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Abstract

In this paper, we examine the optimal mixed taxation of polluting goods and
subsidies for self-protection under nonlinear income tax. The novel contribution of
this paper is that we take into account disaster risk, the probability of which is
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polluting goods. The optimal tax rate on polluting goods includes the Pigouvian term
and the screening term under asymmetric information, and the optimal subsidy rate on
goods for self-protection is discriminatory, which reflects that screening term.
Additionally, we consider public expenditure aimed at reducing losses incurred as a
result of disasters, in addition to other fiscal policies in an asymmetric
information setting, and find that the optimal level is determined by a modified
Samuelson rule that includes the screening term between households
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In this paper, we examine the optimal mixed taxation of polluting goods and subsi-
dies for self-protection under nonlinear income tax. The novel contribution of this paper
is that we take into account disaster risk, the probability of which is determined by the
total amount of polluting goods consumed by all individuals. We derive the properties
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Additionally, we obtain the optimal tax scheme in cases in which the government can-
not observe each individual’s consumption of polluting goods. The optimal tax rate on
polluting goods includes the Pigouvian term and the screening term under asymmetric
information, and the optimal subsidy rate on goods for self-protection is discriminatory,
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at reducing losses incurred as a result of disasters, in addition to other fiscal policies in
an asymmetric information setting, and find that the optimal level is determined by a
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1 Introduction

Over the past few decades, numerous papers have been published in public economics and
environmental economics journals about optimal mixed taxation under externalities. The
studies have examined scenarios in which tax authorities pursue redistributive objectives us-
ing both nonlinear labor income taxation and linear commodity taxation under consumption
externalities and asymmetric information between the government and consumers. Some of
the most relevant contributions have been provided by Cremer et al. (1998) and Micheletto
(2008). In these studies, the authors found that optimal commodity tax rates have additive
properties, which means that the term “correcting externalities,” or the Pigouvian term, is
included in the tax system proposed by Sandmo (1975).

Additionally, in the field of environmental economics, there has been interest in ’mitigation-
adaptation” and self-protection” policies in relation to climate change, whereby individuals
purchase self-protective insurance; or policymakers either tax them or provide subsidies, or
they reduce disaster risk by regulating economic activities that generate negative externalities
(i.e., mitigation) or building infrastructure to protect urban areas from climate-related disas-
ters. The global increase in greenhouse gases has increased disaster risk, with global warming
already causing increased flooding and wildfires. Firms, households, and governments aim
to protect themselves from natural disasters. Thus, as a mitigation strategy, governments
encourage economic agents to reduce their consumption of polluting goods while building
or improving infrastructure aimed at protecting the community from climate-change-induced
natural disasters. In particular, governments play an important role in two schemes. To re-

duce disaster risks in advance, they levy environmental taxes on polluting goods, and they
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build and maintain infrastructure for the purpose of protecting the community from natural
disasters. In this paper, I call these climate-related controls ”social mitigation and adapta-
tion.” In addition to these two forms of policy intervention, governments subsidize spending
on self-protection measures.

In the IPCC’s Fifth Assessment Report ARS (2014), edited by Edenhofer (2015), it was
noted that, from the point of view of economics, mitigating the risk of disaster risks was a type
of public good, while dealing with the actual damage was a type of private good. For instance,
the effects of reducing greenhouse gases involve every economic agent all over the world,
reducing disaster risks globally. Conversely, building river levees and maintaining forests
mitigates the damage that results from floods and forest fires for local residents. Additionally,
social mitigation and adaptation, and subsidies for self-protection are related to fiscal policies.
Regarding social mitigation, taxing polluting goods, such as petroleum, raises revenue for the
government, whereas the other two environmental policies increase spending. In numerous
studies in the field of economics, researchers have examined government strategies aimed at
mitigation and adaptation in the context of public good provision and strategic interactions,
with some of the earlier studies explaining the fiscal impact of these green policies.!

Specifically, we analytically derive optimal commodity taxes on polluting goods and sub-
sidies for self-protection with nonlinear labor income taxes in a two-class economy. Each
household has a different wage level and experiences a different degree of damage as a result
of disasters, and information asymmetries exist between households and the government with
regard to their wage and the extent of the damage. In contrast to Cremer et al. (1998) and
Micheletto (2008), we explicitly introduce the probability of a disaster occurring, which is
determined by the total amount of polluting goods consumed by individuals.

In this paper, we show that the tax authority should impose taxes on polluting goods
in the form of Pigouvian taxes, or, to correct for externalities. Moreover, we consider the
second-best setting and show that it should develop an optimal subsidy schedule whereby
low-productivity households face positive marginal subsidy rates which result in their being

willing to buy more self-protective goods in the second-best setting. Additionally, we show

'For instance, Zehaie (2009) analyzed governments’ strategic impact on the timing of adaptation and mitiga-
tion measures. Regarding fiscal policy, Barrage (2020b) and Barrage (2020a) used the DICE model to examine
the optimal carbon tax policy in a dynamic setting. The model used in this paper differs from that model in that

it uses a simple static setting.



that the optimal linear commodity tax rate on polluting goods is composed of a Pigouvian
term and a screening term when it can only observe their aggregate demand for polluting
goods.

Furthermore, we embed public expenditure for infrastructure aimed at reducing losses
from disasters into the above redistributive policy model under asymmetric information. In
addition to providing subsidies for self-protection, this expenditure reduces the amount of
damage from natural disasters. This public spending is a type of pure public good; thus, the
government sets the level in conjunction with the other optimal fiscal policies. Based on this
analysis, the optimal level of public expenditure is determined by the modified Samuelson
rule. This means that manipulating the level of public expenditure plays a role in screening
low-skilled and high-skilled households, thereby enabling a relaxation of the incentive con-
straint, which is analogous to the mechanics of linear commodity tax under the observation

of aggregate demand for polluting goods.

1.1 Related Literature

In previous relevant studies, researchers have focused on optimal taxation with environmental
externalities. Sandmo (1975) conducted a seminal study on optimal commodity taxation with
externalities that derived the optimum commodity tax rate on polluting goods. This invoked
the inverse elasticity rule with a Pigouvian term, which corrects for the externalities. Cre-
mer et al. (1998) and Micheletto (2008) studied the optimal commodity tax rate on polluting
goods under nonlinear labor income taxation. Cremer et al. (1998) studied both nonlinear
and linear commodity taxation under nonlinear labor income taxation, and showed that com-
modity taxation only incorporates the Pigouvian term and not the screening term. Micheletto
(2008) extended their model in terms of the different externalities that individuals encounter.
The novel contribution of this study is the introduction of disaster risk as determined by the
total amount of consumption.?

Regarding the optimal nonlinear income taxation, Mirrlees (1971), Stern (1982), and

Treich and Yang (2021) studied the level of public safety under linear labor income taxation. This level
determines the agents’ survival rates; thus, the model is similar to my model. However, the difference is that
my survival (or disaster) probability is determined by the total consumption of polluting goods, whereas the
survival probability of Treich and Yang (2021) depends on the level of public safety or public goods provided

by the government.



Stiglitz (1982) examined the optimal nonlinear labor income taxation by applying the principal-
agent model to labor income taxation, and assumed that there was asymmetric information
regarding individuals’ productivity between the government and those agents. In particu-
lar, following Stern (1982) and Stiglitz (1982), we employ nonlinear income taxation where
agents are classified into one of two types: high productivity or low productivity. We also
consider the optimal taxation on polluting goods and subsidies for self-protection. Therefore,
this study is related to previous studies in which researchers examine optimal mixed taxation,
such as Atkinson and Stiglitz (1976).

Regarding self-insurance and self-protection, there are numerous previous studies such
as Ehrlich and Becker (1972) and Lohse et al. (2012). However, this study is the first to in-
vestigate the fiscal policies for self-protection, social mitigation, and social adaptation under
nonlinear labor income taxation.

The remainder of this paper is organized as follows. In Section 2, we present the basic
model and examine the laissez-faire and the first-best allocation. In Section 3, we examine the
optimal tax and subsidy rules in the second-best setting. In Section 4, we extend the model to
the case of linear commodity taxation, and in Section 5, we introduce public expenditure for
eliminating losses as a result of disasters. In Section 6, I discuss several points as to results

obtained in the preceding sections, and we conclude the paper in Section 7.

2 The Model

We consider a two-class economy in which each agent (i = H, L) possesses ability or unit
wage w;, where wy > wy > 0*. We assume that the total population in this economy equals
one and the fraction of agents with wy is denoted by n € (0,1). The various abilities are
private information for agents, who earn labor income through their labor supply /.

In this economy, agents consume polluting goods denoted by x, in addition to numeraire

c. Let x; be the consumption level of agent i and the total amount of consumption £ =

3Golosov et al. (2014) and Barrage (2020b) studied dynamic optimal carbon and other taxation under climate
change. The main difference between our model and these two papers is to consider the subsidies for self-

protection or not.
“In this paper, we employ the optimal nonlinear income tax model under the two-class economy in Stiglitz

(1982).



nxy + (1 —n)x; affects the probability p of disasters occurring; hence, the odds can be written
as a function of E: p(E). We assume that for any E € R, p(E) € (0,1), and p is strictly
increasing and differentiable. With probability p(E), agents incur cost ¢(D), where D is the
degree of damage and ¢ is strictly increasing, strictly convex, and differentiable. To protect
their assets from such disasters or mitigate the damage, agents can spend s on self-protection.
When an agent i pays s;, the individual can eliminate cost (D — s).
All individuals differ in terms of the level of damage incurred D; and productivity w;.
In this model, there are two types of profile regarding ability and the degree of damage:
(wg, Dy) and (wg, Dp), with wy > w;. There are two possible cases regarding D: positive
correlation Dy > D; and negative correlation Dy < D;. Agent i’s expected utility is given
by
Ulci, x;) = p(E)P(D; — i) — h(ly), ey

where U(c;, x;) is the utility on numeraire ¢; and polluting goods x;, and A([;) is the disutility
of labor supply /;. We assume that U is strictly concave and twice differentiable, and that &
is strictly increasing, strictly convex, and differentiable. Individual i can purchase polluting
goods x; and self-protection s; at prices g, and g, in the competitive markets respectively.
Additionally, agent i selects labor supply /; that determines pretax income I; = w;/;. Thus, this

is equivalent to choosing pretax income ;.

2.1 Individual’s optimization

To examine the individual’s optimization without taxation, I formulate the problem as fol-
lows:
1;
max U(c;, x;) — p(E)p(D; — 5;) — h(—)
Wi

CirXiySisi

2)

S.t. ¢+ qx;i +qyss; < 1.



Let 6 be the Lagrangian multiplier. Then, the first-order conditions (FOCs) are

%L U -0=0
aCi
% = U(ci, xi) — qu =0
Hxl-
oL ©)
I5 P(EY'(Di = si) — 0q5 =0
S
or 1., L.
a_li ——;ih(;i)-i'g—o,

where U, and U, are the derivatives of U with respect to ¢ and x, respectively. It is worth
noting that individuals cannot manipulate the total amount of polluting goods E because they
are atomless >. With respect to the consumption of polluting goods x, self-protection s, and
pretax income or labor supply 7, individual i’s marginal rates of substitution for the numeraire
are given by

_Udei,x)

, "D — s o Lxwdy
MRSZ = _ p(E)¢ (Dl sl) wi wi —
XL U.(ci, xi)

=g, MRS' = =g, MRS' =
7 * U.(ci, xi) 1 e U.(c;, xi)

All marginal rates of substitution equal these prices of goods x and s or 1. Therefore, to
achieve a desirable allocation, the government should set the taxation schedule with tax

wedges to cater for the optimum conditions.

2.2 First-best allocation

First, I consider the first-best allocation. In this paper, a government maximizes the weighted
sum of all individuals’ utilities U(cy, xg) + uU(cy, x.), where u(> 0) represents the redistri-
bution preference. If > 1, the tax authority prefers redistribution from the rich to the poor;
otherwise, the preference is to redistribute from the poor to the rich. In the first-best scenario,

the allocation (c;, x;, 5;, I;)i=g,1 18 Observable; thus, the tax authority considers the following

>On this point, in this paper, we follow Cremer et al. (1998). Conversely, if we assume that the total pop-
ulation is finite and countable, then each agent can affect E through his or her consumption of polluting goods

X.



optimization problem:

1 1
max U(cn, xm) +pU(cr, x1) = PENSDn = si) + ud(Dr = )} = (h(—=) + ph(==)}
H L

{cixi,sisliti=H,L

s.t. n(lyg — ¢y — qxXu — qss5g) + (1 —=n)(Ip — ¢ — qxp — qs51) = 0.

4)
Let L8 be the Lagrangian and A be the multiplier. The FOCs are °
6£FB - 8.£FB .
= — = _— = —_ 1 b =

9 Ul —An=0, ac, pUy—A(1-n)=0
G,LFB

7 = U2 —np (E)@" +ug") - Ang, = 0

XH

0L L H L

o uUy = (1 =nm)p"(E)@" + pu¢™) — A1 —n)g, =0

L

(9.£FB ,

Osn P(E)$' (D — su) — Angs =0
0.£FB ,

as up(E)' (D, — sp) — A1 —n)gs =0
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(?IH Wy Wy
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Rearranging the FOCs, I obtain the following expressions for each marginal rate of substitu-
tion, foralli = L, H:
L PE)G" + gt
A
MRS’ = g &)

MRS’ = g

MRS}, = 1.

As observed in related studies such as Sandmo (1975), the government takes into considera-
tion correcting the externalities associated with the consumption of polluting goods, whereas
it does not have to intervene in the self-protection market. Additionally, in terms of labor
supply or pretax income for class L, the government achieves the allocation without taking

into consideration the redistribution weights.

®Because the government can determine the allocation of all individuals’ consumption bundles, it can ma-

nipulate E.



2.3 Tax wedges of first-best allocation

From the point of view of the government, it can observe each agent i’s (pretax) labor income
I;, but not the labor supply. Additionally, it can check the consumption levels of polluting
goods x; and self-protection s;. Hence, it sets nonlinear differentiable taxation 7'(x;, s;, I;)
depending on the profile.

Under this tax schedule, each individual i has the following budget constraint:
Ci+ quxi + qssi < I = T(xi, 83, 1))

To achieve the best allocation, the marginal tax rates must satisfy, for all i = L, H:

T (x;, s, 1}) _ P(E)¢" + ug")

o0x A
oT (x;, si, 1) _ oT (x;, si, 1) -0
ds B ol -

The key point is that the tax authority should set the tax rate for polluting goods x at an
appropriate level to correct for the externalities. This includes the marginal probability of the
disaster occurring p’(E) multiplied by the social damages ¢ +u¢" divided by the Lagrangian
multiplier for tax revenue A. This represents the marginal social cost of consuming polluting

goods.

3 Second-best allocation

In this section, we still assume that all allocations are publicly observable, although the gov-
ernment can no longer observe the individuals’ characteristics. In this setup, a new self-
selection constraint needs to be considered similar to those of Stiglitz (1982) and Stern
(1982).7 This means that taxpayers with (wy, Dy) have no incentive to mimic those with
(wr, Dr), and vice versa. Formally, this can be written as follows, for all i, j = L, H with

i #J:
I; I;
U(ci, xi) — p(E)P(Di — si) — h(;) 2 Ulcj, xj) = p(E)P(D; = 5;) — h(;{)

Moreover, I assume that Dy < D;, which enables us to ignore mimickers of (w;, Dy),

the self-selection constraint, because of the single-crossing property. In addition to reducing

"In some previous studies, such as Mirrlees (1971), this constraint was termed “incentive compatibility.”

9



the technical burden, this assumption seems plausible because high-skilled workers tend to
preempt disaster risks. For example, wealthier workers are able to purchase houses in areas
that are less prone to damage from events such as floods.®
In this paper, we focus on the case in which Dy < D;. For the second-best allocation, we
formulate the following problem:
Iy I
max  Uey, xp) + pU(cr, x1) — p(ENG(Dy — sp) + udp(Dr — sp)} — {h(—) + ph(—)}
{cixissisidi=m,L WH wr

s.t. n(lyg —cu — quxu — qssu) + (1 =) — ¢ — X — gs51) 2 0
1 I
Ulcy, xu) — p(E)¢(Dy — sy) — h(—2) > U(cr, x1) — p(E)p(Dy — s1) — h(—=).
Wy WH
(6)

I retain the notation A as the multiplier of the resource constraint, and let ¢ represent that
of the self-selection constraint. Solving this problem, I obtain the following expressions for

each marginal rate of substitution:

"E H L

Pl
MRS*Y =g,
op(E)
MRSL =g, + 'HL _ (/L
se =4 —m_n)(fz5 )

MRS =1and MRSE, < 1,

where ¢* = ¢(Dy—s;) for each k = H, L and ¢"* = ¢(Dy—s;). Comparing first-best allocation
and second-best allocation, I can identify two properties. First, this is the same allocation
rule for polluting goods x in the sense that MRS for any individual i; that is, information
asymmetry does not distort the rule. Second, the allocation rule for self-protection is different
from that for first-best allocation. In particular, those with (w;, D;) have a different allocation
rule, where the marginal tax rate on s is lower under the negative correlation D; > Dy. To

summarize, we provide the following proposition.

Proposition 1. Assume that the government can observe each individual’s self-protection,

81t is unclear whether there is any evidence that D; < Dy, but it might be interesting to consider that case as
a generalization. Additionally, this extension might be an application of the model of Bastani et al. (2020), but

this is beyond the scope of this study.

10



pretax income, and demand for other consumption goods, but cannot observe their character-

istics. When Dy < Dy, the second-best allocation rules must satisfy the following conditions:

1. This is the same allocation rule as that for the first-best allocation (F B) for polluting

goods x.

2. The allocation rule for self-protection differs from F B; in particular, the marginal rate

of substitution for agents with (wy, Dy) is lower than that in F'B.

Tax wedges of first-best allocation

To implement the second best allocation, the tax schedule must satisfy:

OT (x;, si, I}) _ P(E)¢" + ugh)

foralli= L, H

ox A

6T(XH’ Sty Ir) 0T (xp, Sy, In)
= = ()
s ol
0T (xp, s, 1I1) op(E) JHL /L
= - 0

ds - s
0T (xp, s, I1) 50

ol

4 Imperfect observation of polluting goods

Thus far, we have maintained the assumption that all consumption bundles are publicly ob-
servable. However, tax authorities all over the world have difficulty in observing all consump-
tion bundles. For instance, governments find it difficult to monitor each agent’s consumption
of polluting goods such as fossil fuels. Conversely, there are several cases in which this as-
sumption is not appropriate. For example, self-protection in the form of residential location
or investment in infrastructure is publicly observable and cannot be hidden.

Following the above argument, the government cannot tax polluting goods based on in-
dividual consumption levels because of the administrative costs involved. Conversely, it can
levy taxes on self-protection measures depending on the amounts involved. Thus, we assume
that the government can only observe agents’ self-protection measures and pretax income.

The government sets nonlinear taxation based on the profile of agent i’s pretax income

and self-protection T'(s;, I;), and linear taxation on polluting goods ¢,. In this setup, individual

11



i’s optimization problem can be summarized as follows:

CirXi,Sinli

I;
max U(c;, x;) — p(E)p(D; — i) — h(—)
Wi
st ci+ (g +1)x < I —qs8, — T(si, ;) = B,

where B; is the after-tax income after subtracting expenditure on self-protection. Because
I; and s; are publicly observable for each agent i, whose utility is separable, the following

indirect utility determined by g, + #x and B; can be deduced:
I,' Ii
U(ci, x;)) — p(E)$(D; — s;) — h(;) = V(qx + 1, B)) — p(E)P(D; — s;) — h(;),

where V(q, + t., B) is the indirect utility function induced from the following utility maxi-
mization problem:

max U(c;, x;)

Ci,Xj

s.t. ¢; + (qx +t)x; < B;.

Furthermore, let c(g, + t,, B;) and x(g, + t., B;) be individual i’s demand functions for
the numeraire and polluting goods, respectively. I formulate this optimization problem as
follows:
Iy I
max  V(qx + ty, Bu) + uV(gx + ty, BL) — p(EN$(Dy — sp) + up(Dr — s1)} — {h(—) + ph(—)}
te{Bissislii=H,L WH wr

s.t. n(ly — By — qysy + t,x(q, + t, By) + (1 = n)(I, — By, — q4s; — tx(qyx + 1, Br)) =0

I 1
V(qy + te Bi) — p(E)$(Dy — s) — h(w—*;) > V(gy + ty, BL) + p(E)p(Dpy — 1) + h(w_f,)'
)

By solving this, I can derive the optimal tax schedule summarized by the following proposi-

tion.

Proposition 2. Assume that the government can observe individuals’ self-protection and pre-
tax income, in addition to aggregate demand for other consumption goods. Retaining the
assumptions made in relation to Proposition 1, the optimal tax rate on polluting goods t;

satisfies
o _ PENG" + gt — (4™ — 9)
* A

12



The Lagrangian, FOCs, and calculation process are presented in the Appendix. Regarding
the optimal tax rate on polluting goods }, first, the tax rate 7} is divided into two parts: the

P E)" +ugh)
A

Pigouvian term and screening term — — ¢). The Pigouvian term is the

2B (L
same mechanism as that used in the previous scenario; thus, it corrects for the externalities
caused by the consumption of polluting goods x. The tax rate #; has a novel screening term,
but this is similar to those that appeared in previous studies on mixed taxation, such as Cremer
etal. (2001). If Dy < D; or ¢/t — ¢! < 0, there is an incentive to mimic the other type. Thus,
to relax the constraint, the government increases the tax rate. From another perspective,
to reduce the burden of revealing the true type, the government prevents individuals from

consuming polluting goods.

S Public expenditure on infrastructure for adaptation

In addition to individuals’ self-protection, public expenditure on building or maintaining in-
frastructure such as dams can be considered as a form of adaptation. In this section, based on
the second-best setup presented in Section 3, we consider the optimal level of public expen-
diture, in addition to other fiscal policies.
Let G be the amount of public expenditure aimed at reducing losses from natural disasters.
In this case, the government can set both the subsidy s; for each i = L, H and public spending
G. I consider the second best setting presented in Section 3. For this setting, agent i’s expected
utility is given by
Ui ) = PEID, = 5, G) = h:),

1

The government incurs public expenditure cost F'(G) where F is increasing, differentiable,
and convex. The fiscal burden is financed by taxes on people’s income and their consumption
of polluting goods. Moreover, to guarantee the interior solution and self-selection constraint,

it is necessary to assume that both D; and Dy, with D; > Dy, are sufficiently large.

13



I define this problem as follows:

max  U(cy, xy) + pU(cp, x)

{cixisidiYi=H,Ls
1 1
—p(E)(Dy — st — G) + ud(Dy, — s, — G)} — {h(—2) + uh(—=))
Wy wy,
s.t. n(ly — g — quoxy — qss) + (1 =)y, — ¢, — qoxp — q,51) = F(G)  (8)

I
Ulen xu) = pEY(Dy = s = G) = h(=—)
H
1
> Uler, x1) = pUEYO(Dr = 5. = G) = h(==).
H
By solving this problem, I obtain the following result as Proposition 3.

Proposition 3. Assume that the government can finance public expenditure G to reduce the
damage that results from natural disasters. Retaining the assumptions made in relation to
Proposition 1, the optimal tax schedule T (x, s, I) satisfies the same conditions as those stated

in Proposition 1. Moreover, the optimal provision rule satisfies

E)¢'H Ep't 6
p(U)[_? p(U)L¢ + /_1p(E)(¢/L _ ¢/HL) — F/(G)
1 1

nx + (1 —n) X

The Lagrangian, FOCs, and calculation process are presented in the Appendix. Based on
the optimal provision rule, the first two terms on the left-hand side are the sum of the marginal
rate of substitution between public expenditure and the numeraire among individuals, while
the remaining term is a “screening term.” Thus, this rule is modified Samuelson rule. To
screen agents, the government sets the differential subsidy level and finances investment ex-
penditure for investment to relax the self-selection constraint. In particular, that g%"; > 0
and D; > Dy imply that ¢’“ — ¢'#L > 0, so the third term must be strictly positive if the
self-selection constraint binds or 4 > 0. If individuals are not allowed to buy self-protective
goods and this kind of public expenditure is available, the level of public investment is set to

meet the Samuelson condition.

6 Discussion

Before providing the conclusion, we discuss the difference between the heterogeneity of dis-

astrous damages and the various probabilities that individuals encounter the disaster, the re-

14



sults of both imperfect observation and public expenditure examined in the preceding two

sections, and the linear subsidy on buying self-protective goods.

6.1 Heterogeneous incident rate of disaster

In this paper, we assume that all individuals have the same probability of encountering a
disastrous event. By contrast, it is also natural to suppose that each agent has a different
incident rate of disaster. For example, those living in designated flood-hazard areas have a
higher probability of encountering such an event.

Suppose that this model assumes that the individuals incur the same actual damage but
have the different probabilities. In this case, the government cannot screen them by setting
different subsidy rules on self-protection. Even though the individuals have different incident
rates of disaster, their probabilities must be determined by the total amount of polluting goods
consumed, and each individual is atomless, so can not change the aggregate consumption
level and the probability by himself/herself. Moreover, when they all share the same damage
level during the disaster, they may have incentives to mimic an agent with a different degree
of damage. However, according to Proposition 1, ¢"/% —¢’" must be equal to zero if Dy = Dy,
which means that the government should not set the discriminatory subsidy rule in the sense
of margin.

To summarize, heterogeneity in the individuals’ disaster-related damages plays a key role
in the results of the preceding three sections. Clearly, it is possible to obtain key insights
into the different subsidy rules if both the individuals’ actual damages and the probability of
a disaster are set differently. In this case, Pigouvian taxes and the modified Samuelson rule

should take the different incident rates into consideration.

6.2 Considering both imperfect observation of polluting goods and pub-
lic expenditure

Thus far, I have not examined both imperfect observations of polluting goods and financing

public infrastructure.

In this model, each individual’s level of actual damages determines the losses in a disaster,

and public expenditure on infrastructure reduces its level, but does not have a distinct effect
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on the other individuals’ consumption of polluting goods. Additionally, we assume that a
government can observe each individual’s consumption level on self-protection, which leads
to the scenario in which the government can set different subsidy rules for them.

Therefore, there is no direct interaction between the linear Pigouvian tax rate and the level
of public infrastructure, and to identify each policy role, I embed the imperfect observation

of polluting goods and financing public infrastructure independently.

6.3 Linear subsidy on self-protection

Throughout this paper, a government can observe each household’s consumption level on
self-protection; hence, the government can subsidize their purchase of self-protective goods
depending on their behaviors.

As argued in the previous section, this is a valid assumption; however, a tax authority
may incur huge costs of observing the amount of each individual’s buying, and adopt the
proportional subsidy to save the expenses.

In this case, we follow Section 4 and assume that a tax authority sets a proportional tax
on polluting goods and a proportional subsidy on self-protection, in addition to a nonlinear
income tax schedule. Let ¢, be the linear subsidy on goods s, and the individual encounters
the following problem:

I;
c,rfcl,%?(, U(ci, xi) — p(E)Yp(D; — s;) — h(;j)

St¢i+ (g + t)xi + (g, — 1) < I = T(I)) = B..

The government can only observe the before-tax income of individual i, ;; hence, given
after-tax income B; = I; — T(I;), he/she chooses the consumption bundle {c;, x;, s;};
max U(c;, x;) — p(E)$(D; — s;)

s.t.¢; + (qx + tx)xi + (C]S - ts)si < B,’.

Here, we do not derive the optimal linear subsidy rate ¢;, but I conjecture that this also
includes the heterogeneity of individuals’ actual damages and plays a key role in screening

the agents.
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7 Conclusion

In this paper, we investigate the optimal taxation of polluting goods and subsidies for self-
protection under nonlinear income taxation in the context of disaster risks. The novel contri-
bution of the paper is that we embed these risks based on the total amount of polluting goods
consumed by taxpayers and consider two dimensions, earning ability and the amount of dam-
age from disasters, which are considered private information. In this setting, we characterize
both the first-best and second-best allocations, and the tax wedges of various tax/subsidy
schedules.

In this setup, the first-best allocation rule implies the government should correct for exter-
nalities caused by consuming polluting goods, and this can be implemented by a tax schedule
incorporating the Pigouvian term, as shown by Sandmo (1975). Additionally, we consider the
second-best allocation rule in scenarios in which the government does not know the true char-
acteristics of all individuals. In particular, the marginal subsidy rate for low-skilled and high-
actually-damaged agents must be positive to promote their consumption of self-protective
goods, This implies that each class encounters different marginal subsidy rates, and it im-
plies that such subsidy schedule plays a role in screening the agents to resolve information
asymmetry.

In the second-best scenario, we examine two types of tax/subsidy schedule: perfect and
imperfect observation of agents’ consumption of polluting goods. In the former case, the
Pigouvian term is included in the marginal tax rate on polluting goods, and the screening
term is included in the marginal tax/subsidy rate on self-protection. In the latter case, the
marginal tax/subsidy rate on self-protection is similar to that in the former case, but it (or
the proportional tax rate on polluting goods) includes the screening term in addition to the
Pigouvian term.

Moreover, in the second-best scenario, we investigate the optimal level of public expen-
diture for reducing losses from disasters while retaining the same setup for other (nonlinear)
fiscal policies. The results show that the government determines the amount of public spend-
ing by modifying the Samuelson rule. The marginal cost of providing public infrastructure
is equal to the sum of the marginal rate of substitution between the numeraire and the public
good, and the screening term. To acquire accurate information from households regarding

productivity and the degree of damage, the government should increase the level of public
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expenditure to relax the incentive constraint.

Finally, there are several extensions of this work to be pursued in future research. The
first involves the generalization of taxpayers’ bi-dimensional characteristics. In this case, the
focus is restricted to the negative correlation: wy > w; and Dy < D;. However, it may be
interesting to extend this setup to a multidimensional screening problem. Second, similar to
Micheletto (2008), it is possible for me to consider different consumption externalities, that
is, each individual might experience different externalities as a result of consuming polluting
goods. These extensions are important for both theoretical and practical reasons. Finally,
self-protection may not cover all the damage from disasters; thus, there is scope to reconsider
the study setup and assumptions. For instance, it may be interesting to extend this model to
incomplete markets, in relation to which there have been recent studies have been conducted

on the optimal taxation rate, such as those by Gottardi et al. (2015) and Gottardi et al. (2016).
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Appendix

FOC:s of the second best scenario under perfect observation

The Lagrangian of the second best allocation under perfect observation can be written as

follows:

I I
L8 = Ulcy, xp) + pU(c, x) — p(E)$(Dy — sy) + ud(Dy, — s1)} — {h(w—f;) + /Jh(W—LL)}
+ Un(ly — cy — quxu — qssy) + (1 =)y — cp — g XL — qs5S0)}

U’ I
+6lU(cn, x1) = p(E)$(Dyy = su) = h(W—’;) — U(cy, x1) + p(E)(Dpy = 1) + h(w—;)].

The FOCs are as follows:
o S B o S B
L =(1+0Uf -an=0, L =(u-0)UF-a1-n)=0
8cH 0CL
8.£SB
e (1+6)U3 = np'(E)(¢" + u¢") — Ang, = 0
XH
6‘£SB L ’ H L
o =u-0Uy — (1 -n)p(E)¢" +up™) — Al —n)q, =0
L
L5
Fr (1 +6)p(E)p'(Dy — sy) — Angs = 0
SH
aLSB
a5, pup(E)Y' (D, — sp) — A(1 = n)qs — 0p(E)¢’ (D — 1) = 0
S B 1 I
0L _ _1Ho,duy o
8][-1 Wy Wy
S B I I
0L Mpdey i -m+ Sy 2o
ol; wL  wp Wy Wy

Applying (1 + 8)U = an and (u — 6)UL = A(1 — n) and rearranging the above, I obtain
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the following;

1 H
(1+06)Us - %ﬁ@)(rﬁ” +upt) — (1 +6)Ulg, =0
MRS = o 2 DB +pgh)
Xc qx /l
- 0)UE
(u— U - =0, P (E)@" +us"™) — (u—6)Ukg, =0

P(E)¢" + ugh)
A
(1 +Op(E)Y'(Dy — sp) — (1 +6)Uj g, =0

©MRSY = ¢,

up(EYY'(Dp = s1) = (u = 6)Uiqs = Sp(E)Y'(Dy — 51) = 0
S —O)pEYY Dy — 51) — (u— 6)Utqs + Sp(ENG (D, — s1) — ¢'(Dyy — s1)} = 0
(U= 6)p(E)Y' (D = 51) = (1 = O)Urq, — Sp(EN¢' (D = 51) = ¢' (D = 51))

op(E
O i = 51) = ¢ (D = 50)

©MRSE =g, +

©MRSE = g, +

FOC:s of the second best scenario under imperfect observation

The Lagrangian of the second best allocation under imperfect observation can be written as

follows:

1 1
LIP8 = Vg, + o Bu) + 1V (@ + 1 Br) = pE)ODi = 1) + pd(Ds = 50)) = (L) + ()
H L
+ Un(ly — By — qsSu + tx(qx + t, By)) + (1 = n)(Ip — By — qS1 + tx(qx + ty, Br))}

J I
+0[V(qx + ty, By) — p(E)p(Dy — su) — h(w—';) — V(gy + ty, By) + p(E)p(Dy — s1) + h(w_;)]’

where E = nx(q, + t,, By) + (1 — n)x(q, + t,, Br).
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The FOCs are as follows:

oLIPsE ovi oVt , OE , .
P -(1 +5)6_Bx —(M—5)a—Bx - 6%1? (E)(@" +ud™)
H L
+ Anx + (1 —n)xL+txnai+tx(1 _
0q, 0q,
+ 0oL P (EO™ ~ ¢ =0
s
5.£IPSB 6VH 6)CH
— 1 - _ ’ H L
9B, (1+90) 3B naBP(E)(fﬁ + ug-)

H

ox
- 1—7. 2
An(l =1, OB )

x| HL _ Hy _
+ 5”(9—Bp (E)@™" —¢7)=0
6.£IPSB _ 8VL 0XL , - .
9B, =(u - 5)5 -(1- n)%l? (E)¢" +pd™)
oxt
- A(1 —n)(1 - txa—B)
oxt HL _ Hy _
+6(1 - n)a—Bp (E)¢" —¢7)=0
6.£1PSB
3 =(1 +0)p(E)¢'(Dy — su) — Angs = 0
SH
a‘LIPSB
35, =p(E){u¢’ (DL, — sp) = 6¢"(Dy — sp)} — A(1 —n)gs = 0
IPS B
0L :—1+5h’(1—H)+/1n:O
6[/—] Wy Wy
a_EIPSB

I 6 1
Sy R S TG S T R )
ol wr,  wp Wn  Wg

Rearranging the second and third equations and substituting those into the first one, I obtain

_ % / H L ax" ax" HL _ H
[n 28" (E)¢" +ug™) + An(l - tx%) - 57151? (E)(@™" = ¢x"
oxt

1= E@ s+ A (1 - 1,55~ 61— ) T B — g1
5P (EXG" + g Ml = 1,2 m 55 P (EXO" — ¢
H L

E
0 PEYS! + ugh) + A + (1 = n)at + in (1 - n)ax 1469
0q; 0qx 04 04

P (E)@™ —¢") =0
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Note that % = n‘% +(1 - n)%, so I get

ax" oxt  OE
—_ H L H _ L
p (E)(¢ + ug )(nx _GB +(1-n)x _aB + aqx)
H L
E
+6p,(E)(¢HL - ¢H)(ana—B + (1 — n)xL%iB + gqx)
H L
E
+ At (nx — + (1 - n)xLaaiB + g - =0

Therefore, I derive the optimal tax rate

_ B+ ugh) - 5" — 9™))

n €))

Ix

FOC:s of the second best scenario under perfect observation with public

expenditure

The Lagrangian of the second best allocation under perfect observation with public expendi-

ture can be written as follows

L3856 = Uley, xy) + uU(cy, x1)

— p(E)¢(Dy — sy — G) + ud(Dy, — s, — G))
1 1

— (L) + ph(=2)) + An(ly — cu — qeXy — qsSn)
Wy wr,

+ (1 =n)(I, — ¢ — guxp — 4551) — F(G))

1
+ 6LU (e, xp) — p(E)p(Dpy — sy — G) — h(w—i)

1
~ Ulcp, xz) + p(E)p(Dy — 5. — G) + h(w—:)]
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The FOCs are as follows:

S BG S BG
0L =(1+80UF -an=0, oL =u-OU-A1-n)=0
6CH aCL
6£SBG
——=(1+ UF - np'(E)@" + u¢") — Ang, = 0
XH
aLSBG L ’ H L
T (w=0)U; = (1 =n)p(E)X¢" +u¢p™) — A1 —n)q, =0
8£SBG
Frae (1 +90)p(E)¢' (D — sp) — Ang, =0
SH
aLSBG
a5, up(E)¢’ (D — sp) — A(1 = n)gs — op(E)¢’(Dy — 51) = 0
S BG
0L 1oy =0
61H WgH WhH
S BG
0L oyl aq—m s Sty o,
ol wL  wp Wy  wy
(9.£SBG
G P(ENG' (D — sy — G) + u¢' (D — s — G)} — AF'(G)

+ 0p(EN¢' (D — sy — G) — ¢'(Dy — s, — G)} = 0.

Applying (1 + 6)UY = An and (u — §)UL = A(1 — n) and rearranging ogs;»c = 0, T obtain

(1 +0)p(E)¢'(Dy — sy — G) + (u = 6)p(E)Y' (D, — 51, — G)

- AF'(G) = 6p(E){¢'(Dy — 51 — G) = ¢' (D — s — G)} = 0.
:ﬂnmEW'(DH — sy —G) 1 p(E)Y' (D — 51 — G)

U7 R
+0p(E)N¢' (D — s, — G) — ¢’ (Dy — s, — G)} = AF'(G)
'H /L
=n X P(E);P + (1 _ I’l) X P(E)L(ﬁ + ép(E)((ﬁ,L _ ¢/HL) — F/(G)
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