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Abstract

This paper develops a framework for evaluating the efficiency of bankable or tradable
emissions permits relative to emissions taxes or quotas, when there is uncertainty in the regulator’s
knowledge of firms' costs. The model indicates that when abatement at one location is a perfect
substitute for abatement at any other location, as in the case of a globally mixed pollutant, tradable
permits dominate fixed emissions quotas. However, when pollution is highly localized, with marginal
damages from a given pollution source being independent of pollution emissions from other sources,
tradable permits are typically dominated either by taxes or quotas.

Analogous results apply for permit banking in a dynamic context. In the case of aflow
pollutant, damages in one period depend only on emissions in that period, and thus bankable permits
are typically dominated either by taxes or quotas. In contrast, for a stock pollutant, especially one
with alow decay rate, abatement in any one period is a close substitute for abatement in other periods,
and thus bankable permits are generally more efficient than quotas.

These results could have substantial importance for environmental policy. They strongly
suggest that many current environmental regulations are not optimal. For example, emissions permit
programs for flow pollutants typically allow banking (for example, the lead phase-out and sulfur
dioxide permit programs), while the Kyoto agreement to reduce carbon dioxide emissions—a stock
pollutant—does not allow for such intertemporal flexibility.
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[. Introduction

There has been a strong recent trend in US environmental policy toward the use of tradable
emissions permit systems. While there has been substantial debate over many aspects of these
programs, most economists support allowing firms to trade these emissions permits. There seems to
be a similar consensus on the closely related question of whether firms should be allowed to bank or
borrow permits—transactions that can be thought of as trades among different time periods rather than
among different sources in the same time period.

These conclusions might come from the simple intuition that there will be gains from trade,
or they might be based on studies of the cost-effectiveness of such systems. Montgomery (1972)
found that a system of tradable permits can achieve any given emissions standard at the lowest cost.
The analogous result that a system allowing banking and borrowing will achieve a given standard at
the |least present-value cost was shown by Cronshaw and Kruse (1996) in a discrete-time model, and
by Rubin (1996) in a continuous-time model.

Recent policies have generally reflected this consensus. As noted above, many new
regulatory programs use tradable permit systems, and nearly all of these allow permit banking.! Few,
if any, regulatory programs allow permit borrowing, but this seems to be due to worries about the
enforceability and credibility of such a policy (concerns that a firm would borrow large numbers of
permits and then either exit the industry or lobby for an increased permit allocation), not to inherent
efficiency problems with such intertemporal trades.

Prior studies have noted one caveat; if marginal pollution damages vary across locations or
time periods, and regulations do not reflect that difference, then trading and banking” may lower the
cost of regulation but also lower the benefit, and thus produce a smaller net gain. Montgomery
(1972) and McGartland and Oates (1985) argued that when marginal damages vary by location,

trading should not occur at a one-to-one ratio, but rather at aratio that reflects the ratio of marginal

! Prominent examples of programs that allow permit banking in some form include the sulfur dioxide trading
program from the 1990 Clear Air Act Amendments, California's Low-Emission Vehicle Program, and the CAFE
vehicle fuel-economy standards. The greenhouse gas emissions targets adopted under the recent Kyoto Protocol
represent a notable exception, being fixed in each year with no allowance for banking or borrowing.

2 For brevity, the term "banking" will be used from this point on to refer both to banking (emitting less pollution
than the standard in one period in order to exceed the standard in alater period) and borrowing (emitting more
pollution than the standard in one period and then paying back the difference by emitting lessin a future period).



damages from emissions at the two locations. Kling and Rubin (1997) show a similar result for
permit banking in regulation of aflow pollutant, and derive the optimal intertemporal trading ratios.
Leiby and Rubin (2000) do the same for regulation of a stock pollutant. These studies all conclude
that allowing trading and banking will maximize the net benefit of regulation, as long as such
transactions are conducted at the right trading ratios.®

All of these prior studies, however, utilize models in which the regulator has perfect
knowledge of firms' costs and of pollution damages. Thisis a significant omission, because, in the
absence of uncertainty, banking and trading are unnecessary; the regulator can directly set the
optimal level of emissions at each source in each period. The potential gain from allowing trading
and banking arises because firms have better information about their costs than the regulator, and
thus, when given proper incentives, may come closer to the optimal level of emissions than the
regulator could. Therefore it seems clear that to determine the efficiency of banking and trading,
one must use a model that incorporates uncertainty.

This paper develops such amodel, which draws heavily on Weitzman's (1974) seminal study
comparing price instruments and quantity instruments. It then uses this model to answer the
guestions of if and when emissions permit systems should allow trading and banking.

The paper shows that when abatement at one location is a close substitute for abatement at
other locations—as in the case of a globally mixed pollutant—tradable permits are generally more
efficient than emissions quotas. A similar result applies for bankable permitsin the case of along-
lived stock pollutant, where abatement in one period is a close substitute for abatement in other
periods.

On the other hand, when the marginal pollution damage from emissions at one location
depends only on emissions at that location—implying that abatement is not substitutable across
locations-tradable permits are typically dominated either by taxes or quotas. An analogous result

applies for bankable permitsin the case of aflow pollutant.

3 In practice, most emissions permit programs set the trading ratio one-to-one for trading or banking, though thisis
not universally the case. One exception isthe California Low-Emission Vehicle Program, which sets the trading
ratio such that banking one permit today allows less than one unit of emissionsin future years. However, asKling
and Rubin (1997) note, thisisthe opposite of how the ratio should be set; since the discounted value of damagesin
the future is less than the value of damages today, banking one permit today should allow more than one unit of
emissionsin the future.



A key insight of the paper is that when abatement costs or pollution damages are uncertain,
the optimal ratios for banking and trading will also generally be uncertain. Thus, even if those ratios
are set optimally ex ante, it may not be optimal to allow trading and banking, because the trading or
banking ratios will likely not be optimal ex post.

The important difference between the various cases considered in this paper is the linkage
between marginal damages from sources in different locations or different time periods. In the case
of aflow pollutant, marginal damages in a given period depend only on emissionsin that period;
similarly, for an entirely localized pollutant, marginal damages at a given location depend only on
emissions at that location. Since the damages are not linked across locations or time periods, thereis
no gain from linking regulation across periods. In this case, tradable permits are generally
dominated by either emissions taxes or quotas.

In contrast, for stock pollutants, marginal damages are linked between time periods, and for
pollutants that are not entirely localized, damages are linked between locations. Therefore, in these
cases, it may be efficient for regulation to be linked between periods or locations as well, and thus
bankable or tradable permit systems may be the most efficient instrument.

The next section of the paper develops a model of pollution regulation for a group of
pollution sources, derives expressions for the relative efficiency of the three instruments, and then
considers the implications of these expressions in several illustrative special cases. The third section
considers dynamic pollution problems-both for a stock pollutant and for a flow pollutant—and shows
that the framework developed in this paper can also be used to analyze permit banking in these cases.

The final section offers conclusions and suggestions for future research.

I[l1. TheMode

This section develops a simple model of regulation of a group of pollution sources, and uses
that model to investigate the relative efficiency of three regulatory instruments: an emissions tax,
(non-tradable) emissions quotas, and tradable permits. The general structure of this model is
similar to the moddl in Weitzman (1974), but differsin two important respects. First, this model

considers tradable permitsin addition to taxes and quotas. Second, this model’ s representation of



pollution damages is much more general, allowing for cases in which the effects of pollution are

not identical across sources.

A. Assumptions

A set of pollution sources is assumed, distinguished by location, time period, or both. The
total cost of emissions reduction over all sourcesis given by C(q,q) , Where q is the vector of
abatement (reductions in emissions from a baseline level) at each of the pollution sources® and q isa

vector of random variables. The total external benefit from emissions reductionsis given by B(q) N

Both C(¥ and B(} are assumed to be continuous and twice-differentiable. It is also assumed that
E(1C/q)° 0, E(12¢/142)> 0, E(12G/Tai%g; ) 0, E(T8/1q)* 0, E(128/1q2) <0,

E(ﬂzB/ﬂq ‘nqj)£ 0 for all i and j, and that E(1C/1g)> E(1B/ ;) for q; sufficiently large. Firmsare
assumed to set the level of abatement at each source to minimize abatement costs, subject to any
regulatory constraints.® In the absence of regulation, then, emissions will be set such that the
marginal cost of abatement is zero. Without loss of generality, we define the baseline level of
emissions as the expected level of emissions in the absence of regulation, which implies
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“ For consistency with prior work, especially Weitzman (1974), this mode! considers the effects of abatement, rather
than emissions. Since abatement is just a constant minus emissions, thisis purely a notational issue, and has no
effect on the paper's results.

® For simplicity, we ignore uncertainty in the benefits of abatement. Weitzman (1974) showed that such uncertainty
has no effect on the choi ce between price and quantity regulation, though Stavins (1996) pointed out that thisistrue
only if the cost shocks are uncorrelated with the benefit shocks. These results also hold in the model considered in
this paper.

® Since firms minimize costs, the cost function could be more accurately described asincluding all effects of
abatement that are internalized by the firm in the absence of regulation. Similarly, the benefit function could be
more accurately described as representing the effects that are external to the firm. Thus, cost spilloversthat are not
internalized would appear in the benefit function, while benefits of abatement that are internalized by the firm would
appear as negative costs in the cost function.



The regulator can choose one of three regulatory instruments—a set of emissions taxes, a set
of emissions quotas, or a system of tradable emissions permits.” Firmswill set the level of abatement
at each source to minimize abatement costs, subject to meeting the regulatory constraint. While the
regulator does not know the realization of g when setting the regulation, firms do know the
realization of g when choosing their level of emissions. For the emissions taxes, thisimplies the first-

order condition
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where t isthe vector of tax rates set by the regulator. Under the set of emissions quotas, firms have
no choice about their emissions, which are simply equal to the quota.
(3  ai=3
where g isthe vector of emissions quotas set by the regulator.
Under the system of tradable permits, the first-order condition is

TC
4 _=i|
(4) 1o, r

and the permit-market clearing condition is
(5) ang=q
i
wherer is the vector of trading rates (with one unit of emissions at source i requiring r; emissions

permits), | isthe market price of an emissions permit, and ¢ is the total quantity of permits issued.

Note that r and § are set by the regulator, while | will be determined by the market.

The goal of the regulator is to maximize the expected value of benefits minus costs

E[ B(q)- C(q, q)] 2 Thisimpliesthat g will be set so as to satisfy the first-order condition

’ Several papers have suggested more complex regulatory instruments that will generally be more efficient than the
simple instruments considered here. For arecent example, see Kaplow and Shavell (1997). However, in practice,
those more complex instruments are rarely used, and so this paper focuses only on the simple versions of these
instruments.

8 Note that distributional or other considerations could potentially be incorporated into the benefit and cost functions,
so the assumption that the regulator maximizes benefits minus costs does not necessarily imply that the regulator is
concerned only with economic efficiency.
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In the absence of uncertainty, all three instruments would be set to achieve this same optimum
level of emissions. For the emissions taxes, this would require the regulator to set the emissions tax at
each source such that the tax equals the marginal benefit of reduced emissions from that source.
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Under the system of tradable permits, the trading ratios would be set with the number of permits
required per unit of emissions from a given source proportional to the marginal benefit of reduced
emissions at that source

I8

(8) = 1q

q=q
where k is any non-zero constant. The total number of permits issued would be given by
@ q =éi- G

Without uncertainty, then, it does not matter which regulatory instrument is used. With
uncertainty, however, the three instruments will have different effects. In order to proceed further, we
will assume that the uncertainty is sufficiently small to justify a second-order approximation for the
cost and benefit functions in the neighborhood of G, the amount of abatement that would occur

under the optimal quota.

o} ~ l o O A A
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i
where q isthe deviation of abatement from g, given by

(12) G =gi- g

¢ and g are the expected values of the vector of first derivatives and the matrix of second derivatives

of the cost function evaluated at the amount of abatement that would occur under the optimal quota.
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b and b are the corresponding vector of first derivatives and matrix of second derivatives for the

benefit function, also evaluated at the amount of abatement that would occur under the optimal

quota.
B
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and a;(q) isafunction that translates the vector of random variables q into avertical shift in the
abatement cost curve for source i. The definition of ¢ (13) impliesthat a;(q) has an expected value
of zero.

(17)  Efai(@)=0

We will assume that the marginal cost of abatement at each source does not depend on the amount of
abatement at any other source. Thisimplies that

(18) g =0"1i1]

Finally, we assume that that the distribution of a;(q) is independent across different pollution

sources.®

B. Abatement Levels Under Different I nstruments
Taking a derivative of the approximation to the cost function (10) and substituting in (18)

gives an approximation to the marginal cost of abatement for sourcei.

® These assumptions are not strictly necessary, but they greatly simplify the analysis. The conclusion of this paper
contains a brief discussion of cases in which these assumptions may be violated, and of how this would ater the
model's results.
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Combining the approximation to the marginal abatement cost (19) with the first-order
condition for the emissions tax and rearranging give an approximation for the quantity of abatement

under the emissions tax

(20) di »ti - G- ai(q)

i
It can be shown (the derivation is contained in a separate mathematical appendix, available
from the author) that the optimal tax rate is equal to b (the expected marginal benefit at quantity q),
which in turnis equal to c (the expected marginal cost of abatement at quantity ). Thus,
(21) ti»b =g
Substituting (21) into (20) yields

@2 ¢ »-20)
Gii
where G} is the quantity of abatement that will result under the optimal emissions tax system.
A similar process yields an expression for the quantity of abatement under a system of

tradable permits. Substituting the expression for the marginal cost of abatement (19) into the first-

order condition for the tradable permit system (4) and rearranging yield

(23 G »i-a-2i@)

i
It can be shown that the optimal system of tradable permits will set r (the vector of trading
ratios) to be proportional to b (the expected marginal benefit at quantity q).
(24)  ki»hb =g
where k is any positive constant.
It is optimal for the regulator to issue enough permits that there is no surplus or shortage of
permits when abatement is equal to § (derivations of (24) and (25) are contained in a separate

mathematical appendix, available from the author).

(25) d=é e



Substituting (23), (24), and (25) into the permit-market clearing condition (5) and
rearranging (using (12)) yield an expression for the equilibrium permit price under the optimal

permit system

26) | »1+y 422100

i Yii
wherey isthe slope of the market demand curve for emissions permits under the optimal permit

system, given by

Substituting (26) into (23) yields

by oba(Q) _ai(q)

(28) qF
l giij gjj Gii

where gP isthe quantity of abatement that will result under the optimal tradable permit system.

C. Comparative Advantages of Different Instruments

Following Weitzman (1974), we define the comparative advantage of one instrument over
another as the difference between the two instruments of the expected value of benefits minus costs.”
The comparative advantage of one of the other two instruments relative to emissions quotas is thus

given by

(29) D=E[(B(a)- C(a.0))- (B(a)- C(a.a))

Substituting the approximations to the cost and benefit functions (13) and (14) into (29) and
simplifying, using (6) and (12) give

CU(_\(—;

é
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(30) D» Eg aai(a)g+3aa (i - gy )& ¢
i i

19| n calculating the comparative advantage of one instrument over another, the model assumes that the regulatory
parameters—quota levels, tax rates, trading ratios, and the number of permits allocated—are set optimally ex ante. If
the parameters for one or both instruments are not set optimally, this may change the relative efficiency of thetwo
instruments.



Substituting the expression for the amount of abatement under the optimal emissions tax (22)
into (30) and simplifying, using (18), give an expression for the comparative advantage of the tax

relative to the quota.

(31) DTQ»a2 > (b +ii)

| i
where s? isthe variance of the marginal abatement cost for source i at abatement g, which is

approximated by the variance of a;(q)

662U
(32) s? %‘"C - Ean“—C T Eaa(Q)z]
geﬂq' a=7 81105 =089 H

Equation (31) corresponds to the expression for the comparative advantage of prices over
guantities from Weitzman (1974) for the case with multiple firms. This expression implies taxes will
dominate quotas when the average across sources of the slope of the marginal cost curveis greater
than the average slope of the marginal benefit curve. Quotas will dominate taxes when the average
marginal benefit curve is steeper. Taxes allow firms more flexibility, which reduces expected costs.
Thisis especially important when marginal costs are very sensitive to the quantity of abatement.
However, to the extent that marginal benefits are sensitive to the quantity of abatement, this flexibility
reduces expected benefits.

Substituting the expression for the amount of abatement under the optimal permit system
(28) into (30) and simplifying, using (18), give an expression for the comparative advantage of

tradable permits relative to quotas.

2 & 2 2 20
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(33) DPQ » a_' b:: +0i 2h2y +aa—— bi: - gii Sy a -1 T
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The first term in (33) bears some resemblance to the comparative advantage of taxes relative
to quotas. Thisreflects the greater flexibility that firms have under tradable permits as compared to
guotas. The second term reflects the interactions that occur between different sources through the
market for emissions permits. Thisterm is difficult to interpret in the general case, but it will be

discussed at length in the illustrative special cases considered in the next section.

10



Finally, we can calculate the comparative advantage of tradable permits relative to emissions
taxes. Thisisequal to the difference between the comparative advantage of tradable permitsrelative

to emissions quotas and the comparative advantage of emissions taxes relative to emissions quotas.

(34) D= E[(B(qp)- C(qp,q))- (B(q‘) - C(qt.q))]= D™.- D@

Substituting the expressions for D' (31) and D (33) into (34) and simplifying give

2 b b, & 2.2 2 g20

o S o o M Jy o Q(Sk S j -

(35) DPT »a 21 (. 2Q2V +aa ——— bi: - Oii a -— =
i ZgiiZ( ) i 29ii9jj( ! ”) « Ok Ji Jij g

D. Interpreting the Compar ative Advantage Formulas
To clarify the relative merits of the different regulatory instruments, this section consider

severd illustrative special cases.

i. When Abatement is Perfectly Substitutable Across Pollution Sources

The first special case comes when the benefits of reduced emissions take the form
%X o]
(36) B(a)= Bea Kiciz
i a

where K is avector of constants. If all elements of K are equal, then this benefit function represents
homogeneous emissions. If not, then the marginal benefit from abatement will vary across the
different sources, but the ratio of marginal benefits between any two sources is constant. Put more
simply, this benefit function implies that emissions abatement at any source is a perfect substitute for

emissions abatement at any other source.

Substituting the appropriate derivatives of (36) into the definitions of by (15) and bj; (16)
allows one to show that for this benefit function
(37) B =Bjb/bj =Bh’*/bf
Substituting (37) into (30) and simplifying, using the permit-market clearing condition (5), the
equation for the optimal permit trading ratios (24), and the independence of costs between sources

(18) give asimplified expression for the comparative advantage of tradable permits relative to

emissions quotas

11
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Note that this expression is just equal to the difference in expected costs between a tradable
permit system and an emissions quota system. Because in this case abatement at any sourceis a
perfect substitute for abatement at any other source, permit trades do not affect the total benefits from
abatement.

Substituting the expression for the amount of abatement under the optimal permit system
(28) into (38) and simplifying give

(39) DPQ» § 2L '2y Q + 2L

9 S e 2;_0 |2y abz_
"207E0 Ty o '

s W&

Sincey >0, thisshowsthat DP° >0, which implies that when benefits take this form, tradable
permits always dominate emissions quotas. The intuition behind thisresult is simple. As noted
above, when benefits take this form, only the expected cost differs between the two instruments; the
expected benefits are the same. Tradable permits have alower expected cost, because they allow
firms to shift abatement to the lowest cost source, whereas emissions quotas do not allow such
flexibility.

Substituting (39) into (34) and simplifying give an expression for the comparative
advantage of tradable permits relative to emissions taxes for this case
400 DT»3 :—i(-f -y)

i <Gii

where f isthe slope of the marginal benefit curve with units of abatement normalized to equal the
amount of emissions allowed by one permit. Thus,
(41) f =b; /b
Note that (37) implies that the value of the term on the right-hand side of (41) is the same for all i.

Since f <0 andy >0, thesign of D77 isambiguous. vy , the slope of the market demand
function for emissions permits, can also be interpreted as the slope of the market-wide marginal cost
curve, with units of abatement normalized to equal the amount of emissions allowed by one permit.
This market-wide marginal cost curve will be flatter than any single source's marginal cost curve

(since it equals the horizontal sum of all sources' marginal cost curves). Expression (40) shows that

12



taxes dominate permits if the market-wide marginal cost curve is steeper than the marginal benefit
curve. If the marginal benefit curve is steeper, then permits dominate taxes.

This can be seen as an analogue of Weitzman's (1974) result comparing price and guantity
instruments; quantity regulation dominates if the marginal benefit curve is steeper than the marginal
cost curve, while price regulation dominates if the marginal cost curve is steeper. The differenceis
that for multiple sources regulated through a system of tradable permits, the appropriate marginal
cost curve is the market-wide marginal cost curve, whereas when using a quantity instrument to
regulate a single source, it is that source's marginal cost curve.

Thus, when the benefit function takes the form assumed here, tradable permits always
dominate emissions quotas. When comparing tradable permits to emissions taxes, either instrument
may dominate, depending on the relative steepness of the market-wide marginal cost and marginal

benefit curves.

ii. When Abatement Benefits Are Independent Across Pollution Sources
A second illustrative special case occurs when the marginal benefit of abatement from one
source is independent of the amount of abatement at any other source. For thisto be the case, the

benefit function must be additively separable, taking the form
(42 B(a)=4B(a)
|

Benefits would take this form if pollution is very localized-that is, if there is no mixing of emissions
from different sources. Substituting the second derivatives of (42) into the definition of bj; (16)
gives

(43) bj=0"it]

Substituting (43) into the expression for the comparative advantage of tradable permits relative to

emissions quotas (33) and simplifying, using the definition of y (27) yield

e 2.2 2.2 OU
(44) DPQ>>ae—(b..+g..)gl hzy 2Ly S || 2 22 ?JSZ b S; +U
2 Jii @ 29| i gjj 9,.9” %

13



Note that the first term in the summation is equal to D'?, the comparative advantage of taxes relative

@ pyo _
to quotas, times gl— —=—x=. Using the definition of y (27),
Jii @
® 0 2 [ b> ,b? [, b . & 0
(45) gl- ﬁi= - E/a—‘=a—'/a—‘u O£ -h—i£1
9ii o Si/ ;95 95/ 9 Si o

Therefore, the first term in (44) will have the same sign as D'?, but will have asmaller
magnitude. This reflects the fact that permits offer firms more flexibility than emissions quotas,
because the amount of abatement is not fixed at each source, but less flexibility than emissions taxes,
because the total amount of abatement isfixed. Given thisform for the benefit function—unlike the
form considered in the previous section—the added flexibility relative to a system of quotasis not
necessarily beneficial. Permit trading reduces the expected cost, but also reduces the expected
benefit, because the marginal benefit of abatement falls at the sources that do more abatement, while
it rises at the sources that do |less abatement.

The second term reflects the fact that the variation in abatement is distributed in a
fundamentally different fashion under tradable permits than under emissions taxes or quotas. The
form of the benefit function implies that the optimal amount of abatement at a given source depends
only on the variation in abatement cost at that source. Under taxes, cost variation at one source will
only cause the amount of abatement to vary at that source; no other source is affected. Under quotas,
the amount of abatement at each sourceis fixed. Thus, under either of these two instruments,
variation in cost at a given source will cause abatement to deviate from the optimal amount only at
that source. In contrast, under tradable permits, cost variation at one source will affect the price of
permits. Therefore, the deviation from the optimal amount of abatement resulting from cost variation
at one source isn't concentrated at that source, but is spread over all sources.

The second term measures the expected difference in benefits and costs that results from this
difference. Thus, it depends on the variance in costs at each source and on the slopes of the marginal
benefit and marginal cost curves at each source, which determine how much deadweight loss results

when abatement deviates from the optimal amount at that source.
This term depends on s 2 / gii , the variance in abatement for a given permit price, and on

bii/gii , theratio of the slope of the marginal benefit curve to the slope of the marginal cost curve,

14



which determines the comparative advantage between price and quantity instruments at that source.

If the sources are symmetric in either respect—if either siZ/g” or bji/g;i isconstant for all i,—then the
second term in (44) will equal zero. The sign of the first term depends on the same factor that
determines the sign of D'°—whether the magnitude of bj; islarger or smaller than that of g;;. Thus,
if quotas are favored over taxes at each source, then quotas will be favored over tradable permits.
When the sources are not symmetric in either respect, the sign of the second termin (44) is

ambiguous. If siZ/g“ is larger than average at the same sources where b;i/g;; islarger than average,

then this term will be positive. 1t will be negativeif si/g; islarger than average at the same sources
where b;i/g; is smaller than average. When thisterm is positive, it is possible for tradable permits to
dominate emissions quotas even when quotas dominate taxes. For thisto occur, however, bij and g;;
must be of similar magnitude, because otherwise the first term in (44) will dominate the second term.

We can also calculate the comparative advantage of tradable permits over taxes for this form

of the benefit function, by substituting (44) into (34) to get

é 2 (o} %2 2 b2 20u
(46) DT »é_gs—'z(b” +g”) _ﬁ 4 i 2y20 DiSi 4
& 9i o 29“ g gu 9i95; o4

The second term is the same as in (44), so it will be zero under the same symmetry conditions. Asin
(44), the sign of the first term depends on b;; and g;;. Therefore, if taxes are favored over quotas at
each source, then taxes will be favored over tradable permits.*

Thus, when the benefit of abatement at a given source is independent of the amount of
abatement at all other sources, as long as the sources are sufficiently symmetric, tradable permits will
be dominated by either taxes or quotas. In other words, in this case, permits will never be the best of

the three instruments.

™ If the marginal benefit curve is steeper than the marginal cost curve for some sources, but the marginal cost curve
is steeper for other sources, then it is possible for tradable permits to dominate both taxes and quotas even when the
second term in (44) and (46) iszero. However, in such a case, tradable permits would be dominated by a mixed
system—one that uses taxes to regulate sources where the marginal cost curve is stegper, and quotas to regulate the
sources where the marginal benefit curve is steeper.
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[11. Intertemporal Trading: Permit Banking and Borrowing

Thus far, the model has been presented solely as a model of intratemporal permit
trading—trading among different sources within a given time period. However, the same model can
be used to examine permit banking and borrowing, which are, in effect, permit trades between
different time periods.”* This section presents a simple model of pollution regulation in a dynamic
setting—first for a flow pollutant, and then for a stock pollutant—and then uses the tools developed in

the previous section to examine the efficiency of bankable permits relative to taxes and fixed quotas.

A. Regulation of a Flow Pollutant
First, we consider regulation of aflow pollutant-that is, a pollutant that causes damage only in
the period in which it is emitted. The discounted benefits and costs of abatement are given by

(47) B= gd‘B(qi)
i=0

i
¥

(48) c=3ad'claq)
where d isthe discount factor, which is assumed to be the same for firms and for the regulator. Note
that this benefit function is additively separable across abatement in different time periods, and thus
corresponds to the form assumed in section I1.D.ii. Therefore, the conclusions of that section will
apply here.

Taking a derivative of (47) and using the definition of b (15) and the expression for the
optimal trading ratios (24), we can calculate the rate at which emissions reductionsin period i should

convert into allowable increases in emissions in period j, through either banking or borrowing

I h .
49 —'=—=d' J
(49) Y

Thisimplies that banked or borrowed permits should “accrue interest” at the discount rate. Thisis

the same conclusion reached by Kling and Rubin (1997) in their analysis of permit banking for a

12 Because the model assumed that firms have no uncertainty about costs in setting abatement at each source,
translating this model into a dynamic context requires the assumption that all cost uncertainty isreveaed before
firms choose their levels of abatement for the first period. In practice, this assumption generally will not hold, but
this should not substantially affect the results.

16



flow pollutant without uncertainty. Substituting the second derivatives of (47) and (48) into the

definitions of g (14) and b (16) yields
P2

(50) g =d'C (q)

(51) by=d'B(q)"i=j by=0"it]

Dividing (51) by (50) yields

(52) b; _d'B’(a) _B(a)
% d'c’(a) C'(a)

Because the stationarity of the cost and benefit functions in each period implies that § will be

constant over time, the ratio of g;; to by will also remain constant, thus satisfying one of the
symmetry conditions from section I1.D.ii. Thus, based on the results of that section, bankable permits
will be dominated either by taxes or quotas. If g;; +b;; >0—if the marginal cost curve for abatement
in each period is steeper than the marginal benefit curve-then taxes will dominate bankable permits.
If the marginal benefit curve is steeper, then quotas will dominate bankable permits.

Thus, as ageneral rule, permit banking should not be allowed for flow pollutants; if it is better
to use a quantity instrument than a price instrument, then non-tradable quotas will dominate tradable
permits. In practice, nearly al emissions permit programs allow firms to bank permits. For example,
the 1990 Clear Air Act Amendments, California's Low-Emission Vehicle Program, the CAFE vehicle
fuel-economy standards, and the leaded gasoline phaseout program all allowed permit banking in
some form.

There are some exceptions. If theratio of g; to bjj and the amount of cost uncertainty vary
significantly across periods, then it is possible for bankable permits to dominate taxes and quotas,
though the conditions under which this will occur are quite restrictive, and thus it seems unlikely that
they will occur in practice. A more promising argument for the use of bankable permits to regulate a

flow pollutant would be if g;; +bjj >0—and thus emissions taxes dominate the other two
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instruments—but taxes are not politically feasible. In this case, bankable permits would be the next

best choice.®

B. Regulation of a Stock Pollutant
Consider instead the case of regulation of a stock pollutant—one for which pollution damages

in a given period depend on the amount of emissionsin all previous periods. In this case, the benefit
function will take the form.

y & 0
(53 B=4ad'Bgas g

i=0 j=0 a
where sis the stock decay factor. The term in parentheses is the stock of pollution at timei. Unlike
in the case of the flow pollutant, the marginal benefit from abatement in one period depends on the
amount of abatement in other periods, so this benefit function does not fit the form analyzed in
section I1.D.ii. Nor doesit fit the form analyzed in section 11.D.i, in which abatement in any period is

a perfect substitute for abatement in any other period, though it is close. To see this, consider the

expression for by in this case (taking a derivative of (53) and substituting into the definition of by

(15))

max(i,j) _
y 8 d*s* B¢
(54) b =&ds<Be) X =gt 4 KZMnGD)
k= bJ é dksk-qu:

The ratio of the marginal benefit from abatement in period i to that in period j is a constant
plus the discounted value of avoided damages between the two periods divided by the marginal

benefit in period i.** If this second term were zero, then abatement would be perfectly substitutable

2 Adjustment costs are sometimes raised as another argument for allowing banking. A full analysis of the impact

of adjustment costs is beyond the scope of this model—if adjustment costs are significant, the marginal cost of
abatement in one period depends on abatement in other periods, which would make the analysis much more
complicated—but the intuition is fairly simple. When adjustment costs are significant, more abatement in one period
lowers the marginal cost of abatement in later periods, which implies that the optimal amount of abatement in those
periods will be higher. However, with permit banking, more abatement in one period implies just the opposite; less
abatement isrequired in later periods. Thus, permit banking is even less efficient when adjustment costs are
important.

* Note that the ratio in (54) is also the optimal rate at which emissions reductionsin period i can be banked and
used to allow increased emissionsin period j. Thisimpliesthat banked permits should "earn interest” at arate equal
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between the two periods. Thisisthe casein the limit as both the stock decay factor and the discount
factor go to one. In that case the damages that occur after period j—for which abatement is perfectly
substitutable between the two periods—swamp the effects that occur in the interval between period i
and period j.

Thus, the results from section 11.D.i will apply in the limit as the stock decay factor and
discount factor go to one. While neither factor will actually equal onein practice, as long as both
factors are close to one, abatement in one period will be a close substitute for abatement in other
periods. In that case, bankable permits will tend to dominate emissions quotas. This suggests that the
recent Kyoto protocol targets for greenhouse gas emissions are unnecessarily inefficient, because
they do not incorporate any provisions for banking or borrowing.

Similarly, the choice between bankable permits and taxes would depend on the relative slopes
of the marginal benefit and cost curves, where the appropriate marginal cost curve isthe cost curve
for emissions reductionsin all periods. Thisresult is also potentially quite important for policy
decisions. Newell and Pizer (1998) found that taxes are generally superior to emissions quotas for
the regulation of long-lived stock externalities, because the marginal benefit curveisrelatively flat
compared to the marginal cost curve for asingle period. However, Newell and Pizer's study did not
consider bankable permits. The marginal cost curve for abatement over all periods will be much
flatter than the curve for any single period, since it is the horizontal sum (weighted by discounted
marginal damages) of the cost curves across all periods. Asaresult, while taxes will generally be
superior to emissions quotas, there are a significant range of cases in which bankable permits will
dominate taxes. Thus, the argument for using taxes to regulate long-lived stock pollutantsis not so

clear-cut once bankable permits are considered.

V. Conclusions
This paper develops a framework to evaluate the relative efficiency of three different

instruments—taxes, quotas, and tradable or bankable permits—for the control of pollution that is

to theratio of current marginal damages to the discounted value of future marginal damages, minus the stock decay
rate. Thisisthe same conclusion reached by Leiby and Rubin's (2000) study of permit banking in regulation of a
stock pollutant without uncertainty.
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produced by multiple sources spread over different locations or different time periods. It then
applies that framework in severa illustrative cases.

This paper shows that when pollution abatement at any location is a perfect substitute for
abatement at any other location—as is the case for a globally mixed pollutant, for example-tradable
permits will always be more efficient than fixed emissions quotas. The choice between tradable
permits and emissions taxes in this case depends on the relative slopes of the marginal cost and
marginal benefit curves. If the marginal cost curve is steeper, then taxes dominate, whileif the
marginal benefit curve is steeper, tradable permits dominate. Thisresult is similar to that found by
Weitzman (1974) in comparing price and quantity instruments. The difference in this case is that the
appropriate marginal cost curve is the market-wide cost curve. Thisis egual to the horizontal sum of
the cost curves of each individual source, and is therefore flatter than any individual source's cost
curve.

In the alternative case in which the marginal benefit of abatement at a given location is
independent of the amount of abatement at other locations—as would be the case when pollution
damages are highly localized-tradable permits are typically dominated by either quotas or taxes.
Only when sources are sufficiently asymmetric, both in the amount of uncertainty about costs and in
the slopes of the marginal benefit and marginal cost curves, can tradable permits be the most efficient
instrument, and even then only under fairly restrictive conditions on other parameters.

Analogous results apply when banking and borrowing of permitsis allowed in a dynamic
setting, because such transactions are essentially permit trades that occur across time rather than
across locations. The case of aflow pollutant corresponds to the case of entirely localized pollution,
because marginal pollution damage in a given period depends only on emissions in that period. In
this case, bankable permits are typically dominated by either quotas or taxes; bankable permits are
the most efficient instrument only under quite restrictive conditions.

For a stock pollutant, especially one with alow decay rate, abatement in one period is a close
substitute for abatement in other periods. Thus, bankable permits will generally dominate emissions
guotas, though this will not always be the case; quotas will dominate if the stock decay rate and
discount rate are sufficiently high, and the marginal benefit curve is substantially steeper than the

marginal cost curve. The choice between bankable permits and taxes will depend on the relative
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slopes of the intertemporal marginal cost curve (which will be substantially flatter than the cost curve
in asingle period) and the marginal benefit curve.

These results could have tremendous importance for environmental policy. They strongly
suggest that many current and proposed environmental regulations are not optimal. Emissions
permit programs for flow pollutants typically allow banking (for example, the lead phase-out and
sulfur dioxide permit programs), while the Kyoto agreement to reduce carbon dioxide emissions—-a
stock pollutant—does not allow for such intertemporal flexibility. The results also suggest that
tradable permits should not be used for highly localized pollutants.

A few caveats arein order. Several simplifying assumptions have been made. Most notably,
this analysis assumes that the marginal cost of abatement at each source does not depend on the
amount of abatement at any other source, and that marginal abatement cost shocks are uncorrelated
across different sources. The first assumption may well be violated, especially in an intertemporal
context if abatement capital or adjustment costs play an important role. In each of these cases,
increased abatement in one period would decrease the marginal cost of abatement in other periods,
which would increase the optimal amount of abatement in those periods. However, under tradable
permits, the amount of required abatement in those periods would decrease. Thus, in these cases,
bankable permits would tend to be less efficient than this model indicates.

The second assumption could also be violated. Thisis particularly likely in an intratemporal
context, for example as a result fluctuations in the price of an emissions-reducing input; if the price
of low-sulfur coal rises, sulfur dioxide abatement costs will tend to rise at all coal-burning pollution
sources. Such correlations would tend to make tradable permits behave more like emissions quotas.
If cost shocks are perfectly correlated, then they will cause the permit price to change, but will have
no effect on the quantity of abatement at each source; thus, the efficiency of tradable permits will be
the same as that of emissions quotas.

The model also assumes that firms have no uncertainty about costs in making their abatement
decisions. While this may be a reasonable assumption when [ooking at permit trading in a static
context, it is somewhat more troubling for modeling permit banking in a dynamic context, where
firms may well be uncertain about costs in later periods when making decisionsin earlier periods.

This should not dramatically alter the results, but it warrants further study.

21



These results suggest a number of possible directions for future research. The framework
developed here could be used to consider some variations on unlimited permit trading. For example,
some programs allow trading only within alocal area, rather than across the entire universe of
pollution sources. The question of how large these trading areas should be is quite interesting.

Similarly, Roberts and Spence (1976) showed that hybrid instruments—instruments that
combine elements of both taxes and quotas, such as emissions permits with a price cap—will always be
more efficient than a pure price or pure quantity instrument. A similar result should hold for hybrids
between tradable and non-tradable (or bankable and non-bankable) permits. And unlike
price/quantity hybrid instruments, tradable/non-tradable hybrids are common. Most emissions permit
programs allow permit banking, but not permit borrowing.” These programs behave like bankable
permit systems when firms choose to bank permits, but behave like fixed emissions quotas when firms
would like to borrow permits. Further research could determine whether such hybrid instruments are
more efficient, as was the case for the price/quantity hybrids analyzed by Roberts and Spence.

Finally, empirical applications of this framework would be very useful for policy. Given the
increasingly rich data on environmental regulation that is becoming available, it should not be too

difficult to estimate the parameters of interest for a particular case.

5 Similarly, the RECLAIM program in the Los Angeles area allows permits to be traded from emissions sources
near the coast to sources located inland, but not vice-versa.
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