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Abstract. This paper reinterprets the Laffont-Tirole model of regulation under asymmetric informa-
tion to cover the case of pollution control. The asymmetry of information concerns the firm'’s cost
of lowering its pollution. The regulator has three objectives: Ensuring an efficient abatement level,
generating ‘green taxes’ and securing the survival of the firm. We show that when optimal abatement
is important relative to tax generation, the regulator cannot use the policy of offering the firm a set
of linear tax schemes from which to choose. By contrast, this policy is optimal in the Laffont-Tirole
model under certain not very restrictive assumptions. We proceed to establish a simple rule for when
to shut-down inefficient types. In an example with specific functional forms, we derive the optimal
tax function both analytically and graphically. We show the effect on the optimal tax system of a
change in a technological parameter.

Key words: Laffont-Tirole model, tax generation, tax schemes, pollution, regulator

1. Introduction

Attempts at regulating pollution of a firm are sometimes met by the claim that the
proposed regulation will lead the firm to either shut down or relocate. In this paper
we derive the optimal system for taxing pollution, when the regulator does not
know whether or not this claim is valid since he does not know the true costs to the
firm of diminishing pollution. We assume that the regulator wants the firm to abate
as near to the efficient level as possible, but that he is constrained by the need to
secure the survival of the firm and by the fact that he cannot transfer too large sums
to the firm (or we can assume that ‘green taxes’ are valuable through allowing the
regulator to decrease taxes which distort other parts of the economy).! Survival
of the firm may be important because the existence of the firm confers positive
externalities (such as employment) on the community or, if survival is thought of
as the decision not to relocate, because relocation to another jurisdiction with less
strict taxation of pollution will not lower total pollution.

There is no simple solution to the regulator’s problem. A simple Pigouvian
marginal tax rate which is set equal to society’s marginal disutility of pollution
does not work when the firm’s true cost-curve is unknown to the regulator, since
the cost-curve is a determinant of the optimal tax rate, when society’s marginal
disutility is decreasing. Neither does a tax function which at each level of pollution
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technology. We analyze both algebraically and graphically how the optimal tax
function changes when the perceived abatement technology changes. The change
in technology affects the difference in efficiency of different types. Due to an
assumption of linear disutility of pollution, the example can be interpreted to cover
the regulation of an entire industry and not just one firm. (The first part of this
paper deals, on the other hand, exclusively with the regulation of one firm, the
type of which is unknown.) Interpreting the model as dealing with the regulation
of an entire industry, we compare the regulatory method of this paper to a system
of tradeable permits and show the superiority of the former.

2. A model of regulation
2.1. NOTATION AND CONCEPTS

A regulator regulates one polluting firm (monopolist). The monopolist can, through
the exercise of unverifiable effort, diminish pollution. The regulator observes the
level of pollution of the firm, but its effort and technology are private information.
The technology determines the firm’s intrinsic cost of abatement, which we index
by the firm’s rype 8. We assume that the type belongs to a closed set [ B1. The
type is unknown to the regulator, who only knows the cumulative probability
distribution F and the associated density function f on (B; B, which we assume
is strictly positive. The total level of pollution is determined by the firm’s type
B and its effort in pollution control e, that is P = P(8,e). We assume that more
effort results in a lower level of pollution, but at a decreasing rate. Hence, when
subscripts denote partial derivatives: P, < 0, Pee > 0. Furthermore, we define the
firm’s type in such a way that small B’s are ‘clean’ types and high 3's are ‘dirty’
types: Fg > 0.

We define a function E(P, 8) as the minimum amount of effort which a firm
of type 3 has to exercise in order to pollute (only) at the level P. The E-function
can be derived from the P-function. It follows that Ep(P,p) < 0,Eg(P,8) > 0
and Epy, (P, 8) > 0. We also assume the ‘Single-Crossing’ condition which means
that if a given type is more efficient than another type at one level of pollution, the
same will be true for other levels of pollution:

Epp(P,p) <0. (1)
The firm incurs costs (monetary and otherwise) equal to ¢(e) when exercising
effort in pollution control. Assume that these costs are strictly increasing: 4’ > 0
and 9" > 0. In order to exclude stochastic tax schemes and to ensure concavity of
the objective-function, we assume that " > 0.

The firm’s utility is determined by the costs incurred and the taxes paid. For
simplicity, we do not consider the firm’s production or pricing decisions. As is
conventional, we can think of the cost of effort as a fixed cost rather than as a
marginal cost,in which case production decisions are not affected. For expositional
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convenience we mode] taxes as monetary transfers from the regulator to the firm,
Of course a negative transfer amounts to a tax. We assume that if the firm’s utility
falls below a certain level, which we normalize to zero, society bears a cost S, e.g.
because the firm wil] Stop producing or relocate production. The utility of the firm
isdefinedas U/ = ¢ — Y(e) where ¢ is the transfer to the firm. Hence the fim is
risk-neutral with respect to income.

2.2. THE REGULATOR’S PROBLEM

The level of pollution is the only variable containing information on the behavior of
the firm which the regulator can observe and verify. Hence, it is the only variable on
which taxes can depend. The regulator chooses a tax scheme t(P) which links the
transfer to the firm with the firm’s pollution. Given t(P), the regulator can infer the
amount of pollution which each type will find it optimal to emit, the corresponding
effort and utility to each type and society’s loss,

u.;o privately optimal leve] of pollution for a type 3 firm is given by the solution
to:

max(t(P) ~ y(B(P, ). @

By monotonicity of the effort-function E(-) every pollution leve] for a particular
type corresponds exactly to an optimal effort level e(B). The utility of each type
can then be easily found from the expression U/ = t(P) — 1(e). For each type the
utility to society is B(P(8)) — (1 + A)t(P(B)), since when the rest of society is
taxed by the amount ¢, jts utility decreases by ¢ directly, but to this must be added
the distortionary impact of taxes, measured by A.

The social welfare function is assumed to be utilitarian:

W=5+B(P)~(1+\Nt+U, 3)

where S is assumed to be large if the firm continues to produce, while § equals 0
if this is not the case. In the main part of the following, we shall assume that S is
so large as to make it worthwhile to ensure the survival of the firm. If we impose
on the regulator’s problem the constraint that no type of firm may obtain negative

Using that U = ¢ — ¥(e), the social welfare function can then be rewritten as
W = B(P) - (1+ A(e) - AU.

The regulator’s problem is to design a tax scheme ¢(P) which induces the set
(P(B),e(B),U (B)) that maximizes expected welfare

\MEQE = (L+-X)y(e(8) - \U(8)]£(8)dg
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subject to the Incentive Compatibility constraint .&mﬂ each type of firm will choose
the level of pollution P(8) that maximizes its utility

t(P(B)) — $(B(P(B),B)) > t(P) — y(E(P,8)) VP
and the Individual Rationality constraint that all types obtain at least zero utility,

U(B) >0,vB.> . .
AMW the appendix we show that these constraints are equivalent to:

dP/dg > 0, )
U'(8) = —y/(e) Ep, forall B € [B; 7], (5)
U@ >o. ()]

-

Hence, the regulator should devise a mechanism to:
max [ BUP(O) ~ (14 NW{B(P(E), ) (@) (8145
t(P)Jg

subject to the above constraints. Instead of maximizing social io_m.ﬁo by choosing
the function ¢(P) appropriately, the regulator can choose the m_.nnco: e(f) appro-
priately, and then derive the optimal t(P) b.snnoa from the o@gm_. e(f) ?:ocmw.
The problem can then be solved using optimal control EooQ. taking e(3) as the
control variable and U (3) as the sale variable. The problem is to:

max [ (B(P(e(B),6) - (1 + \iw(e(6)) = AU(8))7(8)a5

j i : d monotonicity. This is a
subject to the same constraints as above: (I0C), (IR) an 10 .
mg:uama optimal control problem if we ignore the Bo:oSE.SQ constraint. We
will ensure monotonicity by checking proposed solutions for it. We also need the

monotone hazard-rate condition.$

(205 2o

Using standard optimal contro} theory, we derive the following proposition:

PROPOSITION 1: If the monotonicity (4) and the monotone hazard-rate condition
(7) are fulfilled, and the function e(B) > 0solves:

YO = 5B PR - 25 S0 8 + (o) B
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thene(B) is the solution to the maximization problem, If the solution to this €quation
Jor some 3 is negative, the solution at this point is e(f) =

The proof of the proposition is in appendix 2.

The proposition tells us” to increase (any) type 3’s effort up to the point where a
E_.EQ.SQE»% has higher costs in terms both of effort on the part of the type jtself
and of increased rents to more efficient types than benefits in terms of an improved

environment. To simplj i i i i
o plify the interpretation multiply through with (1 + X)f(B).

FB)B'(P)F. - (1 + )%’ (e(8)))

expresses the m

are f() of this type and H.ro immediate benefit to society is thus f (B)B'(P)P,

Mroﬁmm the extra cost to this aﬁm is ¥/(e(8)) which is multiplied by (1 + ) since
e firm must be ooavwbmmﬁa with tax-payers’ money to be as well off as before

(and hence not have an incentive to choose an effort level designed for less efficient

Inducing type B to exercise Je higher effort involves the cost that higher rents
must be paid out to more efficient types. The determinant of how much rents to
the more efficient types must be increased is how much easier the more efficient
type can manage the same increase in effort (performance) as type 5. Already the

H%wo% to momw” ._H..Em gives y"(e)Eg + ¢ (¢)Egp P.. The extra rent must be given
P€s which are more efficient than 3, of which there are F(3). i
terms of extra rents thys equals (9)- The costin

AF(B) " (e)Bg + /(e) BppP,).
The first part of the following proposition follows from proposition 1,

PROPOSITION 2: When the marginal benefits to society of pollution abatement is

If a_oommozw_ omm.o_.o:ow dominates, which will be the case when Als sufficiently
mBm_,_, the mo_.cno.: yields approximately B’ (P)P. ~ o/ (e(B)). Assuming that the
firm’s maximization problem max.[¢(P(e, B)) —(e)], has an interior solution, we

T e e —

e —— -

e

.
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have /(P)P, = y/(e(f)), hence tp = Bp. This holds for all P in the relevant
range, implying that when B is concave, ¢ will also be concave: tpp = Bpp <0,

The intuition is straightforward: When society’s marginal disutility from pol-
lution increases with the level of pollution and only allocational efficiency is
important, marginal incentives for pollution abatement should also increase with
the level of pollution.

The second part of the proposition follows from the Laffont-Tirole analysis.
When marginal disutility from pollution is independent of the level of pollution,
it is not difficult to construct examples in which the transfer function becomes
convex. If we, e.g., assume that P(83, €) = 8 — e, and that B'(P) = —1/(1+X),
our model reduces to that of Laffont and tirole, who prove the transfer scheme to
be convex.?

The conclusion is that under many circumstances the regulator cannot regulate
through ‘prices’ (a menu of affine tax schemes) but must announce a concave
transfer function or, if that is not feasible, announce a certain number of quantity-
transfer pairs. )

The interpretation is the following: If the regulator were able to tax B(P)
instead of P, i.e. if a tax could be levied on society’s disutility of pollution and not
on pollution itself, the results of the Laffont-Tirole model would apply. That is,
the optimal transfer function would be convex in pollution, hence for high levels
of pollution marginal incentives for abatement would be relatively small. This is
due to the fact that the regulator is able to extract more rents from highly efficient
types if he does not induce the least efficient types to abate very much. However,
when taxing B(P) is niot possible, the convexity result no longer holds due to the
concavity of the B(-) function. In this context another factor enters: allocational
efficiency calls for lower marginal incentives at lower levels of pollution when
society’s disutility of pollution is increasing in the level of pollution.

3. An Example

It is not immediately obvious how or whether the general solution can be imple-
mented in practice. In the following example with specific functional forms, we
derive the optimal tax function and graphically show the resulting pollution lev-
els, the rents and the effort levels of different types. Furthermore, by changing a
parameter which expresses both absolute levels of abatement efficiency and the
differences in productivity of abatement between different types, i.e. the regula-
tor’s uncertainty concerning the type he is facing, we gain some intuition on the
importance of technology and technology differences (the regulator’s uncertainty)
for the optimal tax-system.

As mentioned, the example is characterized by the assumption that society’s
disutility of pollution is linear in the level of pollution. This means that we can
interpret the example as covering the regulation of an industry with many firms,
since the pollution of one firm does not affect the optimal tax scheme for another
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We mmmgw B(P) = ~PPle,s) =5 - m_ms ¥(e) = €, S is large.
o uom :ﬂm ! o> uoo_oawm &m:E.Q of pollution is assumed to be linear in the Jeve]
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! onex usly, d rpret the examp]
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€ constant & is a measure of the differences in marginal abatement E.oa:on.S.Q.

The specification has little meaning if ¢ j i
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The example meets the assumptions:
ptions: £, < 0,E, > 0. "
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\I.~ \ \/N.._ ]
Y= xR - 5 208, 4y sy,

Wwe obtain the optimal effort of type £:

1 2
- E+IA(1-p)
O = e 20 ®

This lowers the optimal effort levels of all .
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Effort for k = 2.

Effort and type for & = 1,
Figure 1 (b)

Figure 1 (a)

N R i
Ue) = v@+ [ (o) ab = JRCEALE
B alqa z e .z
\m 2e(f ANE ~k A - m,»vv B ©)
and the transfer is determined by:

t(B) = U(B) +v(e(B)) =
\u 2e(3) AN? —k A - %vv 4 + e(8)°. (10)
] Bk

From the graphs of the utility and transfer functions (Figures 2(a), (b) and 3(a),
(b)) it is clear that the transfer function is convex. Pollution abatement is hence
rewarded progressively. Convexity i plies that the function can be approximated
by a set of linear tax-schemes. Note that the utility levels are everywhere higher
for more efficient firms, e.g. when k = 1 as opposed to k = 2,

One might conjecture that the transfer scheme becomes concave for sufficiently
high values of &, since in this case very efficient types need almost no inducement
to limit pollution. This would, however, be incorrect. It can be seen from the graphs
which depict the case k = 2 that the optimal tax scheme remains convex and that
the main effect of increasing k is to diminish incentives of the least efficient types
(this was confirmed for other values of k). However, as k increases, more types
are given zero incentives for pollution abatement and hence do not exercise any
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Utility for & = 1.
Figure 2 (a)

Utility for k = 2.
Figure 2 (b)

1.2 1.4 a 18

Transfer for k = 1.
Figure 3 (a)

Transfer for k = 2.
Figure 3 (b)
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3.3. ALLOWING SHUTDOWN OF HEAVY POLLUTERS

It has been assumed so far that the survival of the firm is so important that even the
firms who exercise no effort in pollution abatement should be allowed to survive.
In the case & = 2, firms were essentially given the option not to participate in the
tax mechanism. The question arises when the regulator should instead require that
all firms participate in the mechanism, even when this implies that some types will
not continue their operations. ,

We denote the cut-off type 8*. If we shut out all types higher than §*, the
participation constraint is that type 5* obtains at least zero utility. The maximization
problem then becomes identical to the one we have already analyzed, only the
interval of possible types has changed and with it the probability distributions.
If we restrict attention to types in the interval [3, *] the new density function
f*(B) becomes f(8)/F (B*) (the conditional probability) while the new cumulative
distribution function becomes F(B)/F(B*). Derivation of the Hamiltonian yields
the expression .

YO = B PR - B E O )5y, 1 e

where the only change lies in the distribution functions where F'(5*) cancels out.
Hence, for any 8 > 3*, the effort level will be unchanged. However, the utility of
type 3 will change. It will be given by

B8* -
Ue)= [ (@p)E;as

by (5)
We can hence calculate the optimal cut-off level. Social welfare is a function of

B*:

8

w(p") = . (S+B(P(B) — (1+ A\)p(e(B)) f(8)d8 ~

u. m. e -
\u W EB)EzB ) £(B)ap.

Social welfare for 8 > * is zero, reflecting no pollution, no effort, no transfer and
no S. From the expression above, we obtain:

W'(B*) = (S+B(P(B*) — (1 + Np(E(6") 1 (8") -
F(B* Y (8(8") B
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The derivative of

a* 8* - -
i A / é.a@mm%v F(B)ap

558&628 hwon:am»h.ﬁ.v@\ (&(8*)E;, from an integration by parts, 10

Assuming an Interior maximum, i i
\ X ™, 1.¢. assuming B* < 7, 5 necess I
for 3* to be the optimal cut-off type is hence: 2 ary condition

(S+B(B(s*) - (14 A(E(8*) £(6*) ~ AF(B")Y' (&(6%) 5 = o.

,:Hﬂoa _.M a clear interpretation of this expression, When considering whether or
not to s .E no.ss type .mn .nu.a regulator must weigh the value lost if the firm does
not survive with S.n &m.:E_Q of the pollution of this type given the optimal tax
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rent F(3*)q) Am.ﬁ*v@m IS a transfer, the cost of which to society is only A times th
amount. There s thus 3 simple rule to decide whether or not to shut awsn a m?nh

efficient than %, and the former are multipli
. plied by the frequency of the i
In our example, the condition for shut-down becomes: y type itself.

._op
5= (5= G2 10 -3 ey o
where

5(8%) = —1/2k = A(B* ~ 1)52%
&A") B (1+2%) .

From this, the optimal cut-off type 5* can be expressed as a function of ) and

k

More importantly from the operational viewpoj i
m Wwpoint, that level of pollution hi
should cause the authorities to shut down the firm can be a&oE%Mm. It is M?M”

——————

e

T e o

REGULATING A POLLUTING FIRM UNDER ASYMMETRIC INFORMATION 279

by P(&(8*),8*) = B* - 7%6(8*). When e(8*) = 0, that is when the optimal
tax function gives the type 3* no incentive for pollution control, the condition for
shut down reduces to S = 4*. This means that the value of keeping the firm alive
should simply be compared with the disutility of its pollution. The fact that the type
survives has no implications for the rents paid to other firms, since the option of
choosing to do nothing and receiving no transfers yields zero utility, and we have
already assumed that all types must receive at least zero utility.

4. Tradeable Permits

In the case where 3 is one of several actually existing firms, one can compare
the regulatory system analyzed above with other mechanisms. One mechanism
consists of granting tradeable permits to the firms. The tradeable permit system
may take many forms; we shall define the simple tradeable system to be a system
in which each firm is given an equal number of permits (since it is assumned that the
regulator cannot distinguish firms ex-ante, i.e. there is no information, no historical
data, for example, on which to base an unequal distribution of permits), and perhaps
an equal lump-sum transfer or tax.

The simple tradeable system will not in general do as well as the tax system of the
model. The problem can be explained as follows. The system needs to be organized
$0 as to address the issue of survival of the high-cost abaters. The regulator must
ensure that a given number of permits, distributed among the firms in the industry,
will not force some high-cost abater into bankruptcy, i.e. into a situation in which
the firm has no means to buy more permits and cannot afford to bring its own
pollution down within the permissible limit. This problem can always be solved by
increasing the lump-sum transfer to the high-cost abater or by increasing its number
of permits. However, this means increasing the lump-sum transfer to the other firms
in the industry by an equal amount or increasing their number of permits by an
equal amount, by the definition of the simple tradeable permit system above. This
may become very expensive in terms of tax revenue. The idea of the tax system
of the model was to provide different types with different marginal incentives for
pollution abatement. This enabled us to bring down the rent earned by the low-cost
types (firms), as explained in the introduction. However, this is not possibie in the
simple tradeable permit system since marginal incentives for different firms will
always be equal, namely equal to the market price of permits. In the third appendix
we demonstrate this intuition using the specific example analyzed above,

Admittedly, it can be maintained that if we allowed more sophisticated forms
of tradeable permit systems allowing, e.g., the number of permits granted to a firm
to depend on its level of pollution then the superiority of the Laffont-Tirole tax

system could disappear.
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Conclusion

Oﬁw? Bman. it more likely that the inefficient types should either be given the
option o.m mos.m nothing or shut down. This result is intuitive in the sense that whe
anson%_g differences are large, it becomes too costly in terms of rents id o
the @Bmﬁ& types to induce the inefficient types to abate. pacio
- _.Ma %Muwa a concrete formula for when to leave the firm alone and when to
nxm”_nwoqw:ma. function for the RB.NEEW types turned out to be convex in our
ple, independent of the productivity differences, which means that the regu-
lator can use tax schemes of the form t(P)=a—bP. It may be worth R_E.na.wz
:o««oén that .n:.m result is far from general, even when as in the example m Sm__
social benefit is constant. For example, it does not hold when the re :mmHQ. mwwmsm
the firm to be one of two possible types, ! ¢ o

Ina BESGSSQQ: of the model, the different types were seen as actually

Notes

L. The terms ‘tax and ‘transfer’ will be i
L 1 used interchangeably; i i
Negative tax, i.e. a payment from the regulator to the m:m:. 7 & framsier will denote el 8
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Some authors include this decision at the cost of assuming specific functional forms in order to
solve the model, see e.g., (Baron (1985) and Spulber (1988).

5. We also require non-negative effort, that is e(B) > 0.

6. A form of monotone hazard-rate is assumed in all models of this type, see e.g., Fudenberg and

Tirole, ch. 7.
7. The interpretation is also given in Tirole and Laffont (1993), p. 170.

8. Page 68 in Tirole and Laffont (1993).
9. The value of A is set to 0.1 in all the graphs.
10. Perform an integration by parts with F' = F(B)and g = \m \/egm%vm\wa@. Then

8 8* 8* . -
\ F'(8)g(B)4f = \ \ M EB)EaB) ) £(8)08
B B B8
integration, this equals

By the rule of
. Tr=ta 518" 8* e~

[F®) 5" 3 @8)E338)" + 5" PO @ ERas

The expression TAE Js Ty Amﬁ.vm,ma& M. equals zero as can be verified by a simple calcula-

tion, using that F() = 0. The derivative o».l.\.m ) F(B)Ay' (é(B)Edp with respect to 5° equals

AF(B° )y (é(8") Eg-.
11. See Tirole and Laffont (1993), p. 73.
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Appendix 1

THE (IC) AND (IR) CONDITIONS
PROPOSITION 3: (i) Under the assumptions in section 2.2, any piecewise continuously
differentiable function P(8) = P(B,e(B)) is implementable, if and only if; it is strictly
increasing, dP/dB > 0.
(ii) The (IC) condition is equivalent to

U'(B) = —¢'(e)Ep
forall B € [B;B], and dP/dB > 0.
(iii) The (IR) condition is then equivalent to

U(Bx) > 0.
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PROOF: o4 (i): Since the refere i-li i i
resulty of Guononce oﬂ ” ccmww,.u.m are quasi-linear, (i) follows directly from standard

&&?.QE—& .. e . .
type o ?Qm:vvomomaﬂz..mﬂ the (IC) condition js satisfied. The indirect utility of

UB) = 3 8) = 3 -
(8) m_m.,%y $(8,8) = mmmw [t(8) - w(E(8, P()))].

In equilibrium truth-telling is o timal: [/ .
¢1(8,8) + . ). Usi pumal: U(5) = ¢(8, ). Differentiate this: 7/(g) —
noz&novﬂ #2(6,8). Using the first-order condition ¢, (8, ) = 0 to obtain the _oom_mvﬁg

U'(B) =v1(8,8) = —psi'(e) BgVg ¢ [6:B].

mozonm\.ammaoﬁd. ition ;
met for type @.v“ asing and the (IR) condition is met for all types if and only if jy jg

U(Bx) > 0.

Suppose :os. Ewﬂ the _onmw but not the global (IC) condition is satisfied, Then there
must cw 3 Par 5,8 € [B;B] such that e@ B) - 98,8 >0 o bw #1(a,6) da >
0% [(81(0,8) - 41(a,a)da > 0 s Js L %12(a, b)dbda > 0, Where ¢12(8,8) =
~(¥"(e)EsEp + sgmvm&v% >0.Butf<fB =g« B= [ [h1a(-)dbda < g and

B>B=a>pg= . ich i -
condition mugs by mm:um m\n %sﬁ Jdbda < 0, which js a contradiction, Hence the global (IC)

Appendix 2

PROOF OF PROPOSITION 1
The Hamiltonian of the problem is:

H= Amtw?av‘mv = (1+ X)y(e(B)) - AU(B)f(8) - :Qvﬁamﬁvvwm.
We can define the derived Hamiltonjan H(U (), 4(8),8) as

:_.mwros:mnm. .' 5 -
conghnm nE_E.Q,:HoBEgS& if (&(8),U(8), 4()) fulfil the following necessary

') = ~¥'(&(8))E;s
UB)=o0

B(B) = —dH((&(8), 0 (8), 5(8)) /dU

.
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Apg) =0
H((&(8), U(B), 4(8)) maximizes H((e(B), U(B), 4(8)) for all e() in 0

and if, furthermore, (U (8), u(8), 8) is concave in U for all B, then (&(8), U(B), i(B))

is a solution. Since —-0H((&(8),U(6))/8U = ».\.AEL&RQAEEAE,E is linear and
hence concave in U for all B. Thus, the necessary conditions are also sufficient.
Given our assumptions, including that 4" > 0, H is a concave function of e(4), hence

the solution to the first-order condition
dH ((e(8), U(B), 4(8)) /d(e(B)) = 0 n

maximizes H. If the solution to this first-order condition is non-negative, we have found
a solution to the overall problem. If it is negative, H is maximized by e(B) =0, since
d’H/de? < 0, by the concavity of H with respect to e(3).

The equations

AB)=0
B'(8) = ~8H(&(8),U(8), ii(8)) joU

can be used to find the 2(8) function. Since -0H((&(8), QSYEEV\%Q = Af(8) and
£(B) = 0, we have ji(8) = F(p). This expression is inserted into the & -function, and the

first-order-condition then reads:

_ »m.nS
\ | / _ " ’ .
¥'(e) = T B (PP TF278) [¥"(e)Es +¢'(e) EgpP.]

This is monotonicity constraint is not :oonm.mwaw satisfied, so we must verify for each
solution we find whether it displays monotonicity. If the solution to this equation fulfils
the constraint that e(8) > 0, it is the solution to the maximization problem. If the solution
to this equation for some 3 is negative, we know from what was derived above that the

solution is e(8) = 0.

Appendix 3

AN EXAMPLE OF THE INFERIORITY OF TRADEABLE PERMITS

The problem inherent in the simple tradeable permit system can be illustrated in our
example.

Assume as in the example that society’s disutility of pollution is P, i.e. B(P) = -P,
that P = 3 — ¢(B)/B, as when k = 1 and that the other assumptions of the example are
also maintained. Assume that each firm is given g tradeable permits. Each firm may then
pollute g units without paying taxes. Alternatively a firm may of course sell some of its
rights or buy rights from others. The decision variable for each firm can be seen as how
much effort to exercise in pollution abatement. This effort decision then determines the
amount of permits which the firm must trade. If the equilibrium price of a permit is v, the
maximization problem for firm 4 is to choose e(f) so as to:

maxi(g ~ P)v ~ e(8)’]
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where P = g _ e(8)/B. The first- rd iti ich i
conenriey o nann:.o:-?zomo:wﬁ MM Monn_:.os which is necessary and sufficient dye to

e(B) = v/28.

effort, we see that type 8 will exercise eff i
at the eesce that ty ex ortequal to 1/23 which meang that he wij
evel P =5~ ¢(8)/8 = B ~1/22 The tota] level of pollution wi :M“Mw %%%hﬁ

/ NA - N%v 1(6)ap

‘each (infinitesimally small) firm’ is oj : o
(@ = P)v~e(8)2m5/4 (5" gyven S/4 ;"ss. The utility of type 8 wiy] then be
B >1.38. ®) (s 1/26% - 1/462. This expression equals zero or less for

Hence recalling that B lies betwee i

ce, i n 1 and 2, and s uniformly distri

Qb%oﬁm_“wowm:ﬁm “:o ﬂ.nmnnﬂv“m permit system which m:onmﬁnmwommmnwwmwma, 62% of all
urvive, if they must aj] be given th ,

transfer, this transfer equals 11/ 16. The outcome js %ﬁ: B:M_ wwﬁnn MM.O_S i

if in our mechanism, we offered all firms the transfer-scheme

tP)=11/16-p

NﬂQN.:EW 5N~ 50 hvﬂ—.nuﬂ OW a it i i ilibri ce W, not ———ﬂ :—v:—n—w—
ﬁﬁgﬁ 18 ..— m Oﬂ—.—:m@:ﬂ.—s m~. i i
h . . 1! H—u_m as
w. ~ , _ ~ w ~ m ~ ~ ~ . ) ~ . — ~

€xtraction matter, is apparent.
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Abstract. The paper explores the relationships between the design of public incentives and the policy-
maker’s desired timing of abandonment of a polluting technology, when this requires an irreversible
private investment and the firm faces uncertain appropriable benefits from the technological change.
Two regulatory approaches are examined. Firstly, we consider the quite common one of lowering
the private investment cost, through a subsidy, in order to bridge the gap between the private and
the policy-maker’s desired timing of environmental innovation, Secondly, we consider a policy

abandonment of the polluting technology by reducing — through appropriate announcements ~ the
uncertainty surrounding the technological switch’s private profitability. We then compare the two
approaches and show the latter’s benefits, in terms of the policy’s effectiveness and/or budgetary

savings.

Key words: environmental policy, technological change, irreversibility

1. Introduction

In recent years, alongside the traditional attitude of simply responding to the stan-
dards imposed by current legislation, firms have begun to show an anticipatory
attitude by spontaneously adopting “green technologies” or by overmeeting envi-
ronmental standards.

The literature offers various explanations for this phenomenon: firms may delib-
erately curtail emissions to anticipate (stricter) regulations, or to induce regulatory
authorities to tighten up standards so as to raise the cost of compliance for their
competitors (Azzone and Bertelé 1992; Sassone 1992; Arora and Cason 1995).
Moreover, the effort to reformulate products or re-design production processes
may be also explained by the aim to gain the reputation as an environmentally
friendly company, so as to exploit consumers’ preference to buy from a company
with a better environment record. In fact, evidence of environmental consciousness
exists, at least in affluent societies, where an increasing number of individuals do
not merely demand a better environment through the ballot-box, but also in the
market-place: “[....] polls have indicated a willingness to pay a higher price for a



