]
te0,e+ e
The optimal solution is as follows: e(!) = &, t() = 0 and the corresponding 7(!) = (v, — ¢(€))(1 —

) Bym.

2. Sell to high-value eco-conscious consumers and high-value eco-unconscious consumers (i.e., d, =
afem, dy = (1 —a)Bym) at p = vy —&(e+ e, —t). Then, the firm’s profit maximization problem is
max(vy — (e + e, —t) — c(e) = gi] (1 — )Bu + afc)m — f (e)
st. v, —E&let+e,—1t) >y
ec0,¢
te[0,e+ e,
The optimal solution is as follows: e(?) = €g,(1—a)Butafes 2 = €g,(1-a)Butaf. T €o and the corre-

sponding 7T(2) = (Uh_C(eg,(l—a)ﬁu+aﬁc)_geg,(l—a)ﬂu-I—aﬁc _geo)((1_a)ﬁu+O‘Bc)m_f(€g,(1—a)ﬁu+aﬁc)'

3. Sell to all eco-unconscious consumers (i.e., d. = 0, d, = (1 — a)m) at p = v;. Then, the firm’s
profit maximization problem is
max (v — ¢ (¢) — gt) (1 — a)m — f (e)
st. v, —E&le4+e,—1t) <y
e €[0,¢]
t€0,e+ e
The optimal solution is as follows:
o If v, — Eey — €€ < vy, then e®) = ¢, t(®) = 0 and the corresponding 73 = (v; — ¢(€))(1 — a)m;

o If v, — e, — £€ > vy, then there is no feasible solution.

4. Sell to high-type eco-conscious consumers and all eco-unconscious consumers (i.e., d. = af.m,



dy, = (1 —a)m) at p = v;. Then the firm’s profit maximization problem is
max(v; —c(e) — gt)(1 —a+af.)m — f (e)
st. v, —E(e+e,—t) >
e € [0,€]
t€0,e+ e
o If v, — &€ — e, > vy, then the optimal solution is e = ¢, t®*) = 0, and the corresponding
7= (v - c(@)(1 - a + af)m.
o If v, —&e—Ee, < vy, then the first constraint must be binding (i.e., t = %) Thus, the
profit maximization problem above is equivalent to
max(v; — c(e) — % (v 4+ &eo —vp +€e))(1 —a+ af.)m — f(e)
s.t. e€|0,¢]
% € [0,e+ e,
— Ifvp—E€eg1—atap. —E€o < vy, then the optimal solution is e = €g,1—a+afes t@ =

9—9€g1—ataf: — 960)(1 -« +O‘ﬁc)m -

v+€eo—vp+Ee
3 ;

and the corresponding 7 = (v, —c(eg1-atap.) — A

fleg1-a+ap.);

— If v, — €eg1—atas. — €0 = vy, then we must have t = 0. Thus, the optimal solution is
e = 7”%_”%_560, t® =0, and the corresponding 7* = (v; — c(ivh_”é_ge"))(l —a+ af.)m —
pln=yste),

5. Sell to high-type eco-conscious consumers and all eco-unconscious consumers (i.e., d. = afS.m,
dy, = (1 —a)m) at p = v, —€(e+ e, — t). Then the firm’s profit problem is
max (v, —€(e+e,—1t) —cle) —gt)(1 —a+abe)m — f (e)
st. v, —E&et+e,—t) <y
e € [0,€
te0,e+ e
Since g < &, the first constraint must be binding (otherwise we have ¢ = e + e, resulting in v, < v

which contradicts vy, > v;). Thus, this optimization problem is dominated by Option 4 above.

6. Sell to all consumers (i.e., d. = am, d, = (1 —a)m) at p = vy —&(e+ e, —t). Then the firm’s profit
maximization problem is
max(v; — §(e + e, — 1) — c(e) — gt)m — f (e)
st. e€0,¢]
te0,e+ e
The optimal solution is as follows: e®) = €q,1, 6 = eg,1 + €, and the corresponding 76 =

(v — c(eg1) — gegn — geo)m — f(ega).

Then, given g, the equilibrium of the subgame is one of the six options above in which the firm obtains
the highest profit .

I2 Without Carbon Offsets

In this section, we consider the case when there are no carbon offsets. Then, the firm has only two

decision variables, i.e., the product price p and the controllable emissions level e. The profit function is



as follows.

m(p,e) = (p—c(e)) - d(p,e) — f(e)
where the demand function d(p, e) is given by (2) with ¢ = 0.

If vy, — &e, < vy, then the firm has four options to choose from:

(al) Sell to high-value eco-unconscious consumers alone (i.e., d. = 0, d, = (1 — @)Bym) at p = vy,
Then, the firm’s profit maximization problem is
max (v, —c(e)) (1 — ) Bum — f (e)
s.t. e€]0,¢]

The optimal solution is as follows: e(®!) = & and the corresponding 7(*)) = (v;, — ¢(€))(1 — a)Bum.

(a2) Sell to all eco-unconscious consumers (i.e., d. = 0, d, = (1 — a)m) at p = v;. Then, the firm’s
profit maximization problem is
max (v; —c(e)) (1 —a)m — f (e)
st. ee€]0,¢]

a2)

The optimal solution is as follows: e(*?) = & and the corresponding 7(*?) = (v; — ¢(&))(1 — a)m.

(a3) Sell to high-type eco-conscious consumers and all eco-unconscious consumers (i.e., d. = af.m,
dy, = (1 —a)m) at p=vp, — &(e + €5,). Then the firm’s profit problem is
max(vy, —€(e+ep) —c(e))(1 —a+af.)m — f(e)
s.t. e€l0,¢]
The optimal solution is as follows: e(®3) = e¢,1—a+aB. and the corresponding

m(@3) = (v — &eo — §ee1—ataB. — C(eé,lfaJraﬁc))(l —a+af.)m — f(eé,lfoHraﬁc)-

(ad) Sell to all consumers (i.e., d. = am, d, = (1 — a)m) at p = v; — £(e + €5,). Then the firm’s profit
maximization problem is
max(v; —&(e+ e, —t) —c(e))m — f(e)
s.t. e€l0,¢e
The optimal solution is as follows: e(®) = e¢,1 and the corresponding rlad) — (v — &eeq1 — Eeo —

cleg))m — f(egn).
If vy, — &e, > vy, then the firm has six options to choose from:

(b1) Sell to high-value eco-unconscious consumers alone (i.e., d. = 0, d,, = (1 — a)B,m) at p = vp,.
Then, the firm’s profit maximization problem is
max (v, —c(e)) (1 — ) Bum — f (e)
s.t. e€]0,¢]

The optimal solution is as follows: e®)) = & and the corresponding (")

= (vn — c(€))(1 — @) Bum.

(b2) Sell to high-value eco-conscious consumers and high-value eco-unconscious consumers (i.e., d. =
afem, dy = (1 — a)Bym) at p = vy, — (e + €,). Then, the firm’s profit maximization problem is
max[v, — (e +e,) —c(e)](1 — ) By + aBe)m — f (e)
st. v, —E&(e+e,) >y
e € [0,¢



o If vy, — &e¢ (1—a)Butas. — §€0 = vi, then optimal solution is as follows: e(h?) = €¢,(1—a)Butafe

and the corresponding 72 = (v, — e (1—a)Butase. — §€o — c€¢ (1—a)Bu+aps.)) (1 — a)Bu +

OéIBC)rrn/ - f(egy(l_a)ﬂu‘i‘aﬂc);
o If v — &e¢ (1—a)Butap. — §€0 < Ui, then the first constraint must be binding. Then, the profit

maximization problem is dominated by that in Option (b5) below.

(b3) Sell to all eco-unconscious consumers (i.e., d. = 0, d, = (1 — a)m) at p = v;. Then, the firm’s
profit maximization problem is
max (o — ¢ (¢)) (1 — a)m — f (¢)
st. v, —E&(e+e,) <y
e€l0,¢
The optimal solution is as follows:
o If v, — Ee, — &€ < vy, then e®®) = & and the corresponding 73 = (v; — ¢(€))(1 — a)m;

o If v, — e, — £€ > vy, then there is no feasible solution.

(b4) Sell to high-type eco-conscious consumers and all eco-unconscious consumers (i.e., d. = af.m,
dy, = (1 — a)m) at p = v;. Then the firm’s profit maximization problem is
max(v; — c(e))(1 —a+ af.)m — f (e)
st vy —E&(e+ey) > v
e € 0,¢
b4) vh—Eeo—uy )

The optimal solution is as follows: e = min(e,

7 = (v, — c(min(e, L=5¢==")))m — f(min(e, L=5ge=1)).

and the corresponding

(b5) Sell to high-type eco-conscious consumers and all eco-unconscious consumers (i.e., d. = af:m,
dy, = (1 —a)m) at p=vp, — &(e + €,). Then the firm’s profit problem is
max(vp, —&(e+e,) —c(e))(1 —a+af.)m — f(e)
st. vy —E&(e+ey) <y
e € [0,€
The optimal solution is as follows:
o If v, —&eo — e 1—atap. < Vi, then e(b5) = €¢1—a+ap. and the corresponding
7 = (v, — €eo — Eeg1atap. — cleg1-a+ap.)) (1 — a+ aBe)m — f(egi-a+ap.);
o If v, — e, — €eg1—a+ap. > Vi, then the first constraint must be binding. Then the optimization

problem is dominated by Option (b4) above.

(b6) Sell to all consumers (i.e., d. = am, d,, = (1 — a)m) at p = v; — (e + €,). Then the firm’s profit
maximization problem is
max(v; —&(e+e, —t) —c(e))m — f(e)
st. e€[0,¢

The optimal solution is as follows: e(6) = e¢,1 and the corresponding (b6)

cleg1))m — flegq).

= (Ul - 56571 - 560 -

The firm will compare the profit with each option and choose the best one in equilibrium, i.e.,
(p°, €").



Online Supplement II: Generalization of Propositions 1, 2 and 4

For the results (i) (results (ii)) of Propositions 1, 2 and 4, we have assumed 3, = 1 (8. = 1). In this
appendix, we show in Propositions II11(i), I12(i) and II3(i) (Propositions II1(ii), I12(ii) and II3(ii)) below
that the results in Propositions 1(i), 2(i) and 4(i) (Propositions 1(ii), 2(ii) and 4(ii)) can still hold when
Bu <1 (B <1).

Proposition II1. Suppose the firm chooses to purchase offsets (t*(g) > 0).

(i) There exists a threshold B, < 1 such that if B, > B, then if B. € (B1,Ba) for some B1,Ba >0,
then there exist g1 < g2 such that e*(g1) < €*(g2), where the emissions inequality is strict if € is

large enough.
(ii) If there exist g1 < go such that e*(g1) < €*(g2) when f. = 1, then there exists a threshold B, < 1
such that e*(g1) < €*(g2) if Bc > Be.

Proposition I12.

(i) There exists a threshold B, < 1 such that if B, > B, then 0*(g1) > 0*(g2) for any g1 < ga.
(ii) If there exist g1 < ga such that 0*(g1) < 6*(g2) when B. = 1, then there ezists a threshold B, < 1
such that 0*(g1) < 0*(g2) if Be > Be.

Proposition I13.

(i) There exists a threshold B, < 1 such that if B, > By, then g* = ¢q.
(11) If there exist ¢4 € (0,G) such that g* > ¢4 when B. = 1, then there exists a threshold B, < 1 such

that g* > cq4 if B > Be.



Online Supplement III: Details of Footnote 4

1111  Analysis of the Special Case where §, =0 and £, > 0

First, note that Proposition 3 has been proved for the general case where 3y, . € [0, 1] and thus it holds
under this special case. Thus, we only need to check the other three results (i.e., Propositions 1, 2, and

4) under this special case.

Note that the condition 5, = 0 and S, > 0 implies a positive correlation between the two types of
consumer preferences (similar as in Case P). As we can see from the following propositions, the results

are similar to those in Case P (i.e., Propositions 1(ii), 2(ii) and 4(ii)).

Proposition III1. Suppose the firm chooses to purchase offsets (t*(g) > 0). There exist g1 < g2
such that the firm reduces its controllable emissions if the offset price decreases from g to g1 (i.e.,
e*(g1) < e*(g2)), if the share of high-value eco-conscious consumers is moderate (i.e., B. € (B1,B2)
for some By,By > 0) and vy, — vy < e,, where the inequality in e*(g1) < e*(g2) is strict if € is large
enough. Moreover, under these instances, there are more eco-unconscious consumers buying the product

while the demand from the eco-conscious segment remains unchanged as the offset price decreases (i.e.,
d;(91) > d;,(g2) and di(g1) = dz(g2)).

Proposition 1111 shows that the insight in Proposition 1(ii), i.e., a lower offset price may cause the

firm to reduce its controllable emissions per unit of product, is still valid.

Proposition IT12. There exist g1 < g2 such that the firm reduces the portion of its emissions to offset

if the offset price decreases from gs to g1 (i.e., 6*(g1) < 0*(g2)) under the conditions in Proposition II11.

Proposition II12 shows that the insight in Proposition 2(ii) continues to hold. Specifically, when
consumers’ preferences for the product function and for its environmental attributes are positively corre-
lated, then a lower offset may prompt the firm to expand into the eco-unconscious market segment and

offset less of its emissions.

Proposition ITI3. There exists cq € (0,G) such that the NGO sets offset price higher than its cost (i.e.,

g* > ¢g), under the conditions in Proposition II11.

Proposition I1I3 shows that the insight in Proposition 4(ii) continues to hold.

1112 Different High-Type Valuations Between Eco-Conscious and Eco-Unconscious

Consumers

In this section, we consider an extension of the base model. Specifically, suppose high-type eco-conscious
consumers have a higher valuation for the product’s function (denoted as wvp.) than high-type eco-
unconscious consumers (whose valuation for the product’s function is still denoted as vp,). As for the
low types, their valuation continues to be v; for both eco-conscious and eco-unconscious consumers. We

specify the details for each one of the four types of consumers in Table III1.



Table I111: Consumer Types, Their Utilities and Respective Segment Sizes (Section 1112)

Eco-Conscious Eco-Unconscious
. . — — 8 — — _
High  Valuation for Ueh = Uhe £ p Uu,h = Vh —P
Product Function size = mafe size = m(1 — o) B,
Low Valuation for | el = Y™~ €€ —p Uul =V =P
Product Function size = ma(l — fe) size = m(1 — a)(1 = Bu)

Lemma III1. The firm purchases offsets if and only if their price g is low enough. (Formally, there
exists a threshold G such that t*(g) > 0 if and only if g < G.)

We resort to a numerical approach to solve this extended model. As in Section 6, we assume

cle) = 3ke(e —e)? + ¢ and f(e) = 2kp(e — €)?, and the same distributions for all of the randomly

generated parameter values. In addition, we have vy, = (1 + x)vp, where x ~ U(0,0.5).
We randomly generate 2,000,000 scenarios based on the distributions above. For each scenario, given
any feasible value of the offset price g > ¢4, we can find out the firm’s best responses (p*(g),e*(g),t*(9))

by solving the following profit optimization problem with the new utility functions:

max [p —c(e) — gt] - d(p, e,t) = f(e)
= (I111)

sit. e€[0,€],t € 0,e+ e
where the demand function d(p,e,t) is given by (2) with the new valuation variable. We thereafter
conduct an exhaustive search and evaluate the firm’s optimal decisions (p*(g),e*(g),t*(g)) over the
following grid of g values {g; = ¢, + 0.001(i — 1)};-°° £ G. Note that we do not need to go through the
entire grid (which has infinite number of points); according to Lemma II11, if ¢*(g;) = 0, then we can
stop the search as the firm will not purchase any offset for any larger value of g and thus the offset price
does not have any impact on the subgame, implying that the firm’s best response functions for any index
1 > I should be the same as that when ¢ = I. Since the main focus of this paper is the role of carbon
offsets, we remove the scenario where t*(g;) = 0, which implies that the firm does not have any incentive
to purchase offsets for any feasible value of g > ¢4. As a result, we end up having 1,337,820 randomly

generated scenarios.

As before, we consider the following four ranges for the relative average valuation between the two
groups of customers “cu_iu““, where e = Bevpe + (1 — Be)vp and py, = Byvp + (1 — By)vp: (—o0, —0.15),
[—0.15,0), [0,0.15), [0.15,00). (Note that p. depends on wvp. rather than v, in this extended model.)
Then, for each one of the four ranges of “cu;u"", we calculate the fraction of instances where the corre-

sponding results hold.

First, we study the impacts of offset price g on firm’s decisions and verify the results in Propositions
1 and 2. Figure IIT1a shows the likelihood that the main result in Proposition 1 continues to be valid in
this extended model, specifically that the firm reduces its controllable emissions as offset prices decrease.
Consistent with the numerical results for our main model, this figure indicates that such instances

are not uncommon with this generalized model. Figure III1b shows the likelihood that the result in



Figure III1: Proportion of instances (in model extension with different high-type valuations between
eco-conscious and eco-unconscious consumers) where...

(a) There exists a pair of offset prices when the firm  (b) There exists a pair of offset prices when the firm
offsets at both prices and strictly reduces its controllable  strictly offsets a lower share of its emissions at a lower
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Propositions 2 holds, that is, when, in response to an offset price decrease, the firm offsets a lower share
of its emissions. Consistent with both our analytical finding in the main model, this figure shows that
the result is more likely to occur when the two types of consumer preferences are positively correlated
(e, BTEe > 0).

Next, we study the equilibrium of the entire game and verify the results in Propositions 3 and 4.

For each one of the 1,337,820 scenarios above, we are able to find the optimal offset price for the NGO
(9

* = min[arg n;in E*(g)]) through the exhaustive grid search described earlier. In addition, as for the
g=Cq

case when carbon offsets are not available, we can calculate the firm’s optimal decisions (p?, ?) by solving
the profit optimization problem (i.e., (III1) with an additional constraint that ¢ = 0). We again consider

the same four ranges for the ratio £ "H_“ v as before. Then, for each one of the four ranges of £ CM B we
u u



calculate the fraction of instances where the corresponding results hold.

Figure IIllc shows the likelihood that the main insight in Proposition 3, when the firm strictly
reduces its controllable emissions and purchases offsets as offsets become available, holds in this extended
model. The results suggest the robustness of our insight that such instances are relatively common.
Figure I111d shows the likelihood that it is optimal for the NGO to set the offset price strictly higher
than its cost (i.e., g > ¢4). Consistent with our analytical finding, this figure indicates that the result
is more likely to happen when the two types of consumer preferences are positively correlated (i.e.,

He—Hu
> 0).



Online Supplement IV: Derivation of Data in Table 4

Organic products are believed to be healthier/safer than conventional alternatives, because of benefits
such as having fewer synthetic pesticides and fertilizers and being free of hormones and antibiotics.'® In
Gil et al. (2000), the authors conducted a survey in two Spanish regions: Navarra and Madrid. Based on
participants’ answers to various lifestyle questions in the questionnaire, the authors first used the K-means
cluster analysis technique to identify market segments in relation to organic food products. Specifically,
three segments in Navarra and four segments in Madrid were identified. Results from the cluster analysis
and market segments characterization are given in Tables 6 and 7 in Gil et al. (2000). What is unique
about this survey is that people were asked to express their attitude towards environmental issues via
multiple questions, by which the authors were able to generate a factor called Environmental concerns,
which reflects if consumers are conscious about environmental issues. This will help us estimate the

difference in product valuations between eco-conscious and eco-unconscious consumers.

In Gil et al. (2000), the authors consider a wide range of organic food products, including vegetables,
potatoes, cereals, fruits, eggs, chicken, and red meat. Participants were in the survey asked whether or
not they are willing to pay a certain premium to buy an organic food product instead of a conventional
one. Then, consumer valuations (in terms of the percentage over the price of the conventional product)
are estimated using the contingent valuation approach!'®. We denote the average of such percentage
premium as J; for consumer segment i. Tables IV1 and IV2 below summarize the results for Navarra
and Madrid, respectively. All the data in these two tables are extracted from Tables 8 and 9 in Gil et al.
(2000).

Now, we are ready to estimate the ratio “6;711““ using the available data in Gil et al. (2000). If we
denote the price of conventional product as x; for product j € {vegetables, potatoes, cereals, fruits, eggs,
chicken, red meat}, then the average valuation for the organic product will be p; = (1 4 6;/100)z; for

each segment 1.

Let us first look at Navarra. As we mentioned earlier, there is a key variable in Gil et al. (2000),
Environmental concerns, which measures consumer’s eco-consciousness. From the last line in Table 6 in
Gil et al. (2000), we know that both Segments 1 and 2 are conscious about environmental issues while
Segment 3 is not. So, we combine Segments 1 and 2 as the eco-conscious segment and treat Segment 3 as
the eco-unconscious segment. To calculate pu., we take the weighted average of 1 and po based on their

0.25 _ 052
0251052 and wa = o575 are

derived based on the data in Table 6 in Gil et al. (2000). As for pu,, it equals to pus. Therefore, we can

obtain the ratio He=Hu _ Hmiwitpows—ps _ [(1461/100)w1+(1462/100)wa—(1+83/100)]
Hu M3 1+03/100

out in the calculation of the ratio.) Specifically,

relative population size, i.e., u. = py1wi + powe, where the weights w; =

. (Note that z; is canceled

8See for example: https://time.com/4871915/health-benefits-organic-food/ and https://ota.com/
organic-101/health-benefits-organic.

19The contingent valuation method was first proposed by Michael Hanemann in the seminal paper:
Hanemann, W. M. (1984). Welfare evaluations in contingent valuation experiments with discrete responses. American
Journal of Agricultural Economics, 66(3), 332-341.
This method has been widely used in literature to analyze survey data.
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Table IV1: Average Valuations for Organic Products in Navarra (% premium over the conventional

product price)

Segment 1 (d1) | Segment 2 (d2) | Segment 3 (d3)
Vegetables 21.43 23.77 2.71
Potatoes 17.25 14.89 7.46
Cereals 16.00 17.46 8.33
Fruits 23.20 22.60 3.00
Eggs 20.13 17.61 9.33
Chicken 23.55 22.70 2.33
Red meat 18.46 21.54 2.67

e Vegetables:

po—piy  [(1421.43/100) 5220 +(1423.77/100) 55222 —(1+2.71/100)] 0.20
[T 14+2.71/100 ~ et
e Potatoes:
po—piy  L(1417.25/100) 5320 +(1414.89/100) 55222 —(1+7.46/100)] 0.08
B 147.46/100 ~ Yo
e Cereals:
po—pin _ [(1416.00/100) 5532025 +(1+17.46/100) 55375 =5 —(1+8.33/100)] 0.08
P 1+8.33/100 ~ Ve
e Fruits:
po—pie _ [(1423.20/100) 553205 +(1+22.60/100) 5535 —=5 —(1+3.00/100)] 0.19
oy 1+3.00/100 ~ R
o Eggs:
po—pia  [(1420.13/100) 5532825 +(1417.61/100) 5527225 —(1+9.33/100)] 0.08
o 14+9.33/100 ~ e
e Chicken:
o [(1+23.55/100)%Hum.mﬂom%—(1%.33/100)] ~ 0.20
Hu 1+2.33/100 ~ et
e Red meat:
pe—pru _ [(1F1846/100) 555557 +(1+21.54/100) gy 55 —(142.67/100)] 7
Hu 142.67/100 ~ et

Table IV2: Average Valuations for Organic Products in Madrid (% premium over the conventional

product price)

Segment 1 (d1) | Segment 2 (d2) | Segment 3 (d3) | Segment 4 (d4)
Vegetables 11.00 15.38 15.69 21.09
Potatoes 5.61 4.33 3.33 13.63
Cereals 5.13 7.91 4.00 11.33
Fruits 9.23 16.38 15.79 25.29
Eggs 1.83 10.00 21.00 13.71
Chicken 6.33 2.40 8.00 13.38
Red meat 7.43 4.50 14.00 19.00

Next, let us look at the other region, Madrid. Note that there are four segments identified in this
region. Similar to before, from the last line in Table 7 in Gil et al. (2000), we know that both Segments

3 and 4 are conscious about environmental issues and the other two are not.?° So, we combine Segments

20While consumers in Segment 3 are concerned about environment, they do not have an active interest in reducing the
effect of environmental degradation by recycling products and using recycled products, which is measured by the variable
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3 and 4 as the eco-conscious segment, and we further combine Segments 1 and 2 as the eco-unconscious

segment. To calculate u., we take the weighted average of p3 and pg based on their relative population

0.35
0.22+0.35

on the data in Table 7 in Gil et al. (2000). As for u,, we take the weighted average of u; and o

0.23
0.23+0.20

W2 = 5935090 23 +0 55 are derived based on the data in Table 7 in Gil et al. (2000). Therefore, we can obtain the

MHu u3w3+u4w4 H1Wwi—pow [(1+63/100)w3+(1+64/100)w4 (1+51/100)w17(1+52/100)w2] (Note that z.
H1w1+p2w2 (1461 /100)w1 +(1+82/100) w2 J

is canceled out in the calculation of the ratio.) Specifically,

size, i.e., pe = psws + pqwy, where the weights wsy = #ﬁg% and wy = are derived based

based on their relative population size, i.e., p, = prwi + pows, where the weights w; = and

ratio He—
Loy

e Vegetables:
fo—pia_ [(1415.69/100) 550222+ (1421.09/100) 55920 —(1+11.00/100) 55528 — (1415.38/100) 5552055

24-0.35 0.234-0.20 .2340.20 ~ 0 05
Hu (1+11.00/100) 5537555 +(1415.38/100) 55520 55 R
e Potatoes:
0.22 0.35 0.23 0.20
He—Hu — [(1+3'33/100) 0‘22+0A35+(1+13'63/100) 0.2240.35 _(1+5'61/100) 0.23+0.20 _(1+4'33/100)0.23+0A20} ~ 0 04
Bu (1+45.61/100) 5552055 +(1+4.33/100) 5552055
e Cereals:
[(14-4.00/100) x52:22__ 4 (14-11.33/100) 75932 —(145.13/100) 5923 —(147.91/100) ~52:20__]
Hec— Hu — ) 0.2240.35 ) 0.2240.35 ) 0.2340.20 ) 0.234-0.20 ~ 0 02
Bu (145.13/100) 55570 55 +(1+7-91/100) 5557055
e Fruits:
[(1415.79/100) 5222 __ 1 (1+425.29/100) 552:35_— —(14-9.23/100) 5222 —(1416.38/100) -52:29__]
He—Hu — ) 0.2240.35 ) 0.2240.35 . 0.234-0.20 ) 0.2340.20 ~ 008
P (149.23/100) 55375 55 +(1+16.38/100) 5532055
e Eggs:
88 [(14-21.00/100) -5222 __ 4 (1+413.71/100) 552:35 — —(14-1.83/100) 75223 —(1410.00/100) 5229 __]
Hec— Hu — . 0.224-0.35 0.2240.35 0.234-0.20 ) 0.2340.20 ~ 0 10
P (1+1.83/100) 553:7555 +(1+10.00/100) 53205 Y
e Chicken:
[(14-8.00/100) —52:22__ 4 (1413.38/100) ~52:35 _ —(146.33/100) 5223 __ _(142.40/100) —52:20__]
He—Hu — : 0.2240.35 0. 22;3() 35 : 0.203;00420 . 0.234-0.20 ~ 007
P (146.33/100) 553:2555 +(1+2.40/100) 5552055

e Red meat:

[(1414.00/100) 559225z +(1+19.00/100) 550:255= — (147.43/100) 555055 — (1+4.50/100) 5552055

Hec—Hu — 0 222+0 35 32+0.20 0.2340.20 O 10
Mo (147.43/100) 55023 - 23+g 20+(1+4.50/100)70'2g43'20

Environmental conservation, according to the result in Table 7 in Gil et al. (2000). If we count this segment as eco-
unconscious, we can obtain similar results regarding the value of “”%u““ Vegetables (0.06), Potatoes (0.09), Cereals (0.05),
Fruits (0.10), Eggs (0.03), Chicken (0.07), and Red meat (0.09). Note that all of them continue to be less than or equal to
0.10.
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Online Supplement V: Details of Model Extensions

V1 Utility Dependent on Total Carbon Footprint

Here, we provide an analysis of the model extension where the utility of eco-conscious consumers depends
on the total carbon footprint of the firm. Same as in the main model, we denote (p*(g),e*(g),t*(g)) as
the firm’s best response functions given the offset price and ¢* as the optimal offset price in equilibrium.
In addition, we continue to use superscript -? to denote the equilibrium outcome for the case without
the availability of carbon offsets. For x > 0 and « € [0,1], with a slight abuse of notation, denote
€0 = max(min(€éy o, €),0), where €, o is the solution to the equation [zam + ¢/(€z.q)]am + f' () = 0.

Note the definition of €, , is slightly different from that in the main model.

Given that demand is deterministic, it is not optimal for the firm to overproduce (i.e., ¢ >
d(p,e,q,t)). Thus, the total sales must equal to the total production quantity in this extended model,
i.e., min(q,d(p, e, q,t)) = q. (Note that the firm may choose to underproduce (i.e., ¢ < d(p,e,q,t)) as a

lower ¢ leads to lower total emissions and higher consumer utility.)

Lemma V1.1. The firm purchases offsets (i.e., t*(g) > 0) if and only if their price g is low enough
(i.e., g < G).

Lemma V1.2. If m < 3?(2552), then q = d(p, e, q,t) in equilibrium with and without the availability of

carbon offsets.

In practice, firms typically prioritize product sales over carbon footprint reduction. To rule out

the scenario where the firm strategically creates supply shortage just for reducing carbon footprint (i.e.,
v;—c(0)
3¢(eote)
robustness of our results in the general case in Section V1.1.

g < d(p,e,q,t)), we assume m <

in the following analysis. We will later numerically verify the

Proposition V1.1. Suppose the firm chooses to purchase offsets (i.e., t*(g) > 0).

(i) For Case N, there exist g1 < ga such that the firm reduces its controllable emissions if the offset price
decreases from go to g1 (i-e., €*(g1) < €*(g2)) if the share of high-value eco-conscious consumers is
moderate (i.e., B. € (By, Ba) for some B1,By > 0) and £ > Z for some Z > 0, where the inequality
in €*(g1) < €*(g2) is strict if € is large enough. Moreover, under these instances, there are more
eco-conscious consumers buying the product while the demand from the eco-unconscious segment
remains unchanged as the offset price decreases (i.e., di,(g1) = di(g2) and d%(g1) > d%(g2)).

(i) For Case P, there exist g1 < ga such that the firm reduces its controllable emissions if the offset price
decreases from go to g1 (i.e., €(g1) < €*(g2)), if the share of high-value eco-unconscious consumers
is moderate (i.e., B, € (By,By) for some Bi,By > 0) and v; > vy — Eeom and € > Z for some
Z >0, where the inequality in e*(§1) < e*(j2) is strict if € is large enough.. Moreover, under these
instances, there are more eco-unconscious consumers buying the product while the demand from the

eco-conscious segment remains unchanged as the offset price decreases (i.e., d;(g1) > d}(g2) and

dy(91) = d2(g2) )-
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Proposition V1.1 shows that the insight in Proposition 1, i.e., a lower offset price may cause the

firm to reduce its controllable emissions per unit of product, is still valid.
Proposition V1.2.

(i) For Case N, given a lower offset price, the firm increases the portion of its emissions to offset (i.e.,
0*(g91) = 0*(g2) for any g1 < g2).

(ii) For Case P, there exist g1 < go such that the firm reduces the portion of its emissions to offset
if the offset price decreases from go to g1 (i.e., 0*(g1) < 0*(g2)) under the conditions in Proposi-
tion V1.1(ii).

Proposition V1.2 shows that Proposition 2 continues to hold. Specifically, a lower offset price leads
to an increase in the share of emissions to offset in Case N but may prompt the firm to offset less of its

emissions in Case P.
Proposition V1.3. Suppose ¢, < G.

(i) For Case N, compared to the scenarios when offsets are not available, the firm purchases offsets and
reduces its controllable emissions (i.e., t*(g*) > 0 and e*(g*) < €°) if the size of the eco-conscious
segment is not large (i.e., a € (0, A) for some A > 0), where the inequality in e*(g*) < €’ is strict
if € is large enough.

(i) For Case P, compared to the scenarios when offsets are not available, the firm purchases offsets and
reduces its controllable emissions (i.e., t*(g*) > 0 and e*(g*) < €®) if the size of the eco-conscious
segment is not large (i.e., a € (0, A) for some A > 0) and v; < v, — £(€+ e,), where the inequality

in e*(g*) < eb is strict if € is large enough.

Proposition V1.3 shows that the insight in Proposition 3, i.e., the presence of carbon offsets may
increase the firm’s internal emissions reduction effort (i.e., e*(g*) < e?), is still valid.
Proposition V1.4.

(i) For Case N, the NGO should set offset price equal to its cost, i.e., g* = ¢.
(i) For Case P, there exists cg > 0 such that the NGO sets offset price higher than its cost (i.e.,
g* > ¢g4), under the conditions in Proposition V1.1(ii).

Proposition V1.4 shows that Proposition 4 continues to hold.

V1.1 Numerical Study

As in Section 6, we assume c(e) = $k.(é —e)? + ¢ and f(e) = 1ks(e — e)?, and the same distributions
for the randomly generated parameter values e, e,, &, «, B¢, Bu, Vi, Un, ke and ¢. For m, we use

m=nm 3?(;552) where 7, ~ U(0,20) (and thus our numerical setting is not restricted to the assumption

in Lemma V1.2). For k¢, we use ks = n¢k.m where 1y ~ U(0,10000).

We randomly generate 2,000,000 scenarios based on the distributions above. For each scenario, given

any feasible value of the offset price g > ¢4, we can find the firm’s best responses (p*(g), €*(g9), ¢*(9),t*(9))
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by solving the following profit optimization problem with the new utility functions:

max p - min(q,d(p, e, q,t)) — (c(e) +gt)g — f(e)
Pt (V1)
sit. e€[0,e],t €[0,e+ e

where the demand function d(p,e,q,t) is given by (2) with the new utility functions. We thereafter
conduct an exhaustive search and evaluate the firm’s optimal decisions (p*(g),e*(g),q*(g9),t*(g)) over
the following grid of g values {g; = ¢, 4+ 0.001(i — 1)}.1°0 £ G. Note that we do not need to go through
the entire grid (which has infinite number of points); according to Lemma V1.1, if t*(g;) = 0, then we
can stop the search as the firm will not purchase any offset for any larger value of g and thus the offset
price does not have any impact on the subgame, implying that the firm’s best response functions for any
index ¢ > I should be the same as that when ¢ = I. Since the main focus of this paper is the role of
carbon offsets, we remove the scenario where ¢*(g;) = 0, which implies that the firm does not have any
incentive to purchase offsets for any feasible value of g > ¢4. As a result, we end up having 1,290,737

randomly generated scenarios.

As before, we consider the following four ranges for the relative average valuation between the two

groups of customers “cu_u““, where p. = Bevp + (1 — Be)vy and py, = Buvp + (1 — By)v: (—o0, —0.15),
[—0.15,0), [0,0.15), [0.15,00). Then, for each one of the four ranges of %7:”’ we calculate the fraction

of instances where the corresponding results hold.

First, we study the impacts of offset price g on firm’s decisions and verify the results in Propositions
1 and 2. Figure Vla shows the likelihood that the main result in Proposition 1 continues to be valid in
this extended model, specifically that the firm reduces its controllable emissions as offset prices decrease.
Consistent with the numerical results for our main model, this figure indicates that such instances are not
uncommon with this generalized model. Figure V1b shows the likelihood that the result in Propositions 2
holds, that is, when, in response to an offset price decrease, the firm offsets a lower share of its emissions.
Consistent with both our analytical finding in the main model, this figure shows that the result is more

likely to occur when the two types of consumer preferences are positively correlated (i.e., “‘M_T““ > 0).

Next, we study the equilibrium of the entire game and verify the results in Propositions 3 and 4.

For each one of the 1,290,737 scenarios above, we are able to find the optimal offset price for the NGO
(9

* = minfarg H;in E*(g)]) through the exhaustive grid search described earlier. In addition, as for the
g=cg

case when carbon offsets are not available, we can calculate the firm’s optimal decisions (p?, ?) by solving
the profit optimization problem (i.e., (V1) with an additional constraint that ¢ = 0). We again consider

He— My Hu
Hu

the same four ranges for the ratio as before. Then, for each one of the four ranges of %, we

calculate the fraction of instances where the corresponding results hold.

Figure V1c shows the likelihood that the main insight in Proposition 3, when the firm strictly reduces
its controllable emissions and purchases offsets as offsets become available, holds in this extended model.
The results suggest the robustness of our insight that such instances are relatively common. Figure V1d
shows the likelihood that it is optimal for the NGO to set the offset price strictly higher than its cost

(i.e., g* > ¢4). Consistent with our analytical finding, this figure indicates that the result is more likely
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Figure V1: Proportion of instances (in model when consumer utility depends on total carbon footprint)
where...

(a) There exists a pair of offset prices when the firm  (b) There exists a pair of offset prices when the firm
offsets at both prices and strictly reduces its controllable  strictly offsets a lower share of its emissions at a lower
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to happen when the two types of consumer preferences are positively correlated (i.e., “C;T““ > 0).
V2 Uncertain Market Size

We here provide an analysis of the model extension where there is demand uncertainty. Same as in the
main model, we denote (p*(g),e*(g),t*(g)) as the firm’s best response functions given the offset price
and ¢* as the optimal offset price in equilibrium. In addition, we continue to use superscript -* to denote
the equilibrium outcome for the case without the availability of carbon offsets. For z > 0 and « € [0, 1],
similar to the main model, denote e; o = max(min(é, q,€),0), where é, , is the solution to the equation

[z 4 ¢ (Ez,a)]am + f'(éz,a) = 0. Also, for ease of exposition, denote u = ¢ + (1 — @)\

In the main model, the firm simply needs to decide the market segment it wants to cover and
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the production quantity equals the size of the corresponding market segment. When market size is
uncertain, the firm also needs to make nontrivial production quantity decision q. Given the Bernoulli
distribution where M could be m or Am, the firm can choose to have either ¢ = aﬁchucyhzo +a(l -
Be)ymlu, >0+ (1—a)Bumly, >0+ (1—a)(1—Bu)mly, >0 or ¢ = afcAmly, ,>0+a(l—LF)AmIy, >0+ (1—
a)Burmly, >0+ (1 —a)(1— By)A\mly, >0, given the market segment to be covered (i.e., I, >0, Lu.,>0,
Ly, >0 and I, ,>0). In the former (latter) case, the firm has the risk of overstocking (understocking)

inventory, i.e., ¢ > (<)D(p, e, t), where D(p,e,t) is given by (2) with the random total market size M.

Lemma V2.1. The firm purchases offsets (i.e., t*(g) > 0) if and only if their price g is low enough
(i.e., g <G).

Lemma V2.2, If ¢ > %7_255?, then the firm always chooses to overstock (i.e., ¢ = afemly, , >0 +

a(l — Be)mly, >0 + (1 — a)Bumly, >0 + (1 — a)(1 — Bu)mly, ,>0) in equilibrium with and without the

availability of carbon offsets.

To focus on the case where the production quantity is greater than the sales volume (which cannot

c(0)+Epe+€pe,
(vj—gé—Eeo) T
numerically verify the robustness of our results in the general case in Section V2.1.

be captured in the main model), we assume ¢ > in the following analysis. We will later

Consider another model where the market size is deterministic. We use the hat notation to denote

the parameters of this newly constructed model, the details of which are given as follows:

e Consumer utility function: 4 = V —Z2& — p, where V = pV and == JISH
e Demand parameters: & = o, By = Bu, B = B and the market size M = m with probability 1;

e Firm’s cost functions: é(e) = c(e), f(e) = f(e).

Note that this new model is the same as the main model in the paper, simply with V' and = being
scaled by u. We will next show that the extended model in Section 7.2 and this new model have the
same result regarding the firm’ emission decisions (e,t) and the NGO'’s offset pricing decision (g), and
thus all of the results in the paper should continue to hold with the model extension. The result is
summarized in Proposition V2.1. Here, we use the hat notation to denote the equilibrium outcomes (i.e.,

p*(g9),¢*(9),t*(g), g%, °, €®) in the new model above.
Proposition V2.1. Suppose ¢ > m‘ifzfﬁ?. When offsets are available, then g* = g*, p*(g) =
~b

p*(9)/ 1, e*(g9) = é*(g9) and t*(g) = t*(g9). When offsets are not available, then p® = p°/u, e® = év.

V2.1 Numerical Study

As in Section 6, we assume c(e) = 3kc(€ — e)? + ¢ and f(e) = 1ks(€ — e)?, and the same distributions
for all of the randomly generated parameter values. In addition, for A\ and ¢, we use A ~ U(0,1) and

¢ ~ U(0,1) (and thus our numerical setting is not restricted to the assumption in Lemma V2.2).

We randomly generate 2,000,000 scenarios based on the distributions above. For each scenario, given

any feasible value of the offset price g > ¢4, we can find the firm’s best responses (p*(g), €*(g9), ¢*(9),t*(9))
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by solving the following profit optimization problem with the new utility functions:

max p - Eymin(g, D(p, e, 1)) — (c(e) + gt)g — f(e)
et (V2)
st. e€[0,e],t €[0,e+ e

where the demand function D(p, e, t) is given by (2) with the random total market size M. We thereafter
conduct an exhaustive search and evaluate the firm’s optimal decisions (p*(g), €*(g), ¢*(g9),t*(g)) over the
following grid of g values {g; = ¢4 + 0.001(i — 1)}f% = G. Note that we do not need to go through
the entire grid (which has infinite number of points); according to Lemma V2.1, if t*(g;) = 0, then we
can stop the search as the firm will not purchase any offset for any larger value of g and thus the offset
price does not have any impact on the subgame, implying that the firm’s best response functions for any
index ¢ > I should be the same as that when ¢ = I. Since the main focus of this paper is the role of
carbon offsets, we remove the scenario where ¢*(g1) = 0, which implies that the firm does not have any
incentive to purchase offsets for any feasible value of g > ¢4. As a result, we end up having 1,154,211

randomly generated scenarios.

As before, we consider the following four ranges for the relative average valuation between the two

groups of customers “cu_u““, where p. = Bevp + (1 — Be)vy and py, = Buvp + (1 — By)v: (—o0, —0.15),
[—0.15,0), [0,0.15), [0.15,00). Then, for each one of the four ranges of %7:”’ we calculate the fraction

of instances where the corresponding results hold.

First, we study the impacts of offset price g on firm’s decisions and verify the results in Propositions
1 and 2. Figure V2a shows the likelihood that the main result in Proposition 1 continues to be valid in
this extended model, specifically that the firm reduces its controllable emissions as offset prices decrease.
Consistent with the numerical results for our main model, this figure indicates that such instances are not
uncommon with this generalized model. Figure V2b shows the likelihood that the result in Propositions 2
holds, that is, when, in response to an offset price decrease, the firm offsets a lower share of its emissions.
Consistent with both our analytical finding in the main model, this figure shows that the result is more

likely to occur when the two types of consumer preferences are positively correlated (i.e., “‘M_T““ > 0).

Next, we study the equilibrium of the entire game and verify the results in Propositions 3 and 4.

For each one of the 1,154,211 scenarios above, we are able to find the optimal offset price for the NGO
(9

* = minfarg H;in E*(g)]) through the exhaustive grid search described earlier. In addition, as for the
g=cg

case when carbon offsets are not available, we can calculate the firm’s optimal decisions (p?, ?) by solving

the profit optimization problem (i.e., (V2) with an additional constraint that ¢ = 0). We again consider
He— My
Hu

the same four ranges for the ratio as before. Then, for each one of the four ranges of “C;u”“, we

calculate the fraction of instances where the corresponding results hold.

Figure V2c shows the likelihood that the main insight in Proposition 3, when the firm strictly reduces
its controllable emissions and purchases offsets as offsets become available, holds in this extended model.
The results suggest the robustness of our insight that such instances are relatively common. Figure V2d
shows the likelihood that it is optimal for the NGO to set the offset price strictly higher than its cost

(i.e., g* > ¢4). Consistent with our analytical finding, this figure indicates that the result is more likely
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Figure V2: Proportion of instances (in model extension with uncertain market size) where...
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to happen when the two types of consumer preferences are positively correlated (i.e., “cu_i”“ > 0).

V3 Valuation Dependent on Controllable Emission Level

We here provide an analysis of the model extension where the firm’s controllable emission decision e can

have a negative impact on the product’s base quality and thus on consumer valuation. Same as in the

main model, we denote (p*(g),e*

(9),t*(g)) as the firm’s best response functions given the offset price

and ¢* as the optimal offset price in equilibrium. In addition, we continue to use superscript -* to denote

the equilibrium outcome for the case without the availability of carbon offsets.

Consider another model where the firm’s decision e has no impact on consumer’s base valuation.

We use the hat notation to denote the parameters of this newly constructed model, the details of which

are given as follows:



e Consumer utility function: & =V — 2& — p;
e Demand parameters: & = v, By = Sy, fe = B and 11 = m;
e Firm’s cost functions: é(e) = c¢(e) + w(e), f(e) = f(e).

Note that the variable cost function é(e) is convexly decreasing because both ¢(e) and w(e) are convexly
decreasing. Thus, this new model is exactly the same as the main model in the paper. We will next
show that the extended model in Section 7.3 and this new model have the same result regarding the
firm’ emission decisions (e, t) and the NGO'’s offset pricing decision (g), and thus all of the results in the
paper should continue to hold with the model extension. The result is summarized in Proposition V3.1.
Here, we use the hat notation to denote the equilibrium outcomes (i.e., p*(g),é*(g),t*(g), §*,p’, €®) in

the new model above.

Proposition V3.1. When offsets are available, then g* = g*, p*(g) = p*(g9) — w(e*(g)), e*(g) = €*(9)
and t*(g) = t*(g). When offsets are not available, then p* = p* — w(e?), ¥ = é°.

V4 Utility Dependent on Emissions and Offsetting Details

In the main model, we have focused on the case where the firm discloses only its effective unit emissions &,
or product carbon footprint, to consumers. Some firms, such as some of the examples previously discussed
(Apple, IKEA, Patagonia, Dell) report a more detailed breakdown of their emissions (including details on
the sources of emissions for each of the scopes 1, 2 and 3), so consumers could in principle have their own
(rough) estimates of e and e,. As discussed before, although scopes 1 and 2 emissions are controllable,
only a portion of scope 3 emissions are controllable. In addition, although it is not common for firms
to communicate the exact amount of carbon offsets they purchase in their websites and sustainability
reports, consumers could in principle obtain such data from the CDP (formerly, Carbon Disclosure
Project). In this section, we consider a model extension, where consumers have full information on the
specific amounts of controllable and uncontrollable emissions (i.e., e and e,) as well as the amount of
carbon offsets when making their purchasing decisions. In addition, different types of emissions may
have different marginal effects on consumers’ utility, and consumers may value carbon offsets lower than
emissions reduction in the firm’s operations. More specifically, while the firm may be viewed as not fully
responsible for its uncontrollable supply chain emissions, consumers may perceive offsetting controllable
emissions as taking the easy way out. We therefore revise eco-conscious consumers’ utility functions to

incorporate these effects as follows:

Uep = Vp — §(e — PT) — Yob(eo — To) — p;

ey = v — E(e —Y7) — of(€0 — 7o) — p,
where 7 € [0,¢] and 7, € [0,¢,] are the amount of offsets the firm purchases for its controllable and
uncontrollable emissions, respectively. In addition, ¢ € [0,1] and ), € [0, 1] are two discount factors to
reflect (i) consumers’ potential negative reaction to offsets for a firm’s controllable emissions and (ii) the
fact that they may assign a smaller degree of responsibility to the firm for its uncontrollable emissions.
As for eco-unconscious consumers, their utility functions remain the same as before, i.e., u,p = vy — p
and u,; = v; —p. Note that the main model in the paper can be regarded as a special case of this general
model with ¢ =, = 1.
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Lemma V4.1. The firm purchases offsets if and only if their price g is low enough. (Formally, there
exists a threshold G such that 7*(g) + 7.(g) > 0 if and only if g < G.)

Due to its complexity, and multiple degrees of freedom, we resort to a numerical approach to
solve the game with the new utility functions. As in Section 6, we assume c(e) = k(€ — €)? + ¢ and
f(e) = 2ks(e — €)%, and the same distributions for all of the randomly generated parameter values. In
addition, we have 1 ~ U(0.8,1) and 1, ~ U(0.8,1).

We randomly generate 2,000,000 scenarios based on the distributions above. For each scenario, given
any feasible value of the offset price g > ¢,, we can find the firm’s best responses (p*(g), e*(9), 7*(g9), 74 (9))

by solving the following profit optimization problem with the new utility functions:

max [p — c(e) — gT — g7, - d(p,e,7,7,) — f(e)
D,€,T\To (V3)

st. e€[0,e],7 € [0,¢],7, € [0, e
where the demand function d(p,e, 7, 7,) is given by (2) with the new utility functions. We thereafter
conduct an exhaustive search and evaluate the firm’s optimal decisions (p*(g),e*(9),7*(g), 72 (g)) over
the following grid of g values {g; = ¢, + 0.001(i — 1)}.2°0 £ G. Note that we do not need to go through
the entire grid (which has infinite number of points); according to Lemma V4.1, if 7*(g7) + 72 (g91) = 0,
then we can stop the search as the firm will not purchase any offset for any larger value of g and thus the
offset price does not have any impact on the subgame, implying that the firm’s best response functions
for any index ¢ > I should be the same as that when ¢ = I. Since the main focus of this paper is the role
of carbon offsets, we remove the scenario where 7*(g1) + 7. (¢91) = 0, which implies that the firm does
not have any incentive to purchase offsets for any feasible value of g > ¢4. As a result, we end up having

824,665 randomly generated scenarios.?!

As before, we consider the following four ranges for the relative average valuation between the two
groups of customers “C;iu““, where pe. = Bevp + (1 — Be)vp and py, = Buvn + (1 — Bu)vi: (—o0, —0.15),
[—0.15,0), [0,0.15), [0.15,00). Then, for each one of the four ranges of %, we calculate the fraction

of instances where the corresponding results hold.

First, we study the impacts of offset price g on firm’s decisions and verify the results in Propositions
1 and 2. Figure V3a shows the likelihood that the main result in Proposition 1 continues to be valid in
this extended model, specifically that the firm reduces its controllable emissions as offset prices decrease.
Consistent with the numerical results for our main model, this figure indicates that such instances are not
uncommon with this generalized model. Figure V3b shows the likelihood that the result in Propositions 2
holds, that is, when, in response to an offset price decrease, the firm offsets a lower share of its emissions.
Consistent with both our analytical finding in the main model, this figure shows that the result is more

likely to occur when the two types of consumer preferences are positively correlated (i.e., ”‘;7““" > 0).

Next, we study the equilibrium of the entire game and verify the results in Propositions 3 and 4.

2'When consumers have negative reaction to offsets (as in the extended model), the firm will have less incentive to
purchase offsets (and it is thus more likely to have 7*(g) + 7, (¢g) = 0 for all feasible value of g > ¢4) compared to the main
model in the paper.
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Figure V3: Proportion of instances in general utility model where...
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For each one of the 824,665 scenarios above, we are able to find the optimal offset price for the NGO
(g

* = minfarg rr;in E*(g)]) through the exhaustive grid search described earlier. In addition, as for the
g=¢g

case when carbon offsets are not available, we can calculate the firm’s optimal decisions (pb, eb) by solving
the profit optimization problem (i.e., (V3) with an additional constraint that 7 = 7, = 0). We again

consider the same four ranges for the ratio “cu_iu““ as before. Then, for each one of the four ranges of

MHe— Hu
Hu

, we calculate the fraction of instances where the corresponding results hold.

Figure V3c shows the likelihood that the main insight in Proposition 3, when the firm strictly reduces
its controllable emissions and purchases offsets as offsets become available, holds in this extended model.
The results suggest the robustness of our insight that such instances are relatively common. Figure V3d
shows the likelihood that it is optimal for the NGO to set the offset price strictly higher than its cost

(i.e., g* > ¢4). Consistent with our analytical finding, this figure indicates that the result is more likely
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to happen when the two types of consumer preferences are positively correlated (i.e., #CM_TM > 0).
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Online Supplement VI: Proofs

Lemma VI1. e, , is weakly decreasing in both x and c.

Proof of Lemma VI1: Note ey o = max(min(é, q,€),0), where €, is the solution to the equation [z +

~ ~ 8~5L‘ o - - / ~IE (e ! ~.’L‘ «
d(Ez,a)lom + f'(€za) = 0. Then, we have 5= = amcfgx,j)(—if”();z,a) = amc//{éa(c.eaj“‘);lolt(éx,a) < 0 and
ag;a = —7p (éz,_ao)éT T < 0. Thus, we can conclude the result. O

Proof of Lemma 1: Given the offset price g, the firm’s profit function is m(p,e,t|g) = (p — c(e) —
gt)d(p,e,t)—f(e). Suppose there exist g1 < go such that t*(g1) = 0 < t*(g2). Then, 7(p*(92),e*(g2),t*(g92)]g2) >
m(p™(91), €*(91), t"(g1)]g2) = w(p"(91), €*(91), t*(91)|91) > m(p*(92), €"(92),t"(g2)|91), where the equality
is because t*(g1) = 0. However, this is contradictory to the fact that 7(p*(g2),e*(g2),t*(92)|g2) —
m(p*(g2),€*(92), t*(92)|91) = (91 — 92)t*(g2)d(p*(92),€*(g2),t"(g2)) < 0. Thus, we can conclude the re-
sult. O

Proof of Proposition 1: Let us first look at Case N. Denote 7(p, e, t|g) as the profit given firm’s decisions
(p,e,t) and offset price g. If t > 0, according to the analysis of the subgame in Online Appendix I1 the

equilibrium in the subgame must be one of the following;:

L.p=uvp, e= €g,1—a+afes t= €g,1—a+aB. T €o; de = afem, d, = (1 - a)m§

2. p=uv,e=eg1,t =¢€g1+ €, de = am, d, = (1 — a)m.

Define function h(g) 2 (v, €g.1,€g,1 + €o|g) — T(Vn, €g1—a+aBes €g,1—ataB. + €olg) = (v — c(eg,1) —

geg,1 — geo)m — f(eg1) — [(vh — clegi-atas.) — 9€g,1-a+ap. — 9€o)(1 — a+afe)m — f(eg1-a+ap.)]- Note
vi—ele) g
that lim #(g) = —eoa(1— BeJm < 0. Then, if h(0) > 0 (ie., B < By £ =@ "% then there exists
g——+o0

X = min{g|h(g) = 0} and X > 0. Then, if the following condition hold:

(1) m(u,ex1,ex1+e0X) > m(vp, €,01X), ie., (v—clex1)—Xex1—Xe,)m—fex1) > (vp—c(€))(1—

a)m,
then we must have X < G and for a small positive number € > 0,

o if g€ (0,X), then p* = v, e* =e41 and t* = ey + €o;
o if g€ (X, X +¢), then p* = vy, " = €g1-a+rap, and t* = €g1_atas. + €o-

Therefore, there exist g1, g2 and € € (0,€) such that X — €< g1 < X < go < X +€and e*(g1) = €41 <
€gs.1—atap. = €(g2), where the inequality is due to Lemma VI1 and is strict if € is large enough; also, in
this case, we have d’(g1) = am > af.m = d’(g2) and d}(g1) = (1 — a)m = d}(g2). As for condition (1),

note that %fc < 0and g—gbzx < 0, and thus we have g—é‘; < 0. Since 6(”_C(ex’l)_Xe)g’;(_xeo)m_f(ex’l)) <0

(due to Envelope Theorem), condition (1) is equivalent to . being large (i.e., 5. > Bi).

Figure VI1 depicts a numerical example for Proposition 1(i).
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Figure VI1: A Numerical Example for Proposition 1(i)
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Note: In this example, m = 80, c(e) = 2k.(€ —e)> + ¢, f(e) = 2kp(é —e)?, €= 1.6, k. = 3, ky = 2091, & = 0.074,

) -2

eo=0.154, £ =15, a =05, B = 0.1, Bu = 1, v, = 4.32, v, = 6.4.

Next, let us look at Case P. Denote m(p, e, t|g) as the profit given firm’s decisions (p, e, t) and offset
price g. If vy, < v + eo, then v; > vy, —€(€+€,) and max(eg 1, %1_56") = eg,1, and thus if ¢ < G (i.e.,
t > 0), according to the analysis of the subgame in Online Appendix I1, the equilibrium in the subgame

must be one of the following:

L.p=wvp, e= €g,a4(1—a)Buy> l= €g,a+(1—a)By + €, de = am, dy, = (1 - a)ﬁum7

2.p=u,e=eg1, t=eg1+eo— ”hg”l, d. =am, d, = (1 —a)m.

—vptEegatEeo
U EEEIEE | ) — 7 (Uh, €0k (1—a)fus Cgat(1-a)s + €olg) = (V1 —

c(eg1) — g™ — geg1 — geo)m — fleg1) = [(vh — cleg,at(1-a)8.) — 9€g,a-+(1-a)s. — 9€o)(a+ (1 —a)Bu)m —
F(egat(1-a)s,)]- Note that A(0) = (v —c(e))m —(vp —c(@))(a+ (1 —a)fu)mand lim 1'(g) = =gtm—
g 0o

eo(1—a)(1—By)m. I h(0) > 0 and lirf W (g) < 0 (ie., By < B, & min((vzfc(é))*(vhfc(é))a éea(lfoz)*(vhfvz)))7
g—r+oo

Define function h(g) £ m(v, eg1,

(vn—c(@)(1-a) Eeo(l-q)
then there exists X = min{g|h(g) = 0} and X > 0. Then, if the following condition hold:

(1) 7 (vp, eX at(1—a)Bu> eX’a+(1_a)5u+eo|X) > max(m(vp, €,0|X), (v, €,0|X)), ie., (Uh—C((fX,a+(1—a)5u)—
Xex at(1-a)s, —Xeo)(a+(1—a)Bu)m—f(ex at(1-a)p,) > max((vp—c(€))(1—a)Bum, (v—c(e))(1—
a)m);

then we must have X < G and for a small positive number € > 0,

Vh =Y
)

o if g€ (0,X), then p* = v, e =eg1, t* =eg1+ €, —
e if g € (X, X +¢), then p* = vy, € = €; 01 (1-a)8u> I = €ga+(1-a)B, T Co-

Therefore, there exist g1,g92 and € € (0,¢) such that X — € < g1 < X < g2 < X 4+ € and e*(g1) =
€g11 < €goat(1-a)B. = €(92), where the inequality is due to Lemma VII and is strict if € is large
enough; also, in this case, we have d%(g1) = am = d’(g2) and d;(¢1) = (1 —a)m > (1 — a)f, =

di(g2). As for condition (1), since §, < (vzzf}fé_)():(fé()l))?f_cg))a < zi:cc((éé)), condition (1) is equivalent to
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(vh — clex,a4+(1—a)Ba) — XexX at(1—a)Ba — Xeo)(a + (1 — a)Bu)m — flex atr(1-a)p,) > (v — c(€))(1 —

a)m. Note that % < 0 and %]gzx < 0, and thus we have g% < 0. By Envelope Themore, we

(v — -X —Xeo 1—a)Bu)m— (1 . )
((on=clex.at(1-a)p) eX‘”(l*a)BgX coet1=a)bu)m=f(Cx.at(1-a)s,)) < 0, and thus condition (1) is

have

equivalent to f3,, being large (i.e., 5, > Bl).
Figure VI2 depicts a numerical example for Proposition 1(ii).

Figure VI2: A Numerical Example for Proposition 1(ii)
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Note: In this example, m = 70, c(e) = skc(€ —e)® + ¢, f(e) = Lks(e —e€)®, =2, ke = 40, kg = 2600, & = 0.18, e, = 0.16,

£E=45,a=0.3, fc =1, fu =0.35, vy =6, v, = 8.8.

O

Proof of Footnote 9: If f(e) = 0 for any e € [0, €], then for any g and «, we have ¢4, = €4, which is
independent of o. From the subgame analysis in Online Appendix I1, when ¢t* > 0, we must have e* = ¢y,

which is (weakly) decreasing in g (by Lemma VI1). O

Proof of Proposition 2: Let us first look at Case N. According to the analysis of the subgame in Online
Appendix I1, if ¢ > 0, the equilibrium in the subgame must be one of the following:

L. P = Vh, € = €g1—atafe> t= €g,1—a+afe + €0, dc = a/cha du = (1 - a)m;

2. p=uv,e=eg1,t =¢€g1+ €, de = am, d, = (1 — a)m.

Thus, if £ > 0, we have 6 = 1 in equilibrium. Given Lemma 1, we can conclude that

e if g > (G, then 6* = 0;
e if g <G, then 6* = 1.

Thus, we can conclude Proposition 2(i).
Next, let us look at Case P. From the proof of Proposition 1(ii), if 8, € (B1, Bs) and vj, — v; < e,

then
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o if g € (0,X),% then 6*(g;) =1 — et

o if go € (X, X +¢), then 0*(g2) = 1.
Thus, 6*(g1) < 6" (g2).
Below, we provide a numerical example for Propositions 2(ii) in Figure VI3.

Figure VI3: A Numerical Example for Propositions 2(ii)
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Note: In this example, the parameter values are the same as in Figure VI2.

O]

Proof of Lemma 2: If ¢ > G, then for any g > ¢4, according to Lemma 1, t*(g) = 0. Thus, the firm will

not choose to purchase any offset from the NGO, given any feasible choice offset price g > ¢,.

Next, let us consider the case when ¢, < G. First, from the Lemma I1.1 and Lemma 1, we have
G <E&.

o If G <&, then from the subgame analysis in Online Appendix I1,
— if g < G, then t*(g) > 0 and thus £*(g) € {0, 2z}
— if g € (G, {], then t*(g) = 0 and thus £*(g) € {5, €+ €0}
Note that the equilibrium in the subgame (including £*) is independent of g when g > G, because
t*(g) = 0. Thus, for g > &, we also have £*(g) € {2, € + e,}. Note that £*(g) < € + e, for any

3
g. Thus, for any g1 € [¢g, G] and g2 > G, we have £*(g1) < £*(g2). Thus, g* € [¢g4, G]. Then, by

Lemma 1, we have t*(g*) > 0.
o If G = ¢, then from the subgame analysis in Online Appendix I1, then t*(G) > 0 and thus
£1(@) € {0, m5%)
— If £*(G) = 0, then £*(G) < £*(go) for any go > G. Thus, ¢* € [¢y4, G]. Then, by Lemma 1,
we have t*(g*) > 0.

22Note that we have assumed g > 0 throughout the paper. If g = 0, the firm’s best response functions may not be
unique. Specifically, if g = 0 < X, we can find that p* = v;, e* =€ and t* € [m, € + €o]. In this case, the firm
does not need to offset all of its emissions (despite zero offset price) to attract all consumers to purchase the product at
price p = v;.
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- If&(G) = %, then from the subgame analysis in Online Appendix I1, given that t*(G) > 0,
we must have eg1-atag, + €0 — gt > 0 (ie, ec1-atas. + €0 — % > 0) and () —
70| ,=g=¢ > 0. Since t*(G) > 0, we have (7 — 71())| _5_¢ = 7(93) — 7o) = 7(5) _ 7 (b6),
and thus 7(@3) — 704 > 0 and 75 — 7(06) > (. Also, since e¢1_qtag. + €0 — % > 0 and
Cel-atafe < €¢,(1—a)ButaBer We have vy — €eg (1-a)8,+ap. — {0 < v Thus, when g > G, the
outcome in the subgame must be from option (al), (a2), (a3), (bl), (b3), (b4), (b5). Note
that £ = £002) = £01) = £08) =& e, > £%(@), £ = eg1-ayap, + €0 > 27t = E4(G),
E0Y = et = £4(G), and EB) = ec1 atap. + €0 > et = £4(G). Therefore, &Q) <
E*(g2) for any g2 > G. Thus, g* € [¢y,G]. Then, by Lemma 1, we have t*(g*) > 0.

O

Proof of Proposition 3: Let’s first look at the case when carbon offsets are not available. The analysis

of the game is given in Appendix 12.

Lemma VI2. When offsets are not available, there exists a threshold A > 0 such that if « € (0, A),

then e? = e.

Proof of Lemma VI2: If vy, — £e, < vy, then we have vy, — e, — e 1—atap. < Ui

o If (v, — c(€))By > (v — c(€)), then we just need to compare cases (al), (a3) and (a4), where
a(w<a1)_7r<a3))

elal) = e, elad) = €t 1—a+af. and elad) = e¢,1. By Envelope Theorem, we have 5

— (o —c(€)) Burn-+ (tn—Eeo—Eee 1 _atap—clee 1—a+aBe)) (1—fo)m < —(u1—c(@))m+(ui—c(ee, 1-

ataBe))(1-Be)m < 0and 280" (4, _¢(&))B,m < 0. Also, note that Tim (@) —7(#3)) =
(vn — () Bumn — [(vh — Eeo —Eeeq —cleg1))m— fleg )] > (v —c(€))m— (v —cleg1))m+ flega) > 0
and.lim (@) — x@8) = (v, — e(6))m — [(v, — e — €1 — elee.))m — flec)] > (v — c(e))m —
(v — Eeo — Eegq — cleg1))m + f(egq) > 0. Thus, there exists A > 0 such that if o € (0, A), then
7@ > max{n(@3) 7@ and thus e® = el*)) =€,

o If (v, — c(€))Bu < (v — c(€)), then we just need to compare cases (a2), (a3) and (a4), where

(a2) _—(a3)
ela2) — e, elad) — €¢1—atap. and elod) — e¢,1- By Envelope Theorem, we have % =

a+af:))(1—pB.)m < 0 and W = —(y—c(e))m < 0. Also, note that hgb( m(02) _ 7(ad)y =
(v — c(€))m — [(vn — §eo — Eec1 — clega))m — flega)] > (v —c(€))m — (v — c(eg1))m + fleg1) > 0
and lim (7(*?) — 7(Y) = (v — c(€))m — [(v1 — Eeo — Eec — cleca))m — flegn)] > (v — c(€))m —

(v — €eo — Eegn — cleg1))m + feg,1) > 0. Thus, there exists A > 0 such that if o € (0, A), then

792 > max{r(@3) 7@} and thus e® = e(®?) = &.

—(v—c(€))m+(vn—Eeo—Eeg 1-atap. —cleg, 1 —atafe)) (1= Fe)m < —(u—c(€))m+ (v —cleg, 1~
)

If v, — & — Eep, < vy < v — ey

o If (v, — c(€))By > (v — ¢(€)), then we just need to compare cases (bl), (b2), (b4), (b5) and (b6),

where e®1) b2) (b4) _ v— 5660—111, o(a5)

=g, el = €t 1-atap. and elab) — ee1. By

= €¢,(1—a)Butafer €
Envelope Theorem, we have the following results:
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(1) g (b2))

*If vy — 565 1—a)ButaBe. — §€o = I, then =——5——— = —(vp, — c(€))Bum + (v, — Eep —
56%) o)yt ~ e (1—a)Butape)) (Bu — Be)m < 0.
# KT = (v — ef€))Bum + (v — e(BTUE)) (1 — Bm < — (v — c(e))m + (u
o(=t=Ee)) (1 = Be)m < 0
2 (b1) _ 1 (b5)
* Tf o, — Eee 1 —atap, —E€o > vp, then 2T ) — (4 — c(€)) Bym + (v — Eeo — €61 —arrap, —

C(e&l—a-i-aﬁc))(l = Be)m < —(v — c(e))m + (v — C(eE 1- a-i-aﬁc))(l — Be)m < 0.
* 7a(ﬂ(bl<)9;7r<b6)) —(vn — c(e))Bum < 0

Also, note that:
* I vn = Seg 1-a)purap. — §€0 = i, then lim (7O — 7)) = (v, — c(€))Bum — [(vn — €eo —
Eeep, — cleep,))Bum — fleeps,)] >0
 Tim (2®) — 700) = (1, — o(€))Bum — [(uy — e(BTUEE )y — F(BZUEe)] > (3 — o(e))m —

a—0

(0 — (Bt — f(=ugea] 5

If v, — eg1—ataB. — €0 > vy, then iigb(w(bl) — 7r(b5)) (vh, — c(€))Bum — [(vh — Eeo — Eee 1 —
cleg1))m — flega)] > (v —c(€))m — [(v — c(eg1))m — fleg1)] > 0

tim (1) — 709 = (v, — e(6))Bum — (0 — e, — e — clec))m — Fleg.)] > (o= c(e))m -
(v — Eeo — Eegr — clega))m + flega) >0

Thus, there exists A > 0 such that if a € (0, A), then 7V > max{z(#?) 7 75 706)} and thus

et = el =g,

o If (vp, — c(€))Bu < (v; — ¢(€)), then we just need to compare cases (b2), (b3), (b4), (b5) and (b6),

where e(?) = €¢,(1—a)Butafer € e®3) = e, e e(bd) = U=8€t geg, U e (@5) — e¢1—a+ab. and elab) — ee1- By

Envelope Theorem, we have the following results:
8(7r<b3)—7'r<b2))

* IEvn—Eeg,(1-a)pu+as. €0 2 Ui, then =52 = —(u—c(€))m+(vp—Eeo—Eeg,(1-a)pu+ap.—
cleg,(1-a)purase)) (Bu—Be)m < —(vp—c(€)) Bum+(vh—€eo—Ees (1-a)Bu+ape —C(E¢,(1-a)Butase)) (Bu—
Be)m < 0.

2 (63) 1 (b4) N
* AT — (o — @)+ (v — (27U ) (1~ By < 0

2 (63) _(b5)
* If v — €eg,1-atap, — Eeo = r, then QT2 = — (5 — c(e))m + (v, — Eeo — Eee1-avap, —

C(e&lfoﬂraﬁc))(l — Be)m < —(vy — c(€))m + (v — C(eé 1— a+a,3c>)(1 — Be)m < 0.

* 78(7r<b329;7r<b6)) —(vy —c(e))m <0

Also, note that:

* I oh — €eg (1-a)p, +ap. — §€0 = v, then lim (709 —7(02)) = (v —c(€))m — [(vn — Eeo — Eee, 5, —
cleg,,))Bum — f(eg,p,)] > (vn — c(€))Bum — [(vh — §eo — Eee g, — cleg,,)) Bum — f(egp,)] >0

i (10— x09) = (o (@))m ~ [(u — e( B m — F(=E)] > 0

*If v, — eg1—atap. — €0 > vy, then liirb(w(b:s) — (0%)y = (v —c(€))m — [(vp, — Eeo — Eeg1 —
clega))m — flegr)] > (v — c(€))m — [(v — cleg1))m — feg1)] > 0

* lim (w(b?’) — 7r(b6)) = (v —c(e))m — [(v; — Eeo — Eegq — clegn))m — fegn)] > 0

a—0
Thus, there exists A > 0 such that if a € (0, A), then 73 > max{z(#?) 7 75 7(16)1 and thus
b (b3) _ =
e’ =el) =

If v; < v, — €€ — ey, then we have v; < vy, — feg,(ka)ﬁuwﬂg —&eo and v; < vy — e 1—ataB. — E€o-
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Thus, we just need to compare cases (b1), (b2), (b4), and (b6), where V) = ¢, *?) = €¢,(1—a) ButaBer
bl b2
e®) =& and e(@) = ¢ ;. By Envelope Theorem, we have M —(vp, — c(€)) Bum + (v, — Eep —
(b4) 7T(bs)
Eec1-a)putap. — (e 1-aypran.))(Bu — Bem < 0 and PE=Em) = — (0 — (@) (1 = feym < 0. Also,
note that lim (w*) — 7)) = (v, — c(&))Bum — [(vn — €eo — Eeep. — clec,p.))Bum — f(eg,p,)] > 0 and
Oléii%(ﬂ(b@ — 7)) = (v — c(&))m — [(v; — Eeo — Eeg1 — ceg1))m — f(eg1)] > 0. Thus, there exists A > 0
such that if a € (0, A), then max(7(®D, 7Y > max{r(®?) 7"} and thus e’ is either e®V) or e®¥ (i.e.,
et =e). O

With offsets, if ¢, < G, by Lemma 2, we have t*(¢g*) > 0. According to the analysis of the subgame
in Online Appendix I1, if ¢ > 0, we have e € {e —a)ButafBer €g1—atafe; €g, 1} < € and the inequality is
strict if € is large enough. Thus, we must have e ( ") € {eg*,(1—a)ButaBe €g* 1—atape: €g*,1} < € and the
inequality is strict if € is large enough.

Therefore, if ¢; < G and a € (0, A), we have €*(g%) € {€g+ (1-a)gu+abe: €g*,1—atafe: €g*,1} < € = €,

where the inequality is strict if € is large enough. O

Proof of Proposition 4: Let us first look at Case N. From the proof of Proposition 1(i), we have the

following result:

e if g > G, then 6*(g) =
o if g <G, then 6%(g) =1 and thus £*(g) = 0.

Thus, given that ¢, < G, it is easy to find that ¢* = ¢,, under which we have 6*(¢*) = 1 and thus
& (g) = 0.

Next, let us look at Case P. If v, — v; < &e, and [, € (Bl, Bg), according to the proof of Propo-

sition 1(ii), there exist g1, g2 € (0,G), such that g; < g2 < G and 6*(g1) =1 — % <1=10%(g2),
1 o

and thus £%(g1) > 0 = £*(g2). Therefore, if ¢, = g1, then we can conclude the optimal offset price

g* = argmin £*(g) > ¢,. O
g=>cg

Proof of Footnote 16: First note that it is certainly not profitable for the firm to produce more than
the targeted demand d(p,e,t). Second, if the firm produces less than the demand d(p,e,t), which is
deterministic and independent of the firm’s production quantity, the firm can be better off by increasing
its production quantity and sells more of its products in the market. Therefore, in equilibrium, we must

have production quantity equal to the demand d(p, e, t). O

Proof of Proposition I11: Let us first prove Proposition II1(i). According to the subgame analysis in
Online Appendix I1, the firm will choose the best among Options 1,2,3,4,6. If 5, > ”’_C(é,), then

vp—c(€)

71 > 7G) for any g € (0,€) and 8, € [0,1]. Also, note that liml(w(2) —7®) > 0, and thus there exists

by < 1 such that 7@ — 74 > 0 for any ¢ € (0,¢) and fB. € [0,1]. Thus, if 3, > B, £ max( L% u=c(e) ,bu),

vp—c(e)’
then we just need to compare Option 1,2,6:
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e Option 1: p=wvp,e=¢€,t=0,d. =0, dy, = (1 — a)Bym;

e Option 2: p = wp, € = €y (1_a)Bu+aBes T = €g,(1—a)Butape T o> de = afBem, dy = (1 — a)Bum;
e Option 6: p=v;, e =eg1, t =€41 + €, de = am, d, = (1 — a)m.

Define function h(g) £ (v, eq.1,€91 + €0lg) — 7'['('Uh,€g (1—a)Butafer €g,(1—a)ButaBe T eolg) = (v —
C(eg,1) —9€g,1 — geO)m - f(eg,l) - [(Uh - C( 9,(1— )5u+a60) €g,(1—a)But+aBec — geo)((l - O‘)ﬂu + O‘ﬁc)m -
fleg,(1—a)Bu+as.)]- Note that EI—&I} h(g) = —eo(1 — (1 — a)/Bu — afe)m < 0. Then, if A(0) > 0 (i.e.,

g )

vy —c(e)
A vi—c(é)_(l_a)ﬁu

/Bc<£B2:

condition hold:

), then there exists X = min{g|h(g) = 0} and X > 0. Then, if the following

(1) 7T<’l)l,€X71,€X71+€O‘X) > W(Uh,é,O‘X), i.e., (vl—c(eX71)—XeX71—Xeo)m—f(ex,l) > (vh—c(é))(l—
Oé)ﬁuma

then for a small positive number € > 0, we must have X < G and

o if g € (0,X), then p* = v, e* = ¢4 and t* = ey 1 + €o;
o if g € (X, X +¢), then p* = v, € = €y (1_a)8,4a8. AN t* = €4 (1_a)8,+a8. T Co-

Therefore, there exist g1, g2 and € € (0,€) such that X —€ < g1 < X < go < X +€and e*(g1) = €41 <
€go,(1—a)ButaB. = € (g2), where the inequality is due to Lemma VI1 and is strict if € is large enough;
also, in this case, we have d}(g1) > d*(gg) and d}(g1) = d(g2). As for condition (1), note that g—ﬁhc <0

and dh|g x < 0, and thus we have 2 ﬁ < 0. Since (vl70(6){’1)7X6)§,’)1(7X60)m7f(ex’1)) < 0 (due to Envelope

Theorem), condition (1) is equivalent to 5. being large (i.e., 8. > B1).

Next, let us prove Proposition II1(ii). When (. = 1, then if there exist §; < g2 such that e*(g1) <

€*(g2), then according to the proof of Proposition 1(ii), we have the following results:

4) _ Vh =]

e If g = §i, then the firm chooses Option 4 with p( 1, e = €g1,1, t@ = €51+ €o — , and

7 (g1) > max(rM(g1), 7 (g1), 7 (g1), 7 (1))
e If g = §o, then the firm chooses Option 2 with p®) = vy, e?) = €Ga,(1—a) Butas t(2) = €5s,(1—a)Buta T

o, and 1) (G) > max(rV(g2), 7 (G2), 7D (32), 70 (3)).
Moreover, e, 1 < €go,(1—a)By+a-

Since 7(® (i =1,2,3,4,6) is continuous in f., we should continue to have

7@ (g1) > max(rM (g1), 73 (51), 7 (G1), 79 (G1)) and 7@ (g2) > max (7 (g2), 73 (G2), 7 (G2), 7 (g2))
when f. is smaller than one but large enough (i.e., B. > b. for some b, < 1). As a result,

e If g = g1, then the firm chooses Option 4 with pW =y, e® = €51, 1—a+afbe t@ = €51, 1—a+aBe T
e — 2z, and 7 (g1) > max(7M(g1), 7 (g1), 7 (g1), 7 (31)).

e If g = o, then the firm chooses Option 2 with p®) = vy, e?) = €5a,(1—) But-afBes 2 = €5,(1—a)Butafe T
¢o, and 73)(g2) > max(7 (Go), 7 (52), 7 (72), 70 (72)).

Thus, €*(§1) = e® = €j,1-a+ap. and €*(G2) = e = eg, 1_a)gutas. Sice €51 < €5, (1—a)futa

and both eg, 1-a+ag, and €z, (1-q)8,+ap. are continuous in B.. Thus, there exists b. < 1 such that
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€4y 1—atafe < € (1—a)Bu+afe i Be > be. Define B, = max(bc,i)c) and we can conclude that e*(g1) <
e*(ge2) if . > Be. O

Proof of Proposition 112: Let us first prove Proposition I12(i). According to the proof of Proposi-
tion I11(i), if B, > B, (where B, is defined in Proposition II1(i)), then we just need to compare
Option 1,2,6:

e Option 1: p=wvp,e=¢€,t=0,d. =0, dy, = (1 — a)Bym;
e Option 2: p=vp, e = €g,(1—a)Bu+tafes = €g,(1—a)Bu+aB. T €o de = afem, d, = (1 — a)Bum;
e Option 6: p=w;, e =¢€g1,t =e€g1+ €, de = am, d, = (1 — a)m.

Thus, if ¢ > 0, we have § = 1 in equilibrium. Given Lemma 1, we can conclude that

e if g > G, then 6* = 0;
e if g <G, then 6* = 1.

Thus, we can conclude Proposition I12(i).

Next, let us prove Proposition I12(ii). When . = 1, then if there exist §; < g2 such that 6*(g1) <

0*(g2), then according to the proof of Proposition 2(ii), we have the following results:

e If g = §i1, then the firm chooses Option 4 with p®) = v}, e = €g1,1, t@ = g1+ € — %, and
7@ (g1) > max(7W(g1), 7@ (G1), 73 (G1), 7 (1))

e If g = o, then the firm chooses Option 2 with p(?) = v, e®) = €50, (1—a) Butas t@ = €G,(1—a)Buta T
¢o, and 73)(g2) > max(7 (Go), 7 (52), 71 (72), 7 (72)).

Since 7(® (i=1,2,3,4,6) is continuous in f., we should continue to have
(1) > max(rM(g1), 7 (g1), 7 (1), 79 (g1)) and 7 (52) > max(7) (g2), 7 (g2), 7 (32), 7 (52))

when [, is smaller than one but large enough (i.e., f. > B, for some B, < 1). As a result,

e If g = g1, then the firm chooses Option 4 with pW =y, e® = €1, 1—atafe t@ = €41, 1—ataf. T
€o — g, and 7W(g1) > max(r® (1), 73 (g1), 7@ (G1), 7 (31)).

e If g = §o, then the firm chooses Option 2 with p(2) = vy, e(?) = €G,(1—) Butafes 2 = €gs,(1—a)ButafeT
eo, and 3 (G2) > max (71 (g2), 7 (G2), 7D (G2), 70 (72)).

Thus, 6*(§1) = Lo =1 — Un =y and 0*(§2) = -2 = 1. Therefore, 0*(§;) < 0%(g2). O

T e@te, €(egy 1-atapeteo) T e@+e

Proof of Proposition 113: Let us first prove Proposition II13(i). From the proof of Proposition II1(i), if
Bu > B, (where B, is defined in Proposition II1(i)), we have the following result:

e if g > G, then 0*(g)
o if g <G, then 6*(g) =

0;
1 and thus £*(g) = 0.

Thus, given that ¢, < G, it is easy to find that ¢* = ¢,, under which we have 6*(¢*) = 1 and thus
&*(g7) =0.

Next, let us prove Proposition I13(ii). According to the proof of Proposition 4(ii), when 3, = 1, if
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there exists ¢, € (0,G) such that g* > ¢g4, then 6*(cy) < 1 = 6*(g*). Then, by Proposition 112(ii) and
its proof, if g, > B. (where B, is defined in Proposition I12(ii)), then 6*(¢c,) < 1 = 6*(¢*), and thus
E*(cg) > 0=E*(g*). Thus, we can conclude the result. O

Proof of Lemma I1.1: The firm’s profit function is 7(p,e,t) = (p — c(e) — gt)d(p,e,t) — f(e). Suppose
g > € and the optimal solution is (p*,e*, t*) where t* > 0. Consider another option t©* = 0, ¢® = ¢* and
p® = p* — £t*. Then, based on consumer utility functions, we can find that d(p*, e*,t*) < d(p®, e®, t%).

Therefore, we have

W(p*,e*,t*) = (p - C(e ) - gt*)d(p*ve*vt*) - f(e*)
< (p* —c(e”) = &7)d(pT, e, 1) — f(e7)
< (" = e(e) = &)d(p®, e, 17) — f(e”)
° )

where the first inequality is due to £ < g and t* > 0. This is contradictory to the fact that (p*, e*,t*) is
the optimal solution. Thus, if g > £, we must have t* = 0. 0

Proof of Proposition I111: Denote m(p,e,t|g) as the profit given firm’s decisions (p, e, t) and offset price
g. Given g, if vy, < v+ Ee,, then vy > vy, —£(€+e,) and max(eg 1—a-+af,s W) = €g1-a+ap. for any
g € (0,¢), and thus according to the analysis of the subgame in Online Appendix I1, the equilibrium in

the subgame must be one of the following:

L. p=1vp, e =€ga8.; t = €ga8. + €o, dec = aBem, dy, = 0;

2.p=vu,e=¢,t=0,d.=0,d, = (1 —a)m;

3. P =", €= ¢€g1-atafes = €g,1—a+afB. + e — Uhgvl7 dc = Ck,ch, du = (1 - a)m;

4. p=v,e=eg1,t=¢€g1+ ey de=am,d, =(1—a)m.

Define function h(g) £ m(v;, €91—a+af., vlivﬁgeg‘l{“*aﬁﬁéeo |9) — 7(Vn, €g,a8., €g,a8. + €olg) = (Vi —

c(eg1-a+ap.) — 9 — g€g,1-a+af. — 9€o)(1 — a+ afe)m — fleg1—atap.) = [(vn — c(egap.) — 9€g,a8. —

geo)affem — f(egap.)]. Note that h(0) = (v; — c(€))(1 — a + affc)m — (v, — c(€))afem, which is positive

if and only if 8, < By 2 =@U=9) " A156 mote that BT K (g) = L (I —a+afe)m —eo(1 — a)m,
g 00

(vh—v)x

UV —Vp

which is negative if and only if B, < By & (Ewntutéedd=a) " 1¢ gy 5 ( and lim H/(g) < 0 (ie.
g% o

(vh—v)a
B. < By & min(Bg,EQ)), then there exists X = min{g|h(g) = 0} and X > 0. Then, if the following

conditions hold:

(1) m(vi, ex,1-atafe: €X,1-a+af. teol X) > m(u, €,0(X), i.e., (Ul_c(eX,lfaJra,Bc)_X%_XeX,lfaJraﬁc_
Xeo)(1— o+ abe)m — flexi-atap) > (0 — c(@)(1 — a)m;

(2) (v, ex1—ataBe: €X,1—atap. + €0l X) > (v, eq1,€41 + €0 X), L., (v — clex1-ataB.) — X% —
Xex1-at+ap. — Xeo)(1 —a+aBe)m — flex1-a+as.) > (0 —clex1) — Xex1 — Xeo)m — flexn),
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then for a small positive number € > 0, we must have

Vp =01

o if g (X —¢,X), then p* = v, " = €g1-a+a.s ¥ = €g1—ataB. + €0 — et
o if g€ (X, X +¢), then p* = vy, e =ega8., t* = €g.08. + €o-

Therefore, there exist g1,g92 and € € (0,¢) such that X — € < g1 < X < g2 < X + € and e*(g1) =
g1 l—ataf. < €gs.a8. = €*(g2), where the inequality is due to Lemma VI1 and is strict if € is large enough;

also, in this case, we have d}(g1) = afem = d%(g2) < land d};(g1) = (1—a)m > 0 = d;(g2). As for condi-

tion (1), note that (v, €0,1—a+aB.» €0,1—a+aB. T€0/0)—7 (v, €,0|0) = (v;—c(€))afem > 0and lim X =0
56—>B2
and lim g—& = —(vp — ;) < 0 and thus there exists By < By such that (7 (v, eX 1—a+aBer €X,1—a+afBe +

.—B
eolXB) - ;(vl,é,OlX)) > 0 (i.e., condition (1) holds) if 8. € (By, Bz). As for condition (2), note that if
Be = 1, then (v — clex1—atap.) — X% — Xexi—atap. — Xeo)(1 —a+ af)m — flexi—ataB.) >
(v — clexy) — Xex1 — Xeo)m — f(ex,1) for any 0 < X < & Thus, by the continuity of the profit
functions, we can conclude that Hél < 1 such that condition (2) holds if 8. > él. Finally, we define

B = maX(Bl, él) and we can conclude the result.
Figure VI4 depicts a numerical example for Proposition II11.

Figure VI4: A Numerical Example for Proposition III1
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Note: In this example, m = 19, c(e) = tkc(e —e)® + ¢, f(e) = 1ks(e —e€)®, e =1, ke = 56, ky = 4256, & = 0.029,

e
eo =0.086, £ =49, o = 0.4, Be = 0.8, B, = 0, v, = 2.3, vj, = 4.3.

O]

Proof of Proposition I112: From the proof of Proposition III1, if 8. € (By,B2) and vy — v; < £e,, then

there exist g1, g2 such that X —e < g1 < X < go < X +eand 0*(g;) =1— m <1=06%(go).

Below, we provide a numerical example for Propositions 1112 in Figure VI5.
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Figure VI5: A Numerical Example for Propositions 1112
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Note: In this example, the parameter values are the same as in Figure VI4.

O]

Proof of Proposition I1113: Under the conditions in Proposition III1, according to the proof of Proposi-

tion I111, there exist g1, g2 € (0, G), such that g < g2 < G and 6*(g1) = 1*5(%1,1?;13/3#%) <1=060%(g2),

and thus £*(g1) > 0 = £*(g2). Therefore, if ¢, = g1, then we can conclude the optimal offset price

g* =argmin £*(g) > ¢,. O
QZCg

Proof of Lemma II11: Given g, the firm’s profit function is 7(p,e,t|g) = (p — c(e) — gt)d(p, e, t) — f(e).
Suppose there exist g1 < g2 such that t*(¢g1) = 0 < t*(g2). Then, 7(p*(g92),€e*(92),t*(g2)|g2) >
m(p*(g1),€*(g1), 1" (91)]g2) = 7(p™(91),€"(91),t"(gq1)]g1) > 7(p*(g2),€"(g2),t"(92)|g1), Where the equal-
ity is because t*(g1) = 0. However, this is contradictory to the fact that 7(p*(g2),€*(g2),t"(92)]g2) —

(5 (g2), € (92), £ (92)g1) = (91 — 92)t"(92)d(p*(92), € (g2), £*(2)) < 0. Thus, we can conclude the re-
sult. O

Lemma VI3. Ife, , = max(min(é; o, €),0), where é; o is the solution to the equation [xam+c (€;.q)]am+

' (€z.a) =0, then ey o is weakly decreasing in both x and .

> _ 2__ (> 1(5 _ 2
Proof of Lemma VI3: Note we have 822" = anféff)zz a)i(;f&zif) = a,ﬁé?fej)a/)a +fcf/czgz 5 < 0 and 863“‘ =
— (e_ajm;”(éz — <0. Thus, we can conclude the result. O

Proof of Lemma V1.1: Given g, the firm’s profit function is m(p, e, ¢, ¢|g) = (p—c(e)—gt) min(q, d(p, e, t, q))—
f(e). Suppose there exist g1 < g such that t*(g1) = 0 < t*(g2). Then, 7 (p ( 2),€*(g2),t*(92), 4" (g2)|g2) >
m(p*(g1), €"(91), 1" (91), 4" (91)]g92) = m(p*(91), €*(91), " (91), ¢ (91)|g1) > 7(p*(92), €™ (92), t"(92), 4" (92)]91),
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where the equality is because t*(g1) = 0. However, this is contradictory to the fact that
m(p*(g2), €"(92), 1" (92), ¢ (92)|92) — m(p™(92), €7 (92), " (92), 4" (92)191)
= (91 — 92)t"(g2) min(q*(g2), d(p”(g2), €*(92), " (92), 4" (92)))
<0

Thus, we can conclude the result. ]

Lemma VI4. If g > &m, then it is not optimal for the firm to buy any offset, i.e., t*(g) = 0.

Proof of Lemma VIj: The firm’s profit function is w(p, e,t,q) = (p — c(e) — gt) min(q, d(p, e, t,q)) — f(e).
Suppose g > &m and the optimal solution is (p*, e*,t*, ¢*) where t* > 0. Consider another option t* = 0,
e® = e*, p® = p* — £t*¢* and ¢© = ¢*. Then, based on consumer utility functions, we can find that

d(p*,e*, t*,q*) < d(pA, D A, qA). Therefore, we have
m(p*, et q") = (p* — c(e”) — gt") min(qg", d(p*, e, 1", ")) — f(e")
(p" —c(e) = &¢"t") min(q", d(p™, %, t*, ¢")) — f(e”)
(p* — c(e*) — &¢*t") min(g*, d(p™, 2, t2, ¢%)) — f(e¥)
= (p™ — c(e?) — g™t") min(¢”™, d(p™, €2, t2,¢%)) — f(e)
A’GA’tA

IN A

= 7(p ,q%)
where the first inequality is due to ¢ < m and ém < g and t* > 0. This is contradictory to the fact that

(p*, e*,t*,q") is the optimal solution. Thus, we can conclude the result. O

Proof of Lemma V1.2: Since demand is deterministic, we must have ¢ < d(p,e,t,q). Thus, the firm’s
demand function is 7(p, e, t,q) = (p — c(e) — gt)qg — f(e). Given consumer utility functions, the optimal

price must be one of the following four values: vy, v;, vy, —&(e + e, — t)g and v; — £(e + e, — t)q.

(1) If p = vp, then 7 (e, t,q) = (vn — c(e) — gt)q — f(e);

(2) If p = vy, then 7@ (e, t,q) = (v; — c(e) — gt)q — f(e);

(3) If p = v, — &(e + o — t)g, then w3 (e,t, q) = (v — E(e + e — t)g — c(e) — gt)g — f(e);
(4) Ifp = v — &(e + e — t)g, then 7 (e, t,q) = (v — &(e + €0 — t)g — cle) — gt)g — f(e).

Note that 7()(e, t,q) are all concave in ¢q. Given that ¢ < d(p,e,t,q) < m and Lemma VI4 we can

conclude that if the following two conditions hold:

(a) m < ) =9t for any g € (0,ém] and e € [0,€], t € [0,€ + e,);

2¢(e+eo—t)
(b) m < 2?(252) for any g > &m and e € [0, €],
then ag;i> lg=m > 0 and thus ¢ must equal to its upperbound d(p,e,t,q) (since d(p,e,t,q) < m). Note
that a sufficient condition for both conditions (a) and (b) is m < 3?(;:23). O

Before we prove Propositions V1.1-V1.4, let’s first look at firm’s profit optimization problem given

the availability of offset and its price g:

For Case N:
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e [f carbon offsets are available: If g > &m, then Lemma VI4 implies that the firm does not purchase
any offsets, and thus the subgame is the same as the game without offsets (see below). If g < &m,
then the firm has three options to choose from:

— Sell to all of the consumers at p = v; — (e + e, — t)m. Then the firm’s profit maximization
problem is
max(v; — £(e + eo — Hym — ¢ (¢) — gtym — £ (¢)
s.t. e€[0,¢]
t€0,e+ e
The optimal solution is as follows: e = €y/,,1, L = €41 + €, and the corresponding 7 =
(0 = clegm1) — 9gm1 — geo)m — f(eg/m.1)-
— Sell to both types of high-value consumers at p = v, —&(e 4+ €, —t)(1 — a + af;)m. Then the
firm’s profit maximization problem is
max(vy, —&(e+e, —t)(1 —a+aB.)m—c(e) —gt)(1 — a+ af.)m — f (e)
st. e€|0,€
te0,e+ e
The optimal solution is as follows:

x if g > £(1 — a + afic)m, then e = eg1_q1a8, and t = 0, and the corresponding 7 =
(vn = &(eg1-a+ap. T €0) — clégi-atap.)(1 —a+afe)m — f(eg1-atap.);

* if g <E(1—a+afe)m, then e = eg/((1—atap.)m),1—ataBes t = €g/((1—atape)m),—a+aB. T €o
and the corresponding m = (vn, — c(eg/((1-atafe)m),1—atase) — 9€g/(1-a+afe)m)l—atafe —
geo)(1 — a+ aBe)m — fleg/(1-a+ae)m),1—atabe)-

— Sell to high-value eco-unconscious consumers at p = v. Then the firm’s profit maximization
problem is
max (v, —c(e)) (1 —a)m — f (e)
s.t. e€l0,€]
The optimal solution is as follows: e = €, t = 0 and the corresponding = = (v, —c(€))(1 —a)m.

e If carbon offsets are not available, then the firm has three options to choose from

(nl1) Sell to all of the consumers at p = v; — e,m — Eem. Then the firm’s profit maximization
problem is
max(v; — Eepm — Eem — ¢ (e))m — f (e)
s.t. e€0,¢]
The optimal solution is as follows: enl) = e¢,1 and the corresponding () = (v — Eeom —
eeam — cega))m — flegn)-
(n2) Sell to both types of high-value consumers at p = v, — &(e + €,)(1 — @ + af:)m. Then the
firm’s profit maximization problem is
max(vy — (e + €)1 — a+ aB)m — c(e)(1 - a+ afm - f (e)
s.t. ee€|0,¢]
The optimal solution is as follows: e("2) = €¢1—a+aB. and the corresponding n(n2) = (v, —
§(eg1—ataB. T €0)(1 — a+ afe)m — cleg1—atap.)) (1 — o+ afe)m — feg1-atag.)-
(n3) Sell to high-value eco-unconscious consumers at p = vj. Then the firm’s profit maximization
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problem is
max (vp, — c(e)) (1 —a)m — f(e)
st. ee€l0,¢]

(n3)

The optimal solution is as follows: €3 = & and the corresponding 7("3) = (v), —c(€))(1—a)m.

For Case P:

e If carbon offsets are available: If g > £m, then Lemma VI4 implies that the firm does not purchase
any offsets, and thus the subgame is the same as the game without offsets (see below). If g < &m,
then the firm has the following five options to choose from.

(1) Sell to all of the consumers at p = v;. Then the firm’s profit maximization problem is
max(v, — ¢ () — gtym — f (e)
sit. vy —E&(e+e,—t)m >y
e € [0,€
te0,e+ e
x If vy, — £ém — Ee,m > vy, then the optimal solution is e = €, t = 0, and the corresponding
= (v — c(e))m.

vi+€eom—vp+E€e )

x If v, —Eem—Eeom < vy, then the first constraint must be binding (i.e., t = £

Thus, the profit maximization problem above is equivalent to

max(v; — ¢ (e) — g (v + eom — vy + em))m — f (e)
s.t. e€]0,e]
—”’J”Se""z;””fem € [0,e+ €]

Therefore, if vy, — £eg/m,1m — §eom < vy, then the optimal solution is e = e
vt+Eeom—uvp+E€g/m 1M
Em

fleg/ma); if vp — &egym1m — Eeom > vy, then we must have ¢ = 0. Thus, the optimal

g/m,1> l =
, and the corresponding 7 = (v;—c(eg/m,1)— ”lgn;’h 9—9€g/m,1—9Co)M—

solution is e = W, t = 0, and the corresponding © = (v; — C(W))m -
e )
(2) Sell to all of the consumers at p = vy — (e + e, — t)m. Then the firm’s profit problem is
max(vy, —&(e + e, —t)m —c(e) — gt)m — f (e)
st. v, —E&le+e,—t)m <y
e € 0,¢
te0,e+ e
Since g < &m, the first constraint must be binding (otherwise we have t = (e + e,)m resulting
in v, < vy which contradicts v, > v;). Thus, this optimization problem is dominated by case
(1).
(3) Sell to both types of eco-unconscious consumers at p = v;. Then the firm’s profit maximization
problem is
max (v; —c(e) —gt) (1 —a)m — f(e)
st. v —&(e+ep)(l—a)m <y
e € [0,¢
te0,e+ e
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The optimal solution is as follows:
x If v, —€(e+e,)(1—a)m < v, then e = €, t = 0 and the corresponding 7 = (v; —c(€))(1 —
a)m;
« If vp, — &(e + e,)(1 — a)ym > vy, then there is no feasible solution.
(4) Sell to both types of high-value consumers at p = v, — (e + e, — t)(a + (1 — @)B,)m. Then
the firm’s profit maximization problem is
max (v, —&(e+ e, — t)(a+ (1 —a)Bu)m —c(e) — gt) (o + (1 — a)By)m — f (e)
st. vy —E&e+e,—t)(a+(1—a)by)m >y
e€0,e
t€0,e+ e

The optimal solution is as follows:

x if g > §(a+ (1 — a)Bu)m, then e = min(eg o4 (1—a)s,; Ur”é@fj?goiz()z)a%ﬂ“)m), t =0 and

the corresponding profit

™= (0n = E(min(eg o 1-0)5, T am g ) T €o) (@ + (1= a)B)m

—c(min(eg ot (1—a)B, » “h_”é(_fj‘éﬂ%%ﬁ“)m))(a + (1 —a)Bu)m
. vp—v—€eo(at+(1—a) By )m
—f(min(eg a4 (1-a),> é(oi(g;;(),é’u)rlﬁ : )i

* if g > E(at(1-a)fu)m, then e = g/ ((at(1-a)pu)m).at(1-a)sus T = Eg/((at(1-a)pum)a+(1-a)pu
€o, and the corresponding m = (vh—c(€g/((a+(1-a)B.)m) a+(1-a)8.) ~9(€g/ (a+(1-a)B)m) 0t (1-a) T
eo))(a+ (1 = a)Bu)m — feg/((at(1=a)Bu)m),at(1-a)Ba)-
(5) Sell to high-value eco-unconscious consumers at p = vj,. Then the firm’s profit maximization
problem is
max (v, —c(e)) (1 — ) Bum — f (e)
s.t. e€]0,€]
The optimal solution is as follows: e = € and the corresponding m = (v, — ¢(€))(1 — a)Bym.
e [f carbon offsets are not available:
— if v, — €eom < vy, then the firm has three options to choose from:
(pl) Sell to all of the consumers at p = vy, — Eeom — Eem. Then the firm’s profit maximization
problem is
max(vy, — Eeom — em — ¢ (e))m — f (e)
s.t. e€|0,¢]
The optimal solution is as follows: elPl) = e¢,1 and the corresponding x(Pl) = (vp, —E&eom —
egam — cleg1))m — fleg)-
(p2) Sell to both types of eco-unconscious consumers at p = v;. Then the firm’s profit maxi-
mization problem is
max (v; —c(e)) (1 —a)m — f (e)
s.t. e€l0,e]
The optimal solution is as follows: e??) = & and the corresponding 7?2 = (v; — ¢(€))(1 —
a)m.

(p3) Sell to high-value eco-unconscious consumers at p = vp. Then the firm’s profit maximiza-
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tion problem is
max (vp, — ¢ (e)) (1 — @) Bum — [ (¢)
s.t. e€|0,€
The optimal solution is as follows: e?® = & and the corresponding 7(P3) = (v), — ¢(€))(1 —

) Bym.

— vp — &Eepm > vy, then the firm has five options to choose from:

(p1)

(p2)

(p3)

(p4)

Sell to all of the consumers at p = v;. Then the firm’s profit maximization problem is
max (v; — c(e))m — f (e)
s.t. wvp—E&eom —Eem > 1y
e e [0,€

The optimal solution is as follows: e®!) = min(e, L;’nm_”’

7)) = (v — c(min(e, L=52="1)))m — f(min(e, L=Sg="L)).

Sell to all of the consumers at p = vy — £e,m — Eem. Then the firm’s profit maximization

) and the corresponding

problem is
max (v, — Eeom — Eem — ¢ (e))m — f (e)
s.t. vp —&eom — Eem <
e € 0,¢
The optimal solution is as follows:
- oy —E&eom —Eeg1m < vy, then eP2) = e¢,1 and the corresponding P2 = (vp, —Eeom —
eeam — c(eg,1))m — flegn);
- If v, — Leom — Eeg1m > vy, then the first constraint must be binding. Then the opti-
mization problem is dominated by case (pl).
Sell to both types of high-value consumers at p = vy — &(e + €,)(a + (1 — @) By)m. Then
the firm’s profit maximization problem is
max(vy, —€(e+eo)(a+ (1 —a)By)m —c(e))(a+ (1 —a)Bu)m — f (e)
st. v, —&(e+e)(a+ (1 —a)by)m >y
ec0,€
The optimal solution is as follows:
I vp = &egat(1—a)p, + €o)(a+ (1 —a)By)m > vy, then eP3) = €¢,a+(1-a)3, and the
corresponding 7(#3) = (vh —&(€g,a4(1-a)B, o) (a+ (1 =) Bu)m—c(ec at(1-a)p,)) (@ +
(I =a)Bu)m — flegar(1-a)p.);
- If vp — €(eg.at(1-a), T+ €o)(a + (1 — a)By)m < vy, then the first constraint must be
binding. Then the optimization problem is dominated by case (p2).
Sell to both types of eco-unconscious consumers at p = v;. Then the firm’s profit maxi-
mization problem is
max (v; —c(e)) (1 —a)m — f (e)
st. vy —E&(et+er)(1—a)m <y
ec[0,e]
The optimal solution is as follows:

If vy — E(E4 eo)(1 — a)m < vy, then e = ¢ and the corresponding 7% = (v; —
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(@)(1 - aym;
- If v — €(e+ e5)(1 — a)m > vy, then there is no feasible solution.
(p5) Sell to high-value eco-unconscious consumers at p = vp. Then the firm’s profit maximiza-
tion problem is
max (v, — ¢ () (1 — @) fum — £ (€)
s.t. e€l0,¢]
The optimal solution is as follows: e?®) = ¢ and the corresponding 7% = (v, — ¢(€))(1 —

) Bym.

Proof of Proposition V1.1: Let us first look at Case N. Denote m(p,e,t|g) as the profit given firm’s

decisions (p,e,t) and offset price g. If ¢ > 0 and £ > 0 according to the analysis of the

g
1—a+afBe)m’
subgame above, the equilibrium in the subgame must be one of the following:

L.p=wvp, e= €g/((1—atafe)m),1—a+afe> t= €g/((1—atafB:)/m),1—at+af. + €0, de = affem, dy = (1 - a)m;

2. p=v,e=eg/m1, t = €gim1 t+ €o, de = am, dy = (1 — a)m.

Define function h(g) = 7T(/Ula €g/m,1> €g/m71+€0’g)—ﬂ'(?)h, €g/((1—a+afec)m),1—atafbe eg/((lfaJraﬁc)m),lfaJraﬁc"i_
eolg) = (Vi—c(eg/m,1)—9€g/m1—9€o)M—f(€q/m1)—[(Vh—Cc(eg/((1-ataBe)m),1—a+aBe) —9€q/((1—ataBe)m),1—a-tabe —
geo)(I —a+apfe)m — f(eg/((1—a+aBe)m),1—atas.)] Note that EIJP R(g) = —eoa(1 — Be)m < 0. Then, if

g 9]
v—ele) +a
h(0) > 0 (i.e., B, < By 2 2=} then there exists X = min{g|h(g) = 0} and X > 0. Then, if the

«

following condition hold:

(1) 7(vi,ex/mas ex/ma +€olX) > m(vp, €,01X), ie., (v — clex/m1) — Xex/ma — Xeo)m — f(ex/m1) >
(vp — c(e))(1 — a)m,

then we must have X < GG and for a small positive number € > 0,

e if g € (0,X), then p* = v, " = €y, 1 and t* = ey, 1 + €05
o if g € (X, X +e), then p* = vp, € = €g/((1—atafe)m),1-atase. a0A " = €y/((1-atafe)m)1-a+ab. T €o-

Therefore, there exist g1, go and € € (0, €) such that X —€ < g1 < X < g2 < X +€and €*(g1) = eg, /m,1 <
€gs/((1—a-+af)m)1—ataf. = € (g2), where the inequality is due to Lemma VI3 and is strict if e is large

enough; also, in this case, we have d(g1) > d(g2) and d}(¢g1) = d;(g2). As for condition (1), note that
g—ﬁhc < 0 and %L}:X < 0, and thus we have g—é‘; < 0. Since 8(vl_c(ex/m‘1)_xex/6"§1_Xeo)m_f(ex/m’l)) <0

(due to Envelope Theorem), condition (1) is equivalent to . being large (i.e., 5. > Bj).

Next, let us look at Case P. Denote m(p, e, t|g) as the profit given firm’s decisions (p, e, t) and offset

V=V —Eeom
Em

price g. If vy, < v+ Eeom, then vy > v, — £(€ + €)m and max(egm 1,
9 <G (ie,t>0)and & > g— Lo,

in the subgame must be one of the following:

) = €g/m,1, and thus if

according to the analysis of the subgame above, the equilibrium

L. p = vh, € = €g/((at+(1-a)B)m)at(1-a)Bu = €g/((at+(1-a)B)m),a+(1-a)B, T €or de = am, dy = (1 —

O‘)Bum;
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2. p=u, e=€gm1, t = €gim1 + o vgm , , dy = (1 —a)m.

Define function h(g) £ (v, €q/m1, Ul_vh+£e"£’1m+§eomlg) — (U, €g/(am),a» €g/(am),a + €olg) =

(Ul - c(eg/m,l) - g/m,1 — geo)m - f(eg/m,l) - [(vh - C(eg/(dm) &) — 9€g/(am),a — geO)dm -
f(eg/am),a)], where & = a + (1 — a)B,. Note that h(0) = (v; — c(€))m — (v — c(€))(a + (1 — a)Bu)m

— Yh—U _ _ _ / L

and gll}rfooh( 9) = o m — eo(1 —a)(1 = By)m. If h(0) > 0 and gEI-lI—looh (9) <0 (ie., By < By 2

min({ (f}fe_)g(égl))z‘l__co(j))a, gme"é;_e?()l__(z’)’_vl))), then there exists X = min{g|h(g) = 0} and X > 0. Then, if

the following condition hold:
(1) 7(vn, €x/(am),as €x/(@am)a T €| X) > max(m(vn,€,0[X),7(v, € 0[X)), ie., (vp — clex/am)a) —
XeX/(dm),& — Xeo)am — f(eg/(dm),&) > max((vy, — c(€))(1 — a)Bum, (v; — c(€))(1 — a)m);
then we must have X < G and for a small positive number € > 0,

Vp—]

o if g€ (0,X), then p* =, " = ey/p1, " = €g/m1 + €0 — %1,

o if g € (X, X +e), then p* = vp, € = €g/((at(1-a)B)m)a+(1-a)Bur T = €g/((a+(1-a)B.)m).a+(1-a)B, T

€o-

Therefore, there exist g1, g2 and € € (0,¢€) such that X —€ < g1 < X < g2 < X + € and e*(g1) =
g1 /m1 < €go/((at(1—a)Bu)m)at(l—a)By = € (g2), where the inequality is due to Lemma VI1 and is strict
if € is large enough; also, in this case, we have d}(g1) = d}(g2) and d},(g1) > d;;(g2). As for condition (1),

since f3,, < (vlz;}fé_)g(égg)?licéi))a < Z{i((é)) condition (1) is equivalent to (v — clex/am).a) — Xex/(@am)a —
Xeo)dm — fleg/@amy,a) > (v — c(€))(1 — a)m. Note that % < 0 and %|9=X < 0, and thus we
a((Uh_c(e)(/(am a)

Xex/(am),a—Xeo)am—fleg/am).a))
0X

have 2 7 < 0. Since < 0 (due to Envelope Theorem),

condition (1) is equivalent to 3, being large (i.e., B, > B1). O

Proof of Proposition V1.2: Let us first look at Case N. According to the analysis of the subgame above,

ift>0and ¢ > then the equilibrium in the subgame must be one of the following:

g
(1—at+aBe)m’

l.p=wvp, e= €g/((1—ataBc)m),1—atafbe> t= €g/((1—a+aBec)m),1—atafb. + €0, de = afiem, dy, = (1 - a)m;

2. p=v,e=c¢ t=eg/m1+ o, de = am, dy, = (1 — a)m.

g/m,1>

Thus, if ¢ > 0, we have 8 = 1 in equilibrium. Given Lemma V1.1, we can conclude that

e if g > GG, then 0% = 0;
e if g <G, then 6* = 1.

Thus, we can conclude Proposition V1.2(i).
Next, let us look at Case P. From the proof of Proposition V1.1(ii), under the conditions in Propo-

sition V1.1(ii), there exist g;,g2 such that 0 < g3 < X < go < X +eand 0*(g1) =1 — 2=~ <
gm(eg/m,1+eo)

1 = 0%(go). O
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Proof of Proposition V1.3: Let us first look at Case N. When offsets are not available, from the game
analysis above, we have iigb(w(”?’) — 7)) = (v, — c(€))ym — (v — Eeom — Eegym — ceg1))m+ flegr) > 0
and g‘igb(ﬂ(”?’) —7(M2) = (v, — c(&))m — (vy, — E(eg1 + eo)m — cleg1))m + f(eg1) > 0. Thus, there exists
a threshold A > 0 such that if o € (0, A), then 7("3) > max{7(™) 7("2)} and thus e’ = ¢(™) = &. When
offsets are available, from the subgame analysis above, if t*(g) > 0, then we must have £*(g) = 0. By
Lemma V1.1, if ¢; < G, then NGO will choose to set g* = ¢4 and have t*(¢g*) > 0 and £*(g*) = 0. Note
that if t > 0, we have e € {€y/((1—a+aB.)m),1—atape €g/m1} < € and the inequality is strict if € is large
enough. Therefore, if ¢, < G and a € (0, A), we have e*(9%) € {eg/((1—a+aB.)m),1—atafe: €g/m1} < €= e,

where the inequality is strict if € is large enough.

Next, let us look at Case P. When offsets are not available, if v; < v, — £(€ + €,), then from the
game analysis above, the potential equilibrium must be from option (pl), (p3) and (p5). Note that
Oléig%)(w(p‘:’) —7®3) = (v, — c(€))Bum — (vn — E(eg g, + €0)Bum — cleg.5,))Bum + flegp,) > 0. Thus, there
exists a threshold A > 0 such that if o € (0, A), then max{7x®D 7P} > 7(3) and thus e’ = &. When
offsets are available, if v; < vy, —&(€+e€,), then from the game analysis above, if t*(g) > 0, then we must
have £*(g) = 0. By Lemma V1.1, if ¢ < G, then NGO will choose to set ¢g* = ¢, and have t*(g*) > 0
and £*(g*) = 0. Note that if t > 0, we have e = €g/((a4(1-a)8u)m),a+(1-a)8, < € and the inequality
is strict if € is large enough. Therefore, if ¢, < G and a € (0,A) and v; < vy — &(€ + €,), we have

e*(97)eg/((a+(1—a)Bu)m),a+(1—a)By < € = e’, where the inequality is strict if € is large enough. O

Proof of Proposition V1.J: Let us first look at Case N. From the proof of Proposition V1.2(i), we have

the following result:

o if g > G, then 6*(g) = 0;
e if g < @G, then 6*(g) = 1 and thus £*(g) = 0.
Thus, given that ¢, < G, it is easy to find that ¢* = ¢4, under which we have #*(¢*) = 1 and thus

£(g") = 0.

Next, let us look at Case P. Under the conditions in Proposition V1.1(ii), according to the proof of

Proposition V1.1(ii), there exist g1, g2 € (0, G), such that g; < g2 < G and 6*(g1) =1 — ém(e”h/;”lﬁe) <
g1/m, o

1 =0%(g2), and thus £*(g1) > 0 = £*(g2). Therefore, if ¢, = g1, then we can conclude the optimal offset

price ¢* = arg min £*(g) > c. O
9209

Proof of Lemma V2.1: Given the offset price g, the firm’s profit function is 7(p, e, ¢, ¢|g) = pE min(q, D(p, e, t))—
(c(e) + gt)g — f(e). Suppose there exist g1 < go such that t*(g1) = 0 < t*(g2). Then, we have

T(p*(92), €"(92), 1" (92), 4" (q2)|g2) > 7(p*(g1), €™ (91),t"(91), ¢ (91)]92) = 7(P*(91), € (91), t*(91), 4" (91)|91) >
m(p*(g92),€*(92),t*(92), ¢* (92)|g1), where the equality is because t*(g1) = 0. However, this is contradictory
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to the fact that
m(p*(92),€°(92), 1" (92), 4" (92)|92) — 7(p"(92), €™ (92),t"(92), 4" (92)]91)
= (g1 — 92)t"(92)4" (92)
<0

Thus, we can conclude the result. O

Proof of Lemma V2.2: Denote y = afemly, ,>0 + (1 — Be)mly, >0 + (1 — a)Bumly, >0 + (1 — a)(1 -

Bu)mly, >0

Let’s first look at the case where the firm cannot purchase carbon offsets. Then, the firm solves the
following optimization problem
max pEmin(q, D(p, e)) — c(e)qg — f(e)
s.t. ee€|0,¢]
q € [0,m]
Since total market size follows the Bernoulli distribution and the demand D is independent of ¢, we can
conclude that ¢ must be either y or Ay in the optimal solution.
e If ¢ =y, then the profit is 72 (p, e) = puy — c(e)y — f(e);
e If ¢ = Ay, then the profit is 722 (p,e) = pAy — c(e) Ay — f(e);

Note that % = p¢—c(e). We can check that one of the utility functions (i.e., uc p, Uc,, Uy p OF Uy )

must be 0 in equilibrium, i.e., p* must equal to one of the following: vy, v;, vy —&(e+e€,) or vy —&(e+ep).
Thus, if ¢ > %, then we must have pg — c(e) > 0 (i.e., 7° > 72%) for any e € [0,€]. Thus, in
equilibrium, we must have ¢ = .
When the firm can choose to purchase carbon offsets, the firm solves the following optimization

problem

max pEmin(g, D(p,e,t)) — (c(e) + gt)q — f(e)

st. e€|0,€

t€0,e+ e

q € [0,m]
Since total market size follows the Bernoulli distribution and the demand D is independent of ¢, we can

conclude that ¢ must be either y or Ay in the optimal solution.

e If ¢ = y, then the profit is 7°(p, e, t) = puy — c(e)y — gty — f(e);
e If ¢ = My, then the profit is 7%°(p, e, t) = pAy — c(e)\y — gty — f(e);

Lemma VI5. If g > £u, then t*(g) = 0.
Proof of Lemma VI5: We can check that one of the utility functions (i.e., ucp, e, Uy p OF Uy,;) must be
0 in equilibrium, i.e., p* must equal to one of the following: vy, v;, v, —&(e+e, —t) or v —E(e+ e, — ).

Given p € {vp, v, v —E(e+ e —1t), vy —&E(e+ e, — 1)}, if g > Eu, we have % < 0 and % <0
for any e and ¢. Thus, we must have t*(g) = 0. O
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Note that ’E 7” = p¢ —c(e) — gt. By Lemma VI5, since p* € {vp, v, v, —&(e+e,—1),uy—E(e+e,— 1)},
if ¢ > fgregieg-eg? for any g € (0,&u] (& ¢ > Ul)fe“iegf’;?), then we must have pp — c¢(e) — gt > 0 (i.e.,
¢ > %) for any e € [0,¢€] and ¢ € [0, e + e,]. Thus, in equilibrium, we must have ¢ = y. O

Proof of Proposition V2.1: Let us first look at the case where offsets are available. Define pf(g) = up*(9),
¢l(g) = e*(g), t1(g) = t*(g). T ¢ > THELLC by Lemma V2.2, g = aBomly, >0+ a(1—B)mIy, >0+
(1- a>ﬁuquu,h20 +(1=a)(1- /8u>quu,l20'

Suppose (p*(9), €*(g),t*(9)) # (up*(9), €*(9), t*(9)) (i-e., (5*(9), €*(9),£*(9)) # (p'(9), €' (9),t(9)))-
Thus, for any g,

c,h

)
= [p'(9) — e(e'(9)) )
< [p"(9) — &(€*(9)) — gt*(9)) Pr(uV — uE(€*(9) + €0 — I*(9)) — p*(9) = 0)m — f(¢*(g))
= [p™(9)1 — c(é*(9)) — gt ()] Pr(V — E(€*(9) + €0 — £*(9)) — p™(9) > 0)m — f(€*(9))
=7 (p™(9), €*(9), £*(9))

where p®(g) = p*(g)/p and the inequality is due to the fact that (p*(g), é*(g),t*(g)) is the firm’s optimal
solution in the newly defined model and (p*(g), €*(g),t*(g9)) # (p(9),e'(9),t'(¢9)). However, the result
above contradicts the fact that (p*(g),e*(g),t*(g)) is the firm’s optimal solution in the original model.
Thus, must have (5*(g), é*(g), #*(9)) = (up*(g), e*(g),t*(g)) for any g. As a result, £*(g) = £*(g) for any
g, and therefore g* = §*.

Next, let us look at the case where offsets are not available. Define pf = up?, ef = eb. If ¢ >

76((1?1)1_&%52_6%‘6*0’ by Lemma V2.2, ¢ = afeml,, >0 + (1 — Be)mly, ;>0 + (1 — a)Bumly, >0 + (1 —a)(1 -

Bu)mlu, ;>0-
Suppose (p°, %) # (up?, e?) (ie., (p°,€%) # (p',el)). Thus, for any g,

7@, )
= [p’n — (") Pr(V — E(e” + €0) — p* 2 0)m — f(e")
= [p" = &(eN)] Pr(uV — pE(e’ + eo) — p! > 0)m — f(e)
< [p" = &(@)] Pr(pV — uE(" + o) — §* > 0)m — f(&")
= [pou — (@) Pr(V = Z(&" +¢,) — p= = 0)m — f(&")
= 72, éh)

where p© = pP/p and the inequality is due to the fact that (p°,é°) is the firm’s optimal solution in the

newly defined model and (pP, é%) # (p',ef). However, the result above contradicts the fact that (p?, e?)

is the firm’s optimal solution in the original model. Thus, must have (p°, %) = (up®, €b). O

Proof of Proposition V3.1: Let us first look at the case where offsets are available. Define pf(g) = p*(g)+
w(e*(g)), e'(g9) = €*(9), t'(g) = t*(9). Suppose (5*(9),&*(9),£*(9)) # (*(9) +w(e*(9)),¢*(9),t*(9)) (i
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p t7(9))
=[p"(9) — (e’ (9)) — gt (9] Pr(V —w(e*(g)) — E(e"(9) + €0 — t7(9)) — p"(9) = 0)m — f(e™(9))
= [p'(9) — é(e¥(9)) — gtT (@I Pr(V = E(e¥(g) + eo — t1(9)) = pT(9) = 0)m = (e (9))
< [0"(9) — &(€"(9)) — gt* (9)] Pr(V — Z(&"(9) + €0 — £(9)) = D" (9) = 0)m — f(&"(9))
) ) —

= [pP™(9) — c(&*(9)) — 98" (9)] Pr(V — w(e*(g)) — E(&"(9) + €0 — T*(9)
=" (p"(9),¢"(9),*(9))
where p®(g) = p*(g) —w(é*(g)) and the inequality is due to the fact that (p*(g),é*(g),t*(g)) is the firm’s
optimal solution in the newly defined model and (p*(g), €*(g),%*(9)) # (p(9),e'(9),t'(g9)). However, the
result above contradicts the fact that (p*(g),e*(g),t*(g)) is the firm’s optimal solution in the original
model. Thus, must have (5*(g),¢*(g),%*(g9)) = (p*(g9) + w(e*(g)),e*(g9),t*(g)) for any g. As a result,
£*(g9) = £*(g) for any g, and therefore g* = g*.

Next, let us look at the case where offsets are not available. Define pf = p® 4+ w(eb), ef = eb.
Suppose (5%, €") # (p” +w(e’), €’ (i.e., (0, €") # (', el)). Thus, for any g,

(", €
= [p" — c(")] Pr(V —w(e’) — E(" + &) — p” > 0)m — f(€")
= [p' — &(eN)] Pr(V — E(e’ + eo) — p' > 0)m — f(e)
< [P — ()] Pr(V — 2(e® + eo) — p* > 0)m — f(é%)
)

where p® = p? — w(é?) and the inequality is due to the fact that (p,é?) is the firm’s optimal solution
in the newly defined model and (p°,é%) # (pf,e!). However, the result above contradicts the fact that
(p®, €®) is the firm’s optimal solution in the original model. Thus, must have (p°, é®) = (p°+w(eb),e?). O

Proof of Lemma V4.1: Given g, the firm’s profit function is 7(p, e, 7, 7o|g) = (p—c(e)—g(7+7,))d(p, €, T, 7o) —
f(e). Suppose there exist g1 < g2 such that 7*(g1) + 72(g1) = 0 < 7*(g2) + 7. (g92). Then,

m(p*(92), €™ (92), 7" (92), 75

(0" (g1),€™(g1), 7 (91), 75 (91)]92)
=m(p"(91),€"(91), 7" (91), 75 (91)|91)
m(p"(92), €"(92), 7(92), 75 (92)191),
) =

where the equality is because 7*(g1) + 7. (g1) = 0. However, this is contradictory to the fact that

(92)]g2)

)

m(p*(92), €"(92), 7(92), 75 (92)|92) — m(p*(92), €*(92), 7" (92), 75 (92)|91)

= (91 — 92)(77(92) + 75(92))d(p"(92), €"(92), 7" (92), 75 (g2)) < 0
Thus, we can conclude the result. ]
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