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Abstract This paper investigates the consumption tax and subsidy as an envi-
ronmental policy instrument for environmentally aware consumers by applying the 
model of price discrimination. We discover that a higher rate of subsidy should be 
set for less eco-friendly consumers for the purpose of achieving socially optimal 
environmental qualities under positive externalities and this retrogressive subsidiza-
tion differs from the current progressive subsidization in the Japanese automobile 
industry, and could alleviate crowding out effects on prosocial behavior. Moreover, 
it is revealed that the optimal policy instrument for eco-friendlier consumers shifts 
from a subsidy to a tax, as the level of negative externalities increases.

Keywords Externalities · Environmental awareness · Incentives · Price 
discrimination · Pigouvian tax/subsidy

JEL Classification D03 · D86 · H23 · L12 · Q58

1 Introduction

This paper examines the consumption tax and subsidy on green and dirty products 
in the market. In our model, consumers behave differently in terms of environmental 
awareness, and a firm can supply a variety of products that affect differently envi-
ronmental change, and the tax or subsidy is set. This setup of our model has often 
been employed in previous studies on environmental tax and subsidy. Cremer and 
Thisse (1999) suggest that an ad valorem tax may improve welfare, even though the 
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quality creates a positive externality. Morage-Gonzalez and Padron-Fumero (2002) 
investigate uniform and non-uniform product charges, and technology subsidiza-
tion in the duopolistic market. Bansal and Gangopadhyay (2003) show that while a 
discriminatory subsidy policy reduces total pollution and enhances aggregate wel-
fare, a discriminatory tax policy may increase total pollution and reduce welfare. 
Lombardini-Riiponen (2005) reveals that a uniform ad valorem tax with an emission 
tax or a subsidy to consumers choosing the green goods can lead to the social opti-
mum. Bansal (2008) indicates that as the level of negative externalities increases, 
the optimal policy shifts from a tax to a subsidy policy. Matsukawa (2012) discovers 
that an emission tax always dominates a subsidy, by applying a discrete–continuous 
model of consumer choice. These preceding studies found types of desirable envi-
ronmental policies, but did not examine precisely the relationships between private 
companies and public bodies, who set policy instruments in the market, and did not 
contemplate difficulties in dealing with consumers’ environmental awareness. We 
will analyze theoretically the relationship between a private firm and a regulator, 
and consumers’ environmental awareness as hidden characteristic.

To investigate optimal taxation or subsidization for environmentally aware con-
sumers, we develop the model in Mussa and Rosen (1978) that investigates the 
monopoly’s pricing behavior with product differentiation, by incorporating external-
ities and policy instruments into their analysis. Our model illustrates current manu-
facturing industries in which products are highly differentiated and environmental 
technology is highly developed by dominant firms. Furthermore, our analysis deals 
with an environmental regulatory practice in which private companies are obliged 
to report environmental qualities within their products and consumers are taxed or 
subsidized. Baron and Myerson (1982) analyze a regulatory policy by applying an 
incentive scheme, in which a regulator as principal and a regulated monopoly as 
agent are designed. Baron (1985) analyzes a nonlocalized pollution externality, in 
which a public utilities’ commission and an environmental protection regulator are 
principals and they provide different types of regulation to a monopolist as agent. He 
assumes that the environmental protection regulator acts as a von Stackelberg leader 
and hence can choose its pollution control policy as if it knew the agent’s hidden 
information, because the public utilities’ commission as a follower designs an incen-
tive contract subject to the agent’s hidden information. This approach of sharing hid-
den information in Baron (1985) is applied to our analysis of implementing policy 
instruments. Thomas (1995) and Aggarwal and Lichtenberg (2005) also investigate 
desirable environmental policies in the incentive scheme and suggest the importance 
of policy combination. Their analysis considers properly hidden information, how-
ever, their regulatory setting does not reflect current tax or subsidy policies on con-
sumption in the market.

We reveal that a higher rate of a subsidy should be chosen not for eco-friend-
lier consumers, but for less eco-friendly consumers and a combination of a tax and 
subsidy is optimal when a low level of negative externalities exists. Such retrogres-
sive subsidization for eco-friendly behaviors differs from the current progressive tax 
benefit policy in the Japanese automobile industry, in which automobile taxes are 
discounted more for eco-friendlier cars. On the other hand, studies that analyze envi-
ronmental policies and prosocial behaviors might support our theoretical result. For 
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example, Kallbekken et al. (2011) reveal that the behavior of Pigouvian tax aversion 
is generally observed and inequality of revenue recycling may inspire support for 
Pigouvian tax. Ariely et al. (2009) suggest that the tax benefit for hybrid cars dam-
ages the signaling value vested in hybrid cars and therefore is not a desirable policy 
to facilitate the adoption of a new environmentally friendly technology. Banerjee 
and Schogren (2012) contemplate the crowding out effect of monetary rewards on 
prosocial behavior and show that good reputation makes the landowner contribute 
more than the optimal level of private land for species protection.

The rest of this paper is organized as follows. Section 2 provides the basic frame-
work of the model for price discrimination with externalities and discriminatory 
policy instruments. Section 3 derives the optimal incentive scheme and Sect. 4 char-
acterizes the discriminatory policy instrument and derives welfare loss caused by an 
optimal uniform policy instrument. Section 5 summarizes our findings and points 
out the ways of developing our analysis.

2  The model

This section explains the model of the incentive contract between consumers as 
agents and a private monopolistic firm as a principal, considering externalities and 
tax and subsidy policies on consumption. The basic framework of our model fol-
lows the model of the monopoly’s pricing with quality differentiation in Mussa and 
Rosen (1978) and Tirole (1988). Our model assumes that a private monopoly or a 
firm can supply different levels of environmental qualities, and consumers are envi-
ronmentally aware and choose the set of environmental qualities and prices.1 Moreo-
ver, it is assumed that their consumption causes environmental externalities. Into 
the basic incentive contract, we add discriminatory policy instruments set by the 
regulator who aims to achieve socially optimal environmental qualities. Two types 
of consumers exist and are characterized by the parameter 𝜃 ∈ {�̄�, 𝜃

−
}(�̄� > 𝜃

−
> 0) . 

Type �̄� has a relatively higher demand for environmental qualities. Type � has a rela-
tively lower demand. � is unknown to the firm and the regulator. The number of 
consumers is normalized to one. The population of type � is �, and that of type � is 
1 − � . The firm submits the two sets of environmental qualities and prices such as 
(q̄, P̄(q)), and (q

−
,P

−
(q)) from q ∈ {q̄, q

−
} and P(q) ∈ {P̄(q),P

−
(q)} to the consumers 

who can choose only one set of environmental qualities and prices. The regulator 
sets discriminatory policy instruments based on information of the environmental 
qualities submitted by the firm, as if he/she knew the hidden characteristic of the 
agents.2 This behavior will reflect the current environmental regulatory practice in 
the market. For example, private firms are obliged to report environmental qualities 

1 Tirole (1988) uses the term ‘tariff’ for the price submitted by the monopoly under price discrimination.
2 This behavior of the regulator is examined in Baron (1985).
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in their products to the regulator, while they have abilities to gather information of 
consumers and to design incentive schemes.3

The regulator determines the rates of the tax or subsidy on environmental 
qualities for the purpose of achieving the socially optimal level of environmen-
tal qualities. The discriminatory policy instruments are given by s̄q̄ for type �̄� and 
s
−
q
−
for type �

−
 . s̄ and s

−
 denote the rates of the policy instruments. If the rate is posi-

tive, the policy instrument means a subsidy. If the rate is negative, the policy instru-
ment implies a tax. The menu submitted to the two types of consumers is denoted by 
{(q̄, P̄, s̄), (q

−
,P

−
, s
−
)}.

The utility function V̄ for type �̄�, andV
−
for type 𝜃

−
 are as follows:

where E ≡ 𝛾 ⋅ [𝜆q̄ + (1 − 𝜆)q
−
] is economy-wide externalities.

Equation  (1) expresses the utility function of higher-demand consumers and 
Eq.  (2) expresses the utility function of lower-demand consumers. If the marginal 
effect of externalities � is positive, E illustrates positive externalities. In this situa-
tion, the environmental qualities are connected to green products and leads to envi-
ronmental improvement. Then, type �̄� or a higher-demand consumer corresponds to 
an eco-friendlier consumer, and type �

−
 or a lower-demand consumer corresponds to 

a less eco-friendly consumer. On the other hand, if � is negative, E illustrates nega-
tive externalities. In this situation, the environmental qualities are related to dirty 
products and results in environmental damage. Here, type �̄� or a higher-demand con-
sumer is less eco-friendly and type �

−
 or a lower-demand consumer is eco-friendlier. 

If � = 0, there is no externality among the consumers, and the environmental quali-
ties have no effect on environmental change. From the above discussion, � should be 
interpreted as marginal preferences not only for consuming the environmental quali-
ties, but also for contributing to environmental change.

We turn to characterize the private monopoly or the firm as principal in the incen-
tive contract. The firm cannot identify the demand type of the consumers. Then, the 
expected profit function of the firm is given by:

C(q̄) and C(q
−
) denote the strictly convex cost functions of the environmental quali-

ties and are assumed to be differentiable with respect to the qualities.
Our model can reflect current manufacturing industries in which products are 

highly differentiated. Let us explain the behaviors of Japanese dominant automobile 
manufacturers with highly developed environmental technology and differentiated 
models. The manufacturers will not produce only perfect eco-friendly cars, which 

(1)V̄(q̄, P̄, s̄) ≡ �̄�q̄ − P̄ + E + s̄q̄,

(2)V
−
(q
−
,P

−
, s
−
) ≡ �

−
q
−
− P

−
+ E

−
+ s

−
q
−
,

(3)𝜋 = 𝜆[P̄ − C(q̄)] + (1 − 𝜆) ⋅ [P
−
− C(q

−
)],

where C�(q̄), C�(q
−
) ≥ 0 and C��(q̄),C��(q

−
) ≥ 0 .

3 This obligational practice to report environmental qualities such as the emission level of  NOX or  SOX 
per product has been introduced generally in many industries.
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drastically contribute to environmental improvement, even though they have already 
developed technology sufficient to produce perfect eco-friendly cars. Instead, the 
manufacturers will determine different levels of exhaust gas per car by considering 
consumers’ environmental awareness. At the same time, they are obliged to report 
the emission levels per car. As a result, in the manufacturers’ product lines, we find 
several types of eco-friendly cars such as electric, hybrid, and fuel-efficient compact 
cars. Through such an industrial practice, consumers’ eco-friendliness could decide 
indirectly the level of environmental improvement.

3  Incentive contract with externalities

In this section, we analyze the firm’s maximization problem, given the policy instru-
ments. To avoid the agents’ arbitrary actions, the firm should consider incentive 
compatibility (IC) and individual rationality (IR) constraints and submit the differ-
ent combinations of the environmental qualities and prices for the different types 
of the consumers. We assume that nobody can change the submitted menu and the 
consumers cannot take any cooperative action. The IR constraints are:

where Ū0 and U
−
0
 are the consumers’ reservation utilities set to zero and E is the 

economy-wide externalities which are given to each consumer since the consumers 
are negligible in the sense that they are measured as zero. The IC constraints are:

From the usual procedure, the IR constraint for the lower type and the IC con-
straint for the higher type are shown to be binding. From the IR constraint for the 
lower type, we obtain:

From the IC constraint for the higher type, we obtain:

These two conditions satisfy all the IR and IC constraints.4 From (4) and (5), we 
obtain:

V̄(q̄, P̄, s̄) ≥ Ū0 + E, and V
−
(q
−
,P

−
, s
−
) ≥ U

−
0
+ E,

V̄(q̄, P̄, s̄) ≥ V
−
(q
−
,P

−
, s
−
) and V

−
(q
−
,P

−
, s
−
) ≥ V̄(q̄, P̄, s̄).

(4)
V
−
= �

−
q
−
− P

−
+ E + s

−
q
−
≥ 0 + E

⇔ P
−
≤ �

−
q
−
+ s

−
q
−
.

(5)�̄�q̄ − P̄ + E + s̄q̄ ≥ �̄�q
−
− P

−
+ E + s

−
q
−
.

(6)P
−
= (�

−
+ s

−
) ⋅ q

−
,

4 We prove that Eqs. (6) and (7) satisfy the IR constraint for the higher type and the IC constraint for the 
lower type in Appendix 1.
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The term (�̄� − 𝜃
−
) ⋅ q

−
 in (7) corresponds to information rent. Note that the prices 

submitted by the firm have no term including the economy-wide externalities, 
because the firm compensates the externalities and does not carry them onto the 
prices.

By substituting Eqs.  (6) and (7) into Eq.  (3), we obtain the conditions that the 
optimal qualities (q̄M , q

−

M) satisfy:

This result reflects a standard adverse selection or nonlinear pricing model in 
Tirole (1988). When no policy instrument is deployed;s̄ = s

−
= 0 , the firm supplies 

the environmental quality optimally for the higher-demand consumer; however, it 
is less for the lower-demand consumer due to information rent to limit the rent that 
accrues to the higher type. Based on this result, we investigate necessary policy 
instruments in the next section.

4  The choice of policy instruments

In this section, policy instruments set by the regulator are examined. The regulator 
sets the policy instruments on the environmental qualities submitted by the private 
monopoly for the purpose of achieving socially optimal environmental qualities. As 
is already discussed, the regulator can set the policy instruments based on infor-
mation offered by the firm. Firstly, we derive the conditions for the socially opti-
mal levels of the environmental qualities and characterize the discriminatory policy 
instruments. Secondly, we derive a uniform policy instrument and reveal that social 
welfare loss is caused by the uniform policy instrument.

The social welfare function W0 is defined as a sum of the consumers’ utilities and 
the firm’s profit with no policy instrument or s̄ = s

−
= 0 . The maximization problem 

of the social welfare with respect to the environmental qualities is described by:

Then the first-best solution (q̄∗, q
−

∗) satisfies5:

(7)P̄ = (�̄� + s̄) ⋅ q̄ − (�̄� − 𝜃) ⋅ q
−
.

(8)C�(q̄M) = �̄� + s̄,

(9)C�(q
−

M) = 𝜃
−
+ s

−
−

𝜆

1 − 𝜆
(�̄� − 𝜃

−
).

(10)
Max
q̄,q

−

W0 = 𝜆V̄ + (1 − 𝜆) ⋅ V
−
+ 𝜋 − 𝜆s̄q̄ − (1 − 𝜆)s

−
q
−

= 𝜆 ⋅ [𝛾 q̄ + �̄�q̄ − C(q̄)] + (1 − 𝜆) ⋅ [𝛾q
−
+ �̄�q

−
− C(q

−
) ].

5 These first-order conditions satisfy the second-order conditions because of the convexity of the cost 
functions.
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Therefore, we obtain:

Equations  (13) and (14) are the conditions for the socially optimal environ-
mental qualities. By equating the social optimal conditions in (13) and (14) with 
the firm’s profit maximal conditions in (8) and (9), we obtain the values of the 
discriminatory policy instruments to achieve the socially optimal qualities for 
each type of consumers as:

Equation  (15) illustrates that the rate of the optimal discriminatory policy 
instrument for the higher type coincides with the traditional Pigouvian result. The 
intuition of this result is as follows: The higher type is supplied optimally under 
the incentive scheme, while the lower type is supplied less than the socially opti-
mal level due to information rent. Thus, the regulator needs to compensate more 
for the lower type. We summarize the characteristics of the discriminatory policy 
instruments in Propositions 1 and 2, comparing the values in Eqs. (15) and (16) 
and contemplating the sign of �.

Proposition 1 If positive externalities (i.e., �> 0) exist, subsidies should be set for 
both demand types of the consumers for the purpose of achieving the socially opti-
mal levels of the environmental qualities. However, the rate of the subsidy for lower-
demand (less eco-friendly) consumers is higher than that for higher-demand (eco-
friendlier) consumers by 𝜆

1−𝜆
(�̄� − 𝜃

−
).

Proof See Appendix 2

Proposition 1 illustrates the characteristic of the discriminatory policy instru-
ments for positive externalities caused by green products. Our analysis suggests 
that a higher rate of the subsidy should be set for less eco-friendly consumers. 

(11)
𝜕W0

𝜕q̄
= 𝜆[𝛾 + �̄� − C�(q̄∗)] = 0,

(12)
�W0

�q
−

= (1 − �)[� + �
−
− C�(q

−

∗)] = 0.

(13)C�(q̄∗) = 𝛾 + �̄�,

(14)C�(q
−

∗) = � + �
−
.

(15)s̄∗ = 𝛾 ,

(16)s
−

∗ = 𝛾 +
𝜆

1 − 𝜆
(�̄� − 𝜃

−
).
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This policy arrangement contradicts the current tax benefit policy in the Japa-
nese automobile industry, in which the higher rates of the tax benefits for eco-
friendlier products are introduced. On the other hand, this retrogressive subsidi-
zation, which offers less monetary payoffs for eco-friendlier consumers, might 
reflect a desirable policy instrument that alleviates crowding out effects on eco-
friendly behaviors.6 Ackert et  al. (2007) show that individuals being willing to 
pay more tax or accept less subsidy when efficiency is improved by tax or subsidy 
policies. This study could infer that retrogressive subsidization can be desirable 
for eco-friendly motivation because it improves simultaneously social efficiency 
and environmental situations. Shogren (2012) suggests, however, that a further 
research is required to know whose behavior is likely to be crowded out by a 
given environmental policy instrument. Hence, comprehensive effects of retro-
gressive subsidization for eco-friendly behaviors should be further examined by 
scrutinizing prosocial behaviors as eco-friendly behaviors.

Proposition 2 If negative externalities (i.e., �< 0) exist, a tax for less eco-friendly 
(higher-demand) consumers is necessary for achieving the socially optimal environ-
mental quality. On the other hand, for eco-friendlier (lower-demand) consumers, a 
subsidy should be introduced when − 𝜆

1−𝜆
(�̄� − 𝜃

−
) < 𝛾 < 0 is satisfied.

Proof See Appendix 2

Proposition 2 characterizes the necessary policy arrangement for achieving the 
socially optimal environmental qualities, when negative externalities such as pollu-
tion or greenhouse effect by dirty products exist. Our analysis shows that there is a 
situation in which subsidization should be set for eco-friendlier consumers regard-
less of the existence of negative externalities. Moreover, it can be inferred that the 
optimal policy for eco-friendlier consumers should shift from a subsidy to a tax, as 
the level of negative externalities increases. This result contrasts with Bansal (2008) 
showing an optimal policy shifting from a tax to a subsidy, as the level of negative 
externalities increases. Table 1 summarizes the characteristics of the discriminatory 
policy instruments.

Table 1  Externalities, products, and discriminatory policy instruments

Externalities (products)/
types of consumers

Positive ( � > 0) (green 
products)

Negative ( � < 0) (dirty 
products)

No externalities 
( � = 0) (neutral 
products)

Higher-demand consum-
ers

Lower rate of subsidy Higher rate of tax No policy

Lower-demand consumers Higher rate of subsidy Lower rate of tax or 
subsidy

Subsidy

6 See Banerjee and Schogren (2012) and Shogren(2012) for details.
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We turn to deriving an optimal uniform policy instrument and the welfare loss 
caused by the uniform policy instrument. Uniform policy instruments are desir-
able in terms of fairness, but welfare losses caused by policy instruments could dis-
courage fairness-seeking behaviors, as shown in experimental studies.7 To derive 
an optimal uniform policy instrument, we follow the procedure to derive the opti-
mal uniform Pigouvian tax in Barnett (1980). We set an uniform policy instrument 
s = s̄ = s

−
 . Then we can obtain the social welfare function WU(q̄M(s), q

−

M(s)) which 
satisfies the optimal conditions for the environmental qualities in (8) and (9) as:

The first-order condition to maximize WU with respect to s is:

Substituting s = s̄ = s
−
 into Eqs. (8) and (9), we obtain:

Substituting (19) and (20) into (18), we get:

where dq̄
M

ds
=

1

c��(q̄M)
> 0 and 

dq
−
M

ds
=

1

c��(q
−
M)

> 0.

By calculating (21), we derive the optimal uniform policy instrument sU as:

(17)
WU = 𝜆 ⋅ [𝛾 q̄M(s) + �̄�q̄M(s) − C(q̄M(s))] + (1 − 𝜆) ⋅ [𝛾q

−

M(s) + �̄�q
−

M(s) − C(q
−

M(s))].

(18)

dWU

ds
=

𝜕WU

𝜕q̄M
⋅
dq̄M

ds
+

𝜕WU

𝜕q
−

M
⋅

dq
−

M

ds

= 𝜆[𝛾 + 𝜃 − C�(q̄M(s))]
dq̄M

ds
+ (1 − 𝜆)[𝛾 + 𝜃

−
− C�(q

−

M(s))]

dq
−

M

ds
= 0.

(19)C�(q̄M) = 𝜃
−
+ s,

(20)C�(q
−

M) = 𝜃
−
+ s −

𝜆

1 − 𝜆
(�̄� − 𝜃

−
).

(21)

dWU

ds
= −

⎡⎢⎢⎣
𝜆
dq̄M

ds
+ (1 − 𝜆)

dq
−

M

ds

⎤⎥⎥⎦
⋅ s + 𝛾

�
𝜆
dq̄M

ds
+ (1 − 𝜆)

�dq
−

M

ds
+ 𝜆(�̄� − 𝜃

−
)

dq
−

M

ds
= 0,

(22)sU = 𝛾 +

𝜆(�̄� − 𝜃
−
)
dq
−
M

ds

𝜆
dq̄M

ds
+ (1 − 𝜆)

dq
−
M

ds

.

7 See Kallbekken et al. (2011), Ackert et al. (2007) and Durante et al. (2014) for details.
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Note that the optimal policy instrument as a rate of consumption tax/subsidy is 
equal to the marginal rate of externalities (i.e., sU = � ), if there is no information 
rent (i.e., 𝜆(�̄� − 𝜃

−
) = 0 ) in the right-hand side in (22). This result illustrates the tra-

ditional Pigouvian tax/subsidy formulation. To facilitate the calculation, we assume 
C(q) =

1

2
cq2(c > 0). Then, we can rewrite sU as:

Equation (23) implies that the optimal uniform policy instrument is equal to the 
weighted average of the optimal discriminatory policy instruments. If positive exter-
nalities exist (i.e., 𝛾 > 0) , the optimal uniform policy is always subsidization. On the 
other hand, if negative externalities exist (i.e., 𝛾 < 0) and information rent denoted 
by 𝜆(�̄� − 𝜃

−
) is sufficiently small (large), taxation (subsidization) should be chosen.

Now, we derive the welfare loss brought by the uniform policy instrument. The 
difference between the social welfare under the optimal discriminatory policy, WD∗ , 
and the social welfare under the optimal uniform policy WU∗ is calculated as:

The welfare loss increases as 𝜆 and (�̄� − 𝜃
−
) increase. It can be concluded that 

the discriminatory policy instrument is more desirable in terms of efficiency, while 
this instrument might discourage fairness-seeking motivation.8

5  Concluding remarks

We examined discriminatory policy instruments on consumption, when a private 
monopoly can differentiate environmental qualities and environmentally aware con-
sumers behave differently under existing both positive and negative externalities. We 
discovered that a higher rate of subsidy should be set for less eco-friendly consum-
ers for the purpose of achieving socially optimal environmental qualities when posi-
tive externalities exist. Moreover, we found that subsidization on dirty products is 
necessary for achieving a socially optimal level of qualities, when negative exter-
nalities are small enough.

When our model analyzed the incentive contract with a private firm, who submits 
environmental qualities and prices, and consumers, who are environmentally aware 
and cause externalities, it simplified the supplier’s market structure and the relation-
ship among consumers. More realistic models can be developed. Moreover, it will 
be necessary to discuss further actual effects of retrogressive subsidization on envi-
ronmental behaviors in terms of fairness and incentives. These assignments remain 
to be investigated.

(23)sU = 𝛾 + 𝜆(�̄� − 𝜃
−
) = 𝜆s̄∗ + (1 − 𝜆)s

−

∗.

(24)WD∗ −WU∗ =

𝜆3(�̄� − 𝜃
−
)2

2c(1 − 𝜆)
> 0.

8 This result differs from Kolstad (1987) suggesting that uniform regulation is more desirable than dis-
criminatory regulation in terms of efficiency.
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Appendix 1

We prove that Eqs. (6) and (7) are the necessary and sufficient conditions for sat-
isfying the IR and IC constraints of the two types of consumers. Firstly, we prove 
that the IR constraint for a higher type �̄� is satisfied at the optimum. The IR con-
straint for type �

−
 is:

By substituting Eq. (7) into (25), (25) can be rewritten as:

By calculating the right side of (26), we obtain:

By assumption, (27) is always nonnegative. Thus, (25) is always satisfied. 
Next, we prove that the IC constraint for type � is satisfied with the optimal solu-
tion. We can write the IC constraint for type � as:

By substituting (6) and (7), (28) can be rewritten as:

Equation (29) is always satisfied at the optimum. Therefore, Eq. (28) is always 
satisfied at the optimum. As a result, Eqs. (6) and (7) satisfy the IR and IC con-
straints for the two types of consumers.

  □.

Appendix 2

We prove Proposition 1. By the assumptions of 𝜆 ≥ 0, and �̄� > 𝜃
−
 , 𝜆

1−𝜆
(�̄� − 𝜃

−
) 

in Eq.  (16) is a positive value. This means that s̄∗ and s
−

∗ are both positive val-
ues at the optimum. Since a positive value of s corresponds to a subsidy in our 
setting, the subsidy is a necessary instrument for both types for the purpose of 
achieving socially optimal qualities. We can get directly s

−

∗ − s̄∗ =
𝜆

1−𝜆
(�̄� − 𝜃

−
) > 0 . 

Hence, the value of s∗ for a lower-demand consumer is higher than s̄∗ for a higher-
demand consumer.

  □.
Next, we prove Proposition 2. From the condition of 𝛾 < 0 , s̄∗ in (15) is always 

negative. Hence, taxation is always chosen for the higher-demand consumer. The 
value of s∗ in (16) is positive, which implies that the necessary policy instrument is 
a subsidy, if − 𝜆

1−𝜆
(�̄� − 𝜃

−
) < 𝛾 < 0 . On the other hand, the value of s∗ in (16) is nega-

tive, which implies that the necessary policy instrument is a tax, if 𝛾 < −
𝜆

1−𝜆
(�̄� − 𝜃

−
).

  □.

(25)V̄ = �̄�q̄∗ − P̄ + E + s̄q̄∗ ≥ 0 + E.

(26)V̄ = �̄�q̄∗ − (�̄� + s̄) ⋅ q̄∗ + (�̄� − 𝜃
−
) ⋅ q

−

∗ + s̄q̄∗ ≥ 0.

(27)(�̄� − 𝜃
−
) ⋅ q

−

∗.

(28)𝜃
−
q
−

∗ − P
−
+ E + s

−
q
−

∗
≥ 𝜃

−
q̄∗ − P̄ + E + s̄q̄∗.

(29)0 ≥ (𝜃
−
− �̄�) ⋅ (q̄∗ − q

−

∗).
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