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Abstract

We consider the problem of regulating an economy with environmental pollution. A
regulation mechanism defines payments contingent on pollution emissions. The polluter-
pays mechanism requires that any agent compensates all other agents for the damages
caused by his or her own emissions. It is budget-balanced and efficient. We show that
it implements the unique welfare distribution that assigns non-negative individual welfare
and renders each agent responsible for his or her pollution impact. Next we examine its
acceptability by agents. A mechanism is acceptable if no group of agents can be made
better-off with another mechanism. The polluter-pays principle might not be acceptable.
It is acceptable if pollution externalities are multilateral among homogenous agents. Last
we posit a more general mechanism that implements the polluter-pays welfare distribution

under asymmetric information on pollution emissions and damages.
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1 Introduction

From water management to air pollution, managing environmental problems efficiently re-
quires well-designed public policies or coordination among stakeholders. Environmental poli-
cies and international environmental agreements are launched to mitigate the failure of market
economy due to the presence of negative externalities . Yet public intervention impacts not
only the welfare of the economies at a whole but also the distribution of this welfare. This
paper addresses the efficiency and distributional impact of environmental policies in an econ-
omy with externalities. The model allows for a variety of externalities including unilateral
or multilateral ones, heterogenous impacts due to distance or mitigation. It formalizes many
complex environmental issues such as water quality management in a river or the reduction
of sulfur dioxide or greenhouse gas emissions in an international setting. To that respect, it is
as rich as the seminal model of Montgomery (1972).

In this framework, we define a regulation mechanism as individual transfers contingent on
pollution emissions. In particular, we consider the mechanism inspired by a literal interpreta-
tion of the polluter-pays (PP) principle. It states that the costs of pollution should be borne
by the entity which profits from the process that causes pollution. Strictly speaking, it requires
that any agent compensates all agents who suffer from his or her pollution emissions for the
damage he or she causes. The PP mechanism is by construction budget-balanced. It also
efficient in the sense that it implements the allocation of pollution emissions that maximizes
total welfare. It leads to the unique distribution of the (maximized) total welfare that satisfies
two criteria. The first one is that individual’s welfare is non-negative for all agents. It is
a minimal acceptability requirement since an agent who obtains a negative welfare does not
benefit from the economy activities exhibit pollution. It might pays too much from his or
her emissions despite that they are at their efficient level. Or it might suffer too much from
pollution damage which is efficient from a total welfare point of view. The second criteria
relies on the concept of responsibility in axiomatic theory of justice (Fleurbaey, 2008). It
states that any agent is responsible for a change of its pollution impact. More precisely, if any
agent modifies the environmental impact of its own emissions in the economy, he or she should

get the full return or lose due to this change in the economy. For instance, a firm who filter



its own emissions to reduce their sulfur content should get the full benefit for the economy of
this cleaning investment. A farmer who uses more pesticide and fertilizers leading to dirtiest
waste water should pay the social cost associated to this pesticide and fertilizer increase. We
show that the welfare distribution implemented by the PP mechanism is the only one that
satisfies the two above criteria: non-negativity and responsibility for pollution impact.

We are also concerned by the acceptability of the PP principle. It is an important issues
since environmental policies emerge as a collective choice among citizen or negotiation among
stakeholders at least in democratic society. Similarly, international environmental agreements
such as the Kyoto protocol are designed by sovereign countries. Each country is free to refuse
any agreement that is worse than the status-quo or to any other agreement. A regulation
mechanism is acceptable if the welfare of any agent or group of agents is higher with any other
mechanism (including no mechanism at all). The mechanism inspired by the PP principle fails
to be acceptable in general. For instance, the most upstream polluter of a river prefers the
laisser-faire to the application of the PP principle. We nevertheless show that it is acceptable
if externalities are multilateral among homogeneous agents. This is for instance the case in
most the theoretical models examining international agreements for greenhouse gas emission
reduction including Chandler and Tulkens (1992), Carraro and Siniscalco (1993) and Barrett
(1994).

We then examine the problem of applying the polluter pays principle when emissions and
damages are private information. We posit a direct revelation mechanism that implements the
PP welfare distribution. It matches reports on emissions and damages to induce truth-telling
in Nash equilibrium and by iterative elimination of dominated strategy. To that respect our
mechanism differs from the ones in Dugan and Robert (2002) and Montero (2008) since they
assume private information only on the polluters side not on the victim side. Here damages are
also private information. In is worth to note that our interpretation of the PP principle and
our characterization result of the PP welfare distribution relies on the assumption of constant
marginal damage. In the concluding section we discuss on the application of the PP principle

to increasing marginal damage, that is with a damage convex



2 A model with negative externalities

Consider a set N = {1,...,n} of agents (countries, cities, farmers, firms, consumers,...). Each
agent ¢ € N pollutes or is polluted or both. Agent i enjoys a benefit b;(e;) from producing
and/or consuming where e; > 0 is the level of economic activity hereafter called “emissions”.
Assume b; both strictly concave and strictly increasing from 0 to a maximum é; with b}(é;) =0
for every ¢ € N E| and twice continuously differentiable (for all 0 < e; < é;, both b(e;) > 0
and b (e;) < 0) for every i € N. We normalize b;(0) = 0. We also assume that the marginal
benefit at e; = 0 is high enough (say infinite) so it is optimal that all agents produce and/or
consume.

The pollution originated from i causes a marginal damage a;; to agent j at least. We first
assume constant marginal damage before extending to convex damage and thus increasing
marginal damage from emissions. Let Ri = {j € Nla;; > 0} denote the receptors of i’s
pollution: the set of agents which are polluted by i. Let R% = {j € N\{i}|a;; > 0} the
receptor of i’s pollution excluding 7. Symmetrically, denotes by Si = {j € Nl|aj; > 0} be
the set of agents who pollute i for any i € N. Let S% = {j € N\{i}|aj; > 0} be the set
of agents who pollute i excluding i. The environmental damage caused to i by the emission
vector e = (e;);en is thus

d; = Z aj;e;.

jeSi

The welfare of agent ¢ with emissions e = (e;);en is:

bi(ei) — di = bi(e) — Y _ ajie;. (1)

jesi

The first term in (12]) is i’s benefit from its own emissions whereas the second term is i’s
welfare loss due to pollution. For computational simplicity and without loss of generality, we
assume a;; > 0: any agent’s activity generates some pollution to himself (e.g. some waste that
it has to get ride of) or simply some costE|

A (negative) externality or pollution problem (NN, b,a) is defined by a set of agents N, a

profile benefit functions b = (b;);en, and a matrix of externality /pollution marginal impacts

a = [aijlijeNnxN-

LThis is without loss of generality since the maximum could be é; = +oco for some i € N.
2This assumption is made to exclude corner solutions. It does not change qualitatively our results.



The externality problem (N, b, a) is with only multilateral externalities if Si = Ri for any
i € N. It is with only unilateral externalities if S% N R% = () for any i € N. Let us denote by
V' C N the set of only victims of pollution. Any agent i € V' does not pollute another agent
and suffer from pollution due to other agent’s activities. Formally, for every ¢ € V', a;; = 0 for
every j # 1 and aj; > 0 for at least one j # i, or equivalently R% = and S% # (). Similarly
let P C N the set of only polluter agents. Any agent i € P pollutes at least another agent
and does not suffer from other agents’ pollution, that is a;; > 0 for one j # i at least and

aji = 0 for every j # i, that is R% # () and S% = 0.
An efficient emissions plan e* = (e]);cny maximizes total welfare ) . [bi(e;) —di] =
>ien bi(€i) =2 ien 2 jesi aji€i- 1t satisfies the following first-order conditions for every i € N:
bi(er) = aij, (2)

JER;

The marginal benefit of pollution emitted by 7 should be equal to its marginal damage for

society.

Example 1: The river pollution problem.

Agents are countries, cities, factories located along a river. The set of predecessors of i in
the river is S% while the set of followers of i is R’i. Each agent i emits e; units of pollution
which impact its followers downstream: one unit emitted in ¢ causes a marginal damage a;;
in j. Symmetrically, agent i suffer from pollution emitted upstream by agents in P% and
by himselfﬂ It is a case of unilateral externalities: if we take two agents ¢ and j, either i is
upstream j or ¢ is downstream j, i.e ¢ € Sj or ¢ € Rj. In a single canal or one-tributary river,
agents can be ordered according to their position from upstream to downstream. In this case,
if N ={1,...,n} and if agents suffer from their own pollution (e.g. countries) then R1 = N,
S1 = {1}, Rn = {n} and Sn = N. Moreover, for any ¢ and j, if j € Pi then Pj C Pi.
Symmetrically, if j € Ri then Rj C Ri. The later properties might not hold in more general

rivers. With several tributaries than end up on the same main course, then for any agent ¢

3In the case of a river, “linearity is a good approximation up to the point at which the river becomes so
overloaded with organic material that oxygen (needed for aerobic bacteriological decomposition) is depleted.
At that point, [refereed as the river carrying capacity] the river’s capacity to clean itself is greatly diminished.”

from Kolstad, footnote 2 page 177.



there might be k,j € Si but k ¢ Sj and j ¢ Sk. Symmetrically, for river deltas or irrigations
ditches originated from a source or weed or reservoir, we have the reverse: for any agent ¢

there might be k,j € Ri but k ¢ Rj and j ¢ Rk.

Example 2: The international Greenhouse gas emissions game

Players are countries. Each country ¢ enjoys a benefit b; from its own greenhouse gas emissions
e;. Greenhouse gases emitted on atmosphere causes global warming that damages countries’
economies. The magnitude of global warming depends on total emissions on the earth surface
Zje N €j- Suppose that it causes a constant marginal damage of §; to country 7. In this
example, Si = Ri = N and a;; = a;; = 0; for every ¢« € N: all countries exert multilateral
externalities on all other countries of the same magnitude. Yet countries differ on the damage
that externalities cause on their economy. Seminal papers on international agreements for
greenhouse emission reduction (Chandler and Tulkens, 1992, Carraro and Siniscalco, 1993,
Barrett, 1994) rely on these assumption except that they consider convex damage (or concave

benefit of emission abatements) and, therefore, increasing marginal damage.

Example 3: The international acid rain game.

Agents are countries. They emits sulfur dioxide by burning coal for power production. This
causes acid rain which damages forests and ecosystems in neighboring countries. The parame-
ter a;; captures the marginal impact of country i’s SO2 emissions to acid rain in country j. It
depends on the fraction of emissions from ¢ that is deposited in j and its marginal damage on
j. Méler and De Zeeuw (1998) provides estimations on those parameters for 1990 and 1991 in
Europe. For instance, among the SO2 emissions from Belgium, 19.4% ended up in Belgium,
13.3% in Germany, 9% in France, 4.8% in Netherland and so on. Maler (1989,1994) consider a
acid rain gain with theses heterogeneous “transportation” parameters and constant marginal
damage. It has been extended by Finus and Tjotta (2003) and Méiler and De Zeeuw (1998)

with convex marginal damage.

Example 4: Polluters versus victims

Agents in V' are consumers and those in N\V are firms. Firms emit pollution without incur-



ring any damage: a;; = 0 for every j € N\V. In contrast, consumers do not emit pollution
but suffer from pollution: é; = 0 for every ¢ € V and aj; > 0 for one j € N\V at least. In this
case, aj; can be interpreted the marginal damage of each unit of pollution originated from firm
j causes to consumer ¢ in term of health or environmental impact. It depends on technologies,
distance between firms and consumers, climatic condition, and so on. The victim of pollution
might also be firms involved in different sectors than the polluter ones; for instance hotel and
restaurants located close to a lake or sea shore that might be polluted by local factories. The
main difference with the previous example is that emitter and victims of pollution are distinct
agents.

We examine regulation mechanisms in pollution problems. A regulation mechanism or
simply a mechanism is a vector of payments contingent on emissions t(e) = (¢;(€))en. It
assigns to agent ¢ a payment t;(e) for any emissions plan e = (e;);eny. The mechanism ¢(e)
with the emission plan e yields to agent i a welfare of

bi(e:) — di+ ti(e) = bi(es) — > ajiej + ties). (3)

jESi
In the non-cooperative Nash equilibrium of the externality problem with the mechanism ¢(e),
each player ¢ maximizes with respect to e; given e; for every j # i. Let us denote e® a

Nash equilibrium plan. Agent i’s equilibrium welfare with ¢(e) is:
zi = bi(€f) — di + ti(e®),

with df =}, cg, ajiej. The total welfare is
W=3 z= [bilef) —df +ti(e)] =D bilef) = Y df + ) ti(e)
iEN iEN iEN iEN iEN
The first right-hand term is total benefit from emission, the second is total damage and the
third is the regulation mechanism surplus (or deficit if negative).
A particular regulation mechanism is the laissez-faire defined by t;(e) = 0 for all i € N
lf)

and any e € R’!. It implements the emissions plan elf = (e; )ien that satisfies the following

first-order conditions,



for every ¢ € N. In contrast to the efficient solution, under laissez-faire each agent ¢ considers
the impact of its emissions only on its own welfare. As long as a;; > 0 for some j # i, i.e. i’s
f Lf

> ¢; and therefore p./ > p; for every

. . . !
emissions have an impact on another agent j, then e; ;

7 €R;.
Another mechanism is the emission norm. It defines upper bounds of emission é; and

penalties for exceeding these bounds, formally,

0 if e <eg;
ti(e) =
—Fi(e; —e;) if e >e¢
for every i € N where F; is the fine in case of excess pollution (which can be infinite or
lump-sum). In case of an uniform norm é; = € and F; = F for every i. If the fine is high
enough to be persuasive and the norm is binding in the sense that e’ > e;, the emission plan
implemented in Nash equilibrium are e = ¢; for every polluter 7 € N.
The emission fee defines t;(e) = —7;e; where 7; > 0 is the level of tax assigned to polluter
i. Similarly, a fee on pollution charges 7; > 0 per unit of pollution for each receptor j. It
translates into a scheme t;(€) = — 3, p; aije;7; to be paid to agent i. The Pigouvian fee
is T, = Zje Rio aij for every polluter ¢ € N. It implement first-best emissions e* In a Nash
equilibrium . The money collected by the regulator might be redistributed through lump-sum
transfers or to compensate for environmental damage d;.
Other schemes: emissions or pollution tradable permits with different initial allocation of
permits (auctioned, grandfathering,...), etc.
We want a regulation mechanism scheme to satisfy the following two axioms.

The first one requires that the first-best outcome is implemented.
Efficiency: t(e) is efficient if e® = e*.

The second axiom imposes budget-balancing.
Budget balance: A regulation mechanism ¢(e) is budget balanced if Je®: 3,y ti(e®) <O0.
In addition to an emission plan e, a regulation mechanism implements a distribution z of
the total welfare W. We want that the welfare distribution z implemented by the regulation

mechanism z to satisfy two axioms. The first axiom requires that any agent should receive a



non-negative payoff.

Non-negativity: For all © € N, z; > 0.

If non-negativity is not met, then some agents receive a negative payoff even if they decide
not to pollute, i.e. with zero emissions. As long as W > 0, since ),y z; = W, some agents
obtains a positive welfare with polluting activities.

The second axiom renders the polluter responsible to any change of its pollution impacts
on the economy.

Responsibility for pollution impact (RPI) Consider any arbitrary agent ¢ € N. Suppose
that agent i’s pollution impact is reduced or augmented from (a;j)jcri to (ng)jeRi with
(aij)jeri # (a;j)jem, every other pollution impacts (a;;);er being unchanged for every I €
N\i. The regulation mechanism t(e) renders agents responsible for their pollution impact if
for any ¢, any modification (U/ij)je ri of i’s pollution impact and corresponding equilibrium

individual welfare and social welfare 2, and W’
2=z =W —W.

The responsibility for pollution impact axiom assigns to any agent the full return or loss to
any change of its own pollution impact. In addition to be a fairness principle, the RPI axiom
has attractive incentive properties. Suppose that an agent is able to reduce its impact on
pollution at a cost by say switching to a greener technology, reducing or cleaning its wastes,
improving energy efficiency or using less toxic inputs. By assigning the full return to this
pollution reduction, the RPI axioms provides efficient incentives to invest in pollution impact
reduction. Symmetrically, if an agent benefit from increasing its pollution impact per unit of
emissions (e.g. using higher sulfur content coal), the RPI assigns to this agent the economic
cost of this extra pollution.

Among the above regulations, the Pigouvian fee is efficient. It is budget balanced if the
revenue collected is redistributed to agents. The welfare distribution it implements does not
satisfy non-negativity since victim-only agents (i.e. agents ¢ € V) are not compensated for
the environmental damage they incurs. The welfare distribution with emission Pigouvian fee

also satisfies RPI. A emission norm €; = e} with a persuasive fine (e.g. infinite) is efficient



and budget balanced but its welfare distribution does not satisfy RPI and non-negativity.
A cap-and-trade system (tradable pollution allowances) for pollution at each receptor with
grandfathering is efficient, budget balanced but the welfare distribution it leads to does not
satisfy non-negativity since victim only agents are not compensated entirely. It might or might
not satisfy RPI depending on the initial allocation of permits. A similar cap-and-trade system
where permits are auctioned is efficient and satisfies RPI (to check) but is not budget balanced

unless the money collected is redistributed.

3 A characterization of the polluter-pays principle

Many countries have adopted the “polluter pays” (PP) principle. It basically renders the
polluter responsible for the damage it causes to the environment. It requires that the costs of
pollution should be borne by the entity which profits from the process that causes pollution. In
order to satisfy the polluter-pays principle, the entity who pollutes should compensate those
who suffer from this pollution for the damages it causes. If not the case, someone else pays
for it, either the victim of pollution (e.g. under laisser-faire) or other agents. In our model,
an arbitrary agent ¢ should compensate every agent j € R? from the damages a;je; causes.
Agent i pays a;je; to every j € R?. It also receives compensations aj;e; from all agents j € SZQ
who pollute it. Summing up all these side-payments, the polluter-pays principle defines a
regulation mechanism (hereafter called the polluter-pays or PP mechanism) denoted ¢ (e)
such that for every agent i € N:

t7P(e) = > ajiej — Y aijer = di —agei — »_ ayje; =di— »_ aije. (4)

jes? JERY JERY JER;

Agent i receives the cost of pollution it suffers from net of the cost of pollution it causes
to society. Since the polluter-pays principle involves side-payments among agents, the PP
mechanism sums-up to zero. It is therefore budget-balanced. Agent i’s welfare under the PP
mechanism t7'F(e) with emission plan e is:

bi(e;) — Z a;je; (5)

JER;

Since agent ¢ pays for the marginal damage caused to others and is compensated from the

marginal damage caused by others, its welfare under the PP mechanism in is the social

10



benefit from its economic activity. It therefore has incentive to emit the efficient level e for
any given emissions emitted by other agents.Indeed maximizing with respect with e; leads
to the first-order condition which implies ef = e for every in € N. This implies that
the PP regulation mechanism implements the efficient emission plan e* in Nash equilibrium.
Note that this individual’s payoffs depend only on the agent’s own choice (no externality),
the efficient emission plan is a dominant strategy equilibrium, which is an equilibrium concept
which is less demanding in term of cognitive skills of agents than the Nash Equilibrium. Agent
i’s equilibrium welfare under the PP mechanism is:

2P =bi(ef) = Y aije (6)

JER;

Theorem 1 Among the efficient and budget-balanced requlation mechanisms, the polluter-

pays principle tmplements the unique welfare distribution that satisfies non-negativity and

responsibility for pollution impact.

Proof. First, we show that if a welfare distribution satisfies non-negativity and responsibility
for pollution impact, then it must be the polluter-pays welfare distribution z*. Consider
another #(e) with corresponding equilibrium individual welfare Z; for every i € N and total
welfare W with 2 # 2PP. Since t£'F(e) is efficient and sums-up to zero, W < WP with
WPP =% v zPP. By definition of W, it implies Y.y % < ;e 28T which, combined
z #+ 2PP forces %; < ziP P for one i € N at least. Consider a pollution impact decrease a’ such
that aj; < a;; and everything else remains identical, i.e. aj; = aj; for all [,j € N such that

1j # ii. Pick al; sufficiently low such that af, < 2/’ — %;. Since V/(e/) = a;;, we have:

V() < 2PP — 3 (7)

)

Let zé-P P and 2;- denote individual welfare implemented by the regulation mechanisms ¢7(e)
and £(e) of the new externality problem (N,a’,b) for any any j € N. By responsibility for

pollution impact,

YR PP _IPP
z; T — %

Rearranging terms and using the definition of zip P leads to

PP s /% /1% ~/
z; - —Zi=0b(ef") — E Qij€; — Zis
jEFi

11



where €™ denotes the efficient emission plan for (N, a’,b). Now since bi(e;lf ) > bi(e;"), aj; >0
for all j € Fi, and z] > 0, the above equality contradicts (7).
Second, we already established that ¢/'F(e) is efficient and budget-balanced. We now show

that 2P satisfies non-negativity and responsibility for pollution impact. For non-negativity,

ZZ-PP = bz(e;‘) — Z aijef = ma_X bl(ez) — Z A;5€; > b(O) — Z A5 X 0=0.

JERi JERI JERi
where the inequality follows from the fact that agent ¢ can always choose e; = 0 (no emission
or production).

For efficient incentives for pollution reduction, for any agent i, consider any change of
pollution impact from a to a’ for agent i’s pollution only: (aij)jen # (a};)jen and (ag;)jen =
(a}, j) jen for any k # . Let zZ-P P and zz’-P P be i’s equilibrium welfare under the PP mechanism
in (N,a,b) and (N, d’,b) respectively and by WP and WP the corresponding total welfare.
Similarly, denote by e* and e’* the efficient emission plan of (IV, a,b) and (N, d’, b) respectively.

By definition,

PP =P =b(e) = D aje— | blef) = Y aiel; | (8)
jERi jERi

Since ay; = aﬁgj for every k # 1, the efficient emission levels are not affected by the change of
matrix of pollution impacts from a to a’ which implies e = e}* for every k € N\i. Therefore,
we have:
WP - WP = b(ef?) = ) aizels — | ble}) = Y aije];
JERI JERL

which, combined with (8)), leads to 2/ — 2P = W'PP — wPP, O

7

4 Acceptability of the polluter-pays principle

In modern society, environmental regulations emerge from negotiation among stakeholders.
Sovereign countries negotiate to design environmental international agreements such as the
Kyoto protocol. Firms, public authorities and NGO are involved in the debates on the design

of regulations. In this section, we analyze such negotiations using a cooperative game theory

12



approach. We examine whether the polluter-pays mechanism is the preferred mechanism for
any possible coalition of agents. That is if a group of agents can be better-off by agreeing on
another way to regulate externalities among them. For instance, in the case of international
agreement, a group of countries would refuse to agree to apply the polluter-pays mechanism
if it can achieve a higher welfare with another agreement among them.

Our analysis requires new notation from cooperative game theory. A coalition is a non-
empty subset of N. For any coalition ' C N, we denote ST = {j € N : for some i € T, aj; >
0} = U;erSi the set of agents which pollute some of the members in 7" and RT = {j € N :
for some i € S,a;; > 0} = UjerRi the set of victims of coalition S’s members. Similarly,
SOT = ST\T the set of agents outside of T which pollute some of the members of T' and
RT = RT\T denote the set of agents outside of 7' which are polluted by some of the members
inT.

For any coalition T', let ey = (e;);er. We need to define the welfare that a coalition T
can achieve by agreeing on a regulation mechanism. This welfare depends on the behavior of
agents outside the coalition. We assume that if a coalition T" form, they agree to implement
the mechanism that maximizes their joint payoff given the behavior of agents outside T'. For
our purpose of computing T’s welfare, it is equivalent to agree on an emission plan er among
members of T. Agents outside T behave the same way: they pick the emission plan that
maximizes the total welfare of the coalition they belong in given the behavior of outsiders.
Therefore, the welfare that a coalition can achieve depends mainly the cooperative behavior
of agents in N which is summarized by a partition P of N.

More precisely, for any coalition T and emissions e;. for agents j € N\T outside T', members

of coalition T" would implements the emission plan solution to:

Hégxz bi(ei) — Zajiej+ Z aﬂe;

i€l JeT JEN\T
The first-order conditions defines the emissions eX. of members of coalition 7
T
bilel)= Y ai 9)
JERINT
for every i € T. Each agent ¢ € T internalizes his impact on the environmental damage only to

T

members of T'. Therefore e; weakly decreases as T' expands. It strictly decreases if 1" expands

13



by including new members in R°T. Notice that the linearity of the damage function

For any given partition P let denote by e¥ the emission implemented by agents given that
each coalition T € P chooses et defined by @ Given a coalition structure P, @ uniquely
determines a Nash equilibrium were all coalitions in P play non-cooperatively against each

other. The welfare that any coalition 1" € P can achieve is:

v(T,P) :Hégxz bi(e;) — Zajiej + Z ajz'ef )

ieT jeT JEN\T

That is,

o(T,P) =Y bi(el) = | 3 ajie]

€T JER
Importantly, with constant marginal damage, coalition 7T’s emission allocation e? does not
depend on the outsider emissions ef for i € N\T. In particular, the members of T' choose
the same emissions if the others agents coordinate their emissions (by forming coalitions) or
not. Hence, although v(T, P) depends on what is emitted outside 7' (by members of S°T), the
behavior of members of T is not affected by the one of outsiders. The latter property implies
that, since for any j € N, condition @D with T' = Ri is equivalent to for i € N, we have

Ri _ _N
e = e;

. More generally, for any T C N, we have eggﬁ = egT.

For any two coalition structures P and P’, we say that P’ is coarser than P if for all T' € P’

there exist S1,...,S; € P such that T = UleSl.

Lemma 1 For all coalition structures P and P’ and all T € PNP’, if P’ is coarser that P,
then v(T,P) < v(T,P’).

Proof. Note that by (9), ef = eZ'. Let U € P and U’ € P’ be such that U C U’. Then for
alli e U, RiNU C RiNU'. Thus, for all i € U,

D ays Y, ay
JERINU jERINU’
/ . . . / . / / .
and b(el’) < bi(el), which implies el > el”. Since ef = el and el = €I’ for every i ¢ T,

we now obtain v(T,P) < v(T,P’), the desired conclusion. O

14



Lemma [l shows that starting from any coalition structure, any coalition is better off from
more cooperation, i.e. from a more global agreement among the other coalitions.

For any T'C N, let v(T") = v(T,{T, N\S}). Now by Lemma |1} for any coalition structure
P such that T' € P, we have v(T,P) < v(T). Note that this is in contrast to the river sharing

problem with satiable benefit functions.

Core lower bounds: A welfare distribution z satisfies all core lower bounds if for every

TCN,Y,erz>0(T).

Let P* = {{i} : ¢ € N} and for all T C N, let P;. = {{t} : i« € N\T} U {T'} and
o(T) = o(T, Pr).

Non-cooperative core lower bounds: A welfare distribution z satisfies non-cooperative

core lower bounds if for every T C N, ZieT zi > v(T).

PP

Proposition 1 The polluter-pays welfare distribution z** might not satisfy non-cooperative

core lower bounds.

Proof. First, note that for any agent ¢,
yi " =i Z%z:z‘f — agie; Zawz
jeFi JEF0;
and the non-cooperative core lower bound for S = {i} is
, ! !
v(i) = bi(e;) f - a”e Z aji€; 4
jEPO

. l
Since e, f

maximizes b;(e;) — az€;, as long as agent i exerts some externalities i.e. F 0 #0, a
sufficient condition for the core lower bound for coalition {i} to be violated, i.e. for z/'¥ < (i),
is

Z aije; = Z ajieéf- (10)

JERY; jE€S0;
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Obviously, holds if agent i is not polluted, i.e. P% = ). More generally, it holds when the
damage from others at the laissez-faire is lower than the damage to others at the first-best.
In this case, the payment imposed to agents 7 by the polluter-pay principle exceed the non-
cooperative cost of pollution for 7. One can find examples where the left-hand term in
is high enough while the right-hand term is low enough with unilateral externalities. With
multilateral externalities S° = R and thus, (10 becomes:

Z aje; > Z ajieé-f.

jE€S0; jE€S0%
The above condition holds if ¢ has a large marginal impact on the others while the others have

a low impact on . Then ¢ is required to pay a lot when his gain is low. We can find examples

where ([10)) is violated. O

Interestingly, the polluter pays welfare distribution satisfies all non-cooperative core lower
bounds in a symmetric pollution environment, i.e. where all benefit functions are identical

and pollution impacts are the same across all agents.

Proposition 2 Under multilateral externalities and homogenous agents where for alli,j € N,

P

b = b; and a;; = aj;, the polluter-pay welfare distribution z P satisfies all non-cooperative

core lower bounds.

Proof. For all i,j € N, let b = b; = b; and a = a;; = a;j;. Since a;; > 0 for all i € N, we have
Si=Ri=N foralli e N. Let ) #7T C N and e%:e]{\?’N\T}.

Now for all i € T',

AT = b =Y ael

JEN
= b(e))—¢f ) a
JEN
— gg%c{b(el) —e Yy a}
JEN
> blel) — el Z a
JEN
= blel) - Zae? — Z ae;
JET JEN\T
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> b(el) —Zae}r - Z ae;*-F.

JET JEN\T
where the first equality is the definition of the polluter-pay welfare distribution, the second
follows from the fact that in the homogenous case, for all j € N, e = e;, and the last
inequality follows again from the fact that in the homogenous case, for all j € T, e;; = ejT,
and that for all j € N\T, e;‘-F > el

Now the above implies

Zzippzz b(eZT)—Zae;r— Z aejT =o(T).

ieT i€T jeT FEN\T

P

Hence, 2P satisfies non-cooperative core lower bounds, the desired conclusion. O

5 Implementation under asymmetric information

The regulator cannot observe emissions e; neither damage due to pollution d; (or the level
of pollution at i) which is agent i’s private information for every i € N. Yet she can try to
elicit information by asking agents to report their emissions and pollution levels. Let denote
agent ¢’s report on its own emissions by é; and on the damages due to pollution by d;. A
regulation mechanism under asymmetric information is a vector of transfers contingent on
reports 7(é,d) = (7(é,d))ien. Sequence of moves is as follow. First, the regulator imposes a
regulation mechanism T(é,CZ). Second, agents chooses their emission levels e simultaneously
and non-cooperatively. Third, each agent reports how much it emitted é; and what is the
damage from pollution d;. Fourth, the regulator collects all reports, compute payments 7(é, cZ)
and pays or charges agents accordingly.

Consider the following mechanism. The regulator applies the polluter-pays principle based
and the following computed emissions and damages based on the agents’ reports €; and d; for
every ¢ € N:

di = min{a@-, Z ajiéj},

jESi

€; = max{él-, Z Oéijdj},

JERi
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where o = (oij)ijenxn is a N x N matrix such that ca = I where I is the identity ma-
trixﬁ That is it pays the computed damage d; and charges the computed impact ) . p. a;;€;
to every agent i € N. The net transfer to agent i is thus 7;(é,d) = d; — 3

ieRi ¥ij€i =

min{d;, EjeSi ajiéj} — ZieRi a;j max{é;, EjeRi ;jd;}.
Proposition 3 If P =V = 0, truth-telling é = e and d = d is the unique equilibrium by

iterative elimination of dominated strategies in the report subgame.

Proof.
Step 1: We show that reporting higher emissions é; > e; and lowest damages afl < d;is a
dominated strategy for any arbitrary agent i. We start by showing that i’s welfare b;(e;) —
d; + 7;(é, cf), is never lower and can be sometime higher by reporting truthfully d; rather than
d; < d; for any é and i € N\ P. Underreporting d; < d; leads to a computed damage level d; =
min{d;, Y ;cg; ajiéj} < d; which implies a transfer 7;(é, d) weakly lower than with truthfully
reporting d;. Indeed it is equal if the reported emissions é are such that »_

. 5 . ,
jesi @ji€j < d;

and strictly lower if d} < > ajié;. Therefore i’s payoff is weakly lower if ¢ reports d < d;

jeSi
instead of d; for any ¢ € N\ P. The same argument holds for emissions reported for any agent
i € N\V. Suppose that i reports e, > e;. Then, for a given reported damage Ji, 1’ transfer
7i(é,d) will be the same than by reporting truthfully if > jcRi aijczj > e and strictly lower
if > icr oaijczj < e}. Therefore so is i’s welfare which shows that over-reporting emissions is
weakly dominated by reporting truthfully.

Step 2: We show that, assuming that all agents report undominated strategy, truth telling
is a dominant strategy for any arbitrary agent ¢ ¢ V' U P. By assumption é; < e; and dj > d;

for every j € N which implies for any agent i:

E ajiejg E ajiej,

JEST JEST
E Ozijdj 2 E Oéijdj.
JERI JjeERI

By definition, the two above equations imply:

E aji€j + aiié; < di,
jes0

4 Since ae = d, aae = ad < Ie =e = ad.
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Z aijd; + oid; > e
jERY%

Given the above inequalities, for any undominated reports é; < e; and CZZ > d;, the com-
puted emission level and damage for ¢ are ; = > JER0; aijdj + audi and d; = ) jes0; aj;é; +
ai;€;. It leads to the following transfer for i:

Ti(é,d) = Z ajiéj + a;;€; — Z aij( Z Oéijdj + Oé,','di)
j€S9% i€ERI jERY;
Maximizing 7;(é, cZ) with respect to é; and a?z subject to é; < e; and afl > d; leads to é; = ¢;

and d} = di. OJ

The intuition of the result is quite straightforward. First, over-reporting emissions and
underreporting damages is definitively a bad idea since it increases the chance of paying more
to compensate the others agents and getting less from the other agents. It is definitively
a (weakly) dominated strategy. On the other hand, under-reporting emissions and over-
reporting damages is tempting to reduce the compensation paid to others and increase the
compensation received from others. Yet it pays for an agent ¢ only if the other agents over-
report emissions and underreport damages. In this case, the computed emission level ée;
which defines the compensation of i to others is based on under-reported damages by others
whereas the computed damage d; which defines the compensation received by ¢ is based on
over-reported emissions by others. But, since it is a weakly dominated strategy, the agent ¢
anticipates that this would never happen. That is all agents (including agent ¢) will report
their right emissions or less and their right damage or more. It implies that the computed
emission e; will be based on reported damages whereas the computed damage d; will be
based on reported emissions. By under-reported its own emissions e;, agent ¢ reduces its own
responsibility on its own damage. It indeed decreases the computed damage d; and, therefore,
the compensation it receives. Similarly, by over-reporting its own damage d;, it increases its
responsibility of its own emission on its own damage and thus the computed emission é; which

increases the compensation it has to pay to others.

Proposition 4 The mechanism 7(é, (f) 1s incentive-compatible: each agent i reports truthfully

its own emission e; and damage d; at the Nash equilibrium in the message subgame (given
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that all other agents report the truth). It implements z*'F as a welfare distribution of the

asymmetric information game.

Proof. TO BE COMPLETED.

6 Concluding remark: convex damages

We now consider the polluter-pays principle with convex damages which requires a slight mod-
ification of the model. We differentiate emissions from pollution and damage. The emission
plan e generates a pollution level p; at ¢’s location or to agent 7 for every 7 € N defined by:
pi = Z Aji€;. (11)
j€Si
Pollution at level p; causes damages d;(p;) to ¢ with d; increasing and convex: d}(p;) > 0 and
d!(pi) > 0 for every p; € Rt and i € N \PH The welfare of agent 7 with emissions e = (e;)ien

bi(e:) — di(pi), (12)

with p; defined by .
The first-best plan e* is defined by the first-order conditions for every i € N:

bi(er) = Y ayd;(p}), (13)
JER;

for every i € N with p; = Yol s ajjej for every j € R;. The marginal benefit of emissions
by 4 should be equal to its marginal cost for society which depends on its marginal impact on
pollution and the marginal damage of pollution at each receptor. For each unit of emissions,

a;; units ends up at receptor j which causes marginal damages evaluated to aijd;- (p;)
A regulation mechanism ¢(e) implements an emission plan e such that ef maximizes i’s
welfare b;(e;) — di(azei+ JeRY aijej) +1t(e;, € ;) given the other agent’s choices e for every

i € N. Agent ¢’s equilibrium welfare under the mechanism ¢(e) is:

z; = bi(ef) — di(p7) + ti(e), (14)

®Recall that P is the set of only polluter agents.
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3 e __ ..p€
with pf = > g, ajies.
The laissez-faire emission plan e/ maximizes b;(e;) — d;(aze; + 5 jes? ajz-eéf ) with respect

to e; which yields to the following first-order conditions for every i € N:
bi(er!) = audi(p)f),

with péf = jesi ajiez.f.

The definition of the four axioms that are efficiency, budget-balance and non-negativity
and responsibility for pollution, are unchanged modulo the new definition for z; for every
i € N. To define a regulation mechanism inspired by the polluter-pays principle we need to
clarify the responsibility of a polluter agent i to the damage incurred by the polluted agent j.
By definition, i’s emissions e; increases ambient pollution at j by a;je;. Yet, since the damage
function is convex which implies that marginal damage is increasing, the damage due to the
a;je; units of pollution out of a total of p; is higher if applied on the first units than on the
last unit. Formally, in the first case, ¢ would have to pay dj(aije;) to j whereas in the second
case, it pays d;(p;) — d;(p; — aije;) which is strictly higher as long as p; > aijeiﬁ

Efficiency can be achieved by assigning responsibility to the last units of pollution: Any
agent ¢ is required to pay the last unit of damages which departs from the efficient level of
pollution d;(3_,c 55\ aij€; +aijei) —d;(p; — aije})) with p; = 3, ajie; for every victim of i’s
pollution j € R%. The net transfer received by i with the emission plan e and corresponding

pollution levels (p;)ien is

PP
t; (6) = Z d; Z alie}k + ajie; | — d; (p;k — ajie;'f)
JESYi leSi\j
* * *
— Z dj Z aije; + a;je; | — dj (pj — aijei) ,
JER% leSj\i

with p} = e 55 Ol e;. First, maximizing agent i’s welfare defined in under the mechanism
tPP assuming that the other agents j emit e;f for every 7 € N\i leads to the first-order condition
for every i € N\V. Therefore tF(e) is efficient. Second, 7 is also budget-balanced

since, as before, into involves side-payments among agents: transfers tZP P (e) sum-up to zero

5By convexity, d;(p;) > dj(p; — aije:) + dj(aije;) with aije; < pj.
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for every emission plan e. Agent i’s equilibrium welfare is:

2P =bi(e) — di(p}) + Z {di (p}) — di (P} — ajie}) } — Z {d; () — dj (p} — aije}) },

j€S9% jERY;

Third, t7'F (e) satisfies non-negativity because

2P > 0i(0) = di(p} — aie;) + Y {di (p}) — di (p} — azie})} = 0.

j€S0%
where the first inequality follows from the fact that agent ¢ can always choose e; = 0 (no
emission or production) in which case it pays nothing, produce and /or consume nothing (which
yields b;(0) = 0) and is compensated at least for its damage du to convexity of d;.non-negativity
and responsibility for pollution impact in addition to being efficient and budget-balanced.
Given than d; is convex the sum of i’s compensations with the efficient plan e* exceed i’s

damage d;(p}) which implies that any agent ¢ is more than compensated for its damage d;(p;).
In particular, a victim only agent i € V' obtains ) ;. qo;(di(p}) — di(p} — aji€})) — di(p}) > 0
which is strictly positive if [S?| > 1 (for instance if S? = {j,1} and ajie; = aje] = pi/2 i’s
equilibrium welfare z/'F = d;(p}) — 2d;(p}/2) > 0 by convexity of d;). One way to solve this
problem is to repay only for the damage, thereby allowing for some budget surplus. In this

case,

tfp(e) =d;(p}) — Z d; Z aljej +aije; | —d; (p;k - aije;‘) ,
jERI 1eSH\i

Agent i is enterally compensated for the damage and pays the cost of the last units of pollution
it is responsible (including to itself). It implements the efficient emission plan and the derived

PP

welfare distribution 2" satisfies non-negativity

7" =viled) = D {d; (0)) — d; (0] — aie) }
jERI
However, in general both regulation mechanisms based on the damage due to the last units of
pollution fail to satisfy RPI. It is because with convex damage the equilibrium and efficient
emission for other agents j changes if ¢’s pollution impacts a;; change. Is it possible to satisfies
efficiency and RPI? Could we find an impossible result for convex damage? We know that for
the general case we can define a welfare distribution that satisfies RPI and non-negativity. Is

there a regulation mechanism that implements efficiency and lead to this welfare distribution?

22



Remark: The polluter-pays principle can be implemented under asymmetric information
with convex damages as well by replacing reports on damages by reports on ambient pollution

p. It requires to know the d; functions for every ¢ € N in addition to b and a.
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