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marginal costs are decreasing.
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Figure 1: The optimal emission level. MC: marginal costs of abate-
ment, MD: marginal damages, Z" : optimal quantity, f: Pigou-
vian tax (fee).

The problem with Pigouvian taxes is that the firms are generally
reluctant to disclose their true cost functions for abatement. There-
fore the MC curve in figure 1 may not be publicly known, and the
regulatory agency' is not able to set the correct Pigouvian tax (denoted
f in Figure 1). By overstating their abatement costs, firms can
increase their profits.

The first objective of this research is to show how transferable

! The regulatory agency (also denoted as the planner or just the
"agency") represents the public’s interests and seeks to maximize societal
welfare.
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marginal costs. The converse holds if the true costs of pollution
reduction are higher than the anticipated costs.A It is assumed that the
marginal costs of pollution abatement is everywhere increasing.
Expressed in terms of emission levels, the marginal costs are decreas-
ing. The magnitude of these distortions depends upon the shapes of the
marginal damage and cost curves and is treated in detail by Baumol and
Oates (1988) for the atemporal case. Figure 2 shows the resulting
emission level when the true costs of pollution abatement are lower than

the anticipated marginal costs.
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Figure 2: Emission level when the true marginal costs of abatement

(MC* ) are lower than the expected marginal costs (MC’).
Z" : optimal quantity, Z° : emissions under permits, Z7:
emissions under fees, MD: marginal damage, f: Pigouvian tax.
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LEMMA 3.1: Suppose that a firm has an input-regular production pos-
sibility set with a producible set Y and input requirement set
Q(y) for y € Y° . Suppose the firm is a price taker in the input
markets with a non—negativé input price vector v. Then the cost
function (3.1) exists for all y € ¥ and all non-negative v.
Further, for each y € ¥°, the cost function as a function of v is
non-negative, non-decreasing, positively linear homogenous,

concave and continuous.

By McFadden’s (1978, p. 82-83) duality theorem the profit function
exists uniquely:

m (BV) = 350 (P - € (V,3)) (3.2)

where SUP  denotes the supremum or the smaller upper bound.™
It also follows from the duality theorem that the profit function

satisfies the following conditions (Hanoch, 1978):

CONDITION 3.1:
(i) =, (p,v) is a real, non-negative function of the price
vector (p,v) > 0 with n, (0,0) = 0 and n, (p,v) > O for
(p,v) > 0.
(ii) =, (p,v) is non-increasing in v and non-decreasing in p.
(iii) If v >> 0, Vim., 7, (p,(1/d)v) < p’a, where a is a vector of
fixed finite values.

(iv) =, (p,v) is a convex, closed function for (p,v) > O.

' Provided strictly positive output prices (p) and input prices (v),
SUP in (3.2) can be replaced with MAX.
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Figure 3: The marginal damage function. MD’: marginal damage function
including only direct effects, MD" : marginal damage func-
tion including both direct and indirect effects, Z°:
initial emission level, Z’: "optimal" emission level when
only direct effects are incorporated, Z° : optimal emission
level when both direct and indirect effects are incor-
porated.

For the remainder it is assumed that the marginal damage function
captures both the direct and indirect effects, and thus represents the
true marginal social damage function needed for the regulatory agency to
make optimal decisions. The general specification of the benefit
function becomes:

B(Z,p,X;p° ,Z%) (3.11)

such that: dB/dZ < 0,

dB/dp, < 0, where p,e p as me M, and

dB/oX, < 0, for all i e I.
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agents better off. Then by the definition of SBPO, the RAM R’ is
not SBPO. Q.E.D.

Informational viability and efficiency and incentive compatibility
are required for the proposed RAM to yield a predictable outcome.
Individual rationality is important to facilitate the implementation of
the RAM. To evaluate any RAM, a welfare indicator is needed. SBPO is
chosen as the welfare indicator because it does not require the RAM to
correct for all inefficiencies in the economy and it does not require
individual utilities to be comparable.

The modified desireable properties of a RAM are therefore;

(i} individual rationality,
(i1) informational viability and efficiency,
(iii) incentive compatibility, and

(iv) second-best Pareto-optimality.
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Figure 5: The market price for pollution permits times the interest
rate is inside (\') or outside ()°) the 1-a/2 confidence
intervals of the estimated damage function (MD).

Thus one may conclude that the agency should only seek to adjust
the aggregate emission level if ), is significantly different from the
inferred price from the damage function.

In an intertemporal model, one must also allow for the marginal
costs of abatement or the public’s valuation of environmental amenities
to change over time. For instance, due to technological progress, the
firms® cost of pollution abatement may decrease. Keeping in mind the
statistical variability in the estimated damage function, this once
again means that the regulatory agency should buy permits for retirement
if A, falls below the inferred price given by the damage function,

D. (Z.).
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In the process of showing that the proposed system is incentive
compatible with respect to participation in the emission permit market,
additional insights have been gained regarding emission permit prices.
Given a particular environment, the emission permit price, p;, is the
price consistent with firms maximizing their expected profits.

The proposed system does not ensure that firms comply with their
assigned or ex-trade quotas. This is a necessary criterion for the
system to satisfy the desired properties. Several mechanisms exist to
ensure compliance on the average. Some of these mechanisms can easily
be combined with this system of transferable pollution permits. One

such mechanism is presented in chapter five.
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where w(p) 1is a constant for a certain price such that dw/dp > 0.
A11 the pieces in setting up a principal-agent model for the
stochastic emission control problem have now been gathered. The agency
seeks to maximize societal welfare subject to firms maximizing a revised

profit function. The following figure illustrates the game tree of the

single-period principal-agent model to the above problem:

Agency
chooses Firm's
to moni- profits:
tor or not
Agency Firm e
announces: chooses: {ni = py; (zp ) - ¢; (z;)
p R TEI R )
1-p m, . = py;(zn) - ¢ (z))
a
0 S
p ‘Ml o= pys (2h) - ¢ (zh)
p C e ..
1-p KRR
:_”f: o= pYy(zn) - ¢ (zn)
Figure 6: The game tree of the single-period principal-agent model®,
where 1} <7 = 7! <2 , and
z) is the firm’s emission level, intending not to comply

yAN , intending to comply
. profits under intended cheating when caught

n’ " " " " " not caught
n =7 profits under intended compliance.

* Areas bounded by dotted lines represents the agency’s information

sets.
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MAX
Z,. ﬂgnt = P Y (Z,e ) - CJ (Znt ) - p [h(') + Cf.'.] (511)
where C¢ is the monitoring costs such that C} =0, C, > 0 for

g=2or 3, and
all other terms remain as specified in the profit function
(3.4) for the single-period model presented earlier.
Let Co (o) be the cost function for the 8 technology. The single
period profit function for any firm is viewed by the regulatory agency

as:

MAX .
Z,. Mg, = P Yo (z,. ) - Co (z,.) - »° [h(e) + C7 ] (5.12)

For simplicity and without loss of generality, assume that the
firm’s and the agency’s time horizon coincide, i.e. t € {0,1,...,T}.
Denote this set 7. The form of the multi-period principal-agent model
does not differ much from the single-period model:

Regulatory MAX o
J y 0Sier B (B(Ze P X 3p°Z°) - D, NG} (5.13)

agency: a,K,w,p

st.
() B o

Firms = Zer B Py (Zoe) - €5 (20) (5.14)
~ pw(p. JMAX[O, (z,. (1 + €;))® ~ (2. (1 + 2,,0))* ]}

where B = (1 + r)™'1is the discount factor and r is a risk free
nominal interest rate,

fe is the fraction of firms in group g, g € G, and

B(e) is defined by (3.11).
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expected time without monitoring (G, c’m) plus its compliant profits

when monitored (G, cm) must exceed the sum (a) through (d).

(a) the expected non-compliant profits of the expected time in group
two without monitoring (G, n*m),

(b)  the profits of detected non-compliance in the last time period in
group two (G, nm) (before being moved to group three),

(c) the profits of compliance while in group three without being moni-
tored (G, c*m), and

(d) the same profits minus the cost of being monitored in group three
(G, cm) (before being moved to group two).

Mathematically this becomes:

2.0 B Mg (25, ) + (G, c*m) ]
B 75 (zg:) - Cu 1 > (G, cm)
3 Bimy (z3,) 4 (G, n”m)
s (5.17)

B g (247, ) - Cul + (G, nm)
TS Bmy(zp ) + (G, c*m)
2 B (Mg (Zgrens ) = o] (G, cm) )
where Ta =0,1,...,T, -1,

Tb = Ta + (k+1) + (k-1)T,,

Tc =T, + k(T;+1),

k =1,2,...,K, where K is number of successive periods

in group three found in compliance,
T = Tc + 1, where k = K,

T is defined in (5.16),

g has the form of (3.4), 6 replacing j, and
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individual rationality, group two firms should then not pay their own

monitoring costs.

-5.3.4 Obtaining the Fractions of Firms in the Various Groups

The agency has already found the monitoring probabilities needed
in group one, two and three for the & technology, conditional on w for
various levels of a and K, p§ (a,0” ,K), g € G.

The Markov-transition matrix for the 8 technology can now be

expressed as:

G, G, G,
G,  1-¢(e,zp, )0p $(a,zp, )Py 0
6. (1-¢(e,zp,))P5  1-pj #(a,z5, )P
G, O E 1-E

where G, , g € G, in the left column indicates the starting group, and
the row G, , g € G, indicates resulting group, and E is the probability
of escaping group three, conditional on w and K. E becomes:

E = (1-4(a,24, )" 43 (5.19)
Markov-stationarity implies that the number of firms entering and
exiting between two groups must be equal. This is equivalent to solving

the following system of equations:

1 é(a,zy, )pp = 2 (1-¢(a,zy, )P} exit 1 = entry 1
2 ¢(a,zq, )05 = F° E pp exit 3 = entry 3 (5.20)
. =1 sum of fractions is one

g=1

Denote the solution of (5.20) f° (a,K,0 ;p§), 9 € G.
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to differ from the ex ante monitoring optimal emission level, and
generally the former exceeds the latter. The model for obtaining the
pre-monitoring optimal emission levels and the model for inducing com-
pliance, are therefore constructed such that they can be used together,
thus achieving a SBPO aggregate emission level, which is enforceable.
Jointly these models constitute a set of new institutions for pollution
control that are informationally feasible and less costly to operate

than previously described approaches.
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APPENDIX
EXPLANATION OF NOTATION AND SYMBOLS

A.1 Special Characters

the variability scale factor

an element in a set

a subset of

the ith consumer’s preference ordering

the monitoring probability in group g, g € G

the technology yielding the most output per unit emissions,
6 cdJ

the variance in the regulatory agency’s emission level
measurement

the variance in the emission level around the targeted

‘emission level for technology 6

the total variance around the targeted emission level

the scale factor in the penalty function

A.2 Symbols

the probability of escape from group 3

the fraction of firms in group ¢

an index, indicating the ith consumer, i € I
the index set of all consumers

an index, indicating the jth technology, j &J

the index set of known technologies









