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Taxes versus quotas for a stock pollutarit

by Michael Hoel and Larry Karp

Abstract

We compare the effects of taxes and quotas for an environmental problem in
which the regulator and polluter have asymmetric information about abatement costs,
and the environmental damage depends on the stock of pollution. We thus extend to a
dynamic framework previous studies in which environmental damages depend on the
flow of pollution. As with the static analysis, taxes are more likely to dominate
guotas the greater is the curvature of the abatement cost function relative to the
environmental damage function. However, in the dynamic model, an increase in the
discount rate, the stock decay rate, or either the regulator’'s or the firms’ ability to
make adjustments, all increase the likelihood that taxes dominate quotas. An empirical
illustration of these results suggests that taxes dominate quotas for the control of
greenhouse gasses.
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1. Introduction

Asymmetric information plays an important role in environmental regulation. Often
the polluter knows more about the abatement cost function than the regulator. In this
situation, the first-best optimum can seldom be reached by using emission taxes or quotas.
The first-best optimum equates the marginal abatement costs of the pollutants and the
marginal environmental damage. When the regulator does not have complete knowledge of
the abatement cost functions, neither an emissions tax nor an emissions quota achieve the
first-best level.

Weitzman (1974) compared the expected payoff, under asymmetric information, for
these two policy instruments. He assumed linear marginal costs, uncertainty only about the
level of the marginal cost curves, and not their slopes, and no correlation between the
uncertainty of the abatement cost and the environmental cost. Under these assumptions, an
emission tax dominates a quota if and only if the marginal abatement cost curve is steeper
than the marginal environmental cost curve.

Subsequent contributions to this topic fall into two categories: (a) modifying the
assumptions in Weitzman’s analysiand (b) considering a richer class of policy tools than
only an emission tax and a direct specification of the emissiondewdbre complex
policies can reduce the potential loss in social welfare associated with asymmetric information
about abatement costs. However, in practice, policy-makers have not used these more

sophisticated methods of environmental regulation.

! See e.g. Yohe (1977), Watson and Ridker (1984), and Stavins (1996).

2 See e.g. Dasgupta et al. (1980), Kwerel (1977), McKitrick (1997), and Roberts and
Spence (1976).
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Somewhat surprisingly, almost all of the literature assumes that the environmental
damage comes from tHfeow of emissions. However, for several important environmental
problems, damages depend on theck and not the flow, of the pollution. Examples of such
problems include climate change (due to atmospheric concentration of greenhouse gases),
depletion of the ozone layer (due to cumulative emissions of CFCs), deterioration of soil and
water quality (due to acid rain resulting from sulfur nitrogen oxides), and the pollution of
rivers, lakes and oceans from emissions of organic material.

We revisit the problem originally posed by Weitzman, replacing the flow pollutant
with a stock pollutant. Section 2 presents the basic model. In section 3 we analyze the case
in which the entire trajectory of the emissions tax or quota must be determined at the initial
time (the open-loop policy). Section 4 studies the opposite extreme, where the quota or tax
can be adjusted in light of new information (the feedback policy). Section 5 provides an
empirical illustration, which suggests that taxes dominate quotas for the control of greenhouse
gasses.

2. The Model

We use a discrete time formulation, in which each stage lasts for h units of time; units
of time are arbitrary. The parameter h is the maximum of two numbers: the number of units
of time between realizations of a random variable that affects firms’ marginal benefits, and
the number of units of time that must elapse before a firm can change its decision. Thus, h is

a measure of the frequency with which new information arrives, or the frequency with which

% The exception is Staring’s (1995) thesis, which studies the open loop ("non-flexible™)
model in section 3, but does not consider the case where policies can be revised in the light
of new information.
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firms are able to use new information. Suppose, for example, that units of time are months.
If marginal benefits change randomly every six months, but firms are able to change their
output only at yearly intervals, theh = 12. In this case, firms’ limited flexibility is a
constraint. If marginal benefits change randomly every six months but firms are able to
change their output every three months= 6. Firms have no incentive to make changes
unless they obtain new information. To avoid an uninteresting taxonomy, we hereafter
assume that the two numbers are equal, and interpret h as both a measure of firms’ flexibility
and the frequency of arrival of new information.

Let x(t) be the constant flow of pollutant during the stage beginning at time t, so x(t)h
is the contribution to the stock during that stage. The st&, decays at a constant rale
soA = €™ is the fraction of the stock remaining in the next stage, in the absence of additional

pollution. With additional pollution x(t)h, the stock at time t+h is

St+h) = ASt) ~ x(H)h . 1)

An increase in pollution is equivalent to a decrease in abatement, and thus provides a
cost savings. This flow of cost savings, i.e. the benefit, is given by the quadratic function

B(x,0):

B = B(x(t),06(t) = f - (a+6(t)) X (t) - gx(t)2 2)

wheref, a andb are positive parameters, af() is the realization of a random variable. The

random variabléd(t) is independently and identically distributed, with mean 0 and variance
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a?(h). As in Weitzman’s model, uncertainty affects the level but not the slope of marginal
benefits. Since B is a rate, the total benefit obtained in the stage beginning at time t is
B(x(t),08(t))h. Our formulation ignores discounting and decay within a period.

We can think of6 as being the sum of many iid random variables, so that the variance
of 8 depends on h. For example, the level of marginal benefits depends on the accumulation
of many small events that occur over the length of a period. At the beginning of a period the
firm observes the sum of the random events that occurred during the previous period. With
this interpretationg?(h) is proportional to ho? = kh, where k is a constant. Our analysis
does not depend on the precise formadfh), but we recognize that there is a relation
between the value af? and h. In order to consider limiting cases when-h0, we adopt

Assumption 1o? is of the same order of magnitude as h or smaller, a&h) 00 0(h).

The regulator chooses either a quantity restriction or a tax. In the former case the
regulator chooses an upper limit on x(t), and in the latter case he chooses a tax, p(t), per unit
of pollution. In the next two sections we compare the two policies under different
assumptions about the regulator’s flexibility. Firms are competitive and myopic. They
observe the realization @f(t) and then make their decision at time t. The regulator does not
observe the value di(t).*

We assume that if the regulator uses a quota, it is always binding. This assumption
requires that the support 6fbe sufficiently small. Thus, when the regulator chooses quantity

restrictions, dSs S(t+h) - S(t) is nonstochastic, and the expectation of the flow of benefits is f

4 With taxes, the regulator can infer the value@gf) after observing the firm's current
output, but given the assumption tHats iid, this inference provides no information on future
values of®.
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+ ax - b¥/2 (since B = 0). With quotas, both dS and E{B(-)} are independentof

If the regulator uses a tax, p(t), firms choose x to maximize [B(:) - p(t)x]. The first

order condition is a #(t) - bx(t) = p(t), which we rewrite as

X(t) = a‘E(t) - ibt) = 7(t) - 90 3)

Choosingp(t) is equivalent to choosingt), the expectation of the flow of pollution.
Hereafter, we treat a regulator who uses taxes as choosing z(t). From (2) and (3), the

regulator’s expectation of benefits at stage t is

elBixt.00)h- EB Y - 20w - 5 + azt) - Dary -
00 b M O 2

2
%@ @

where the expectation is taken at anydis < t. Using equation (3) and (1), the variance of

ds is Eh/bY.

With taxes, uncertainty affects both the expectation of the flow of benefits and the
variance of dS. The model with taxes has two obvious but important characteristics, which we
summarize in

Remark: (1a) The effect of uncertainty on both the expectation of single-stage benefits

(o®h/2b) and on the variance of d&%p?/b?) is independent of z, and thus of the tax.

(1b) The ratio of the two effects of uncertainty per unit of time depends on the length

of the stage.

Remark (1a) follows from the linear-quadratic structure with additive errors. Remark (1b) is
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useful for understanding the importancehoin comparing the two policies. We can re-state

this remark using the definitioR = (6%/2b)/(c*h/k¥) = b/2h;T is the ratio of the effects o

on the current payoff and on the variance of dS. This ratio depends on h, the number of units
of time between the arrival of new information (which equals the number of units of time
between changes in firms’ decisions). The paramEtes, of course, independent of units of

time® and it is also independent af(h).

The flow of damages during the stage beginning at time t is

D = D(S(t) = cS(t) + %S(t)z (5)

where ¢ and g are positive parameters. The total damage during the stage is D(S(t))h. The
instantaneous discount rate is r, so the discount factprs™. We now have all of the
elements of the model. The regulator’s payoff is the present discounted value of the
expectation of the stream of benefits minus costs, @B(x,D(S)]h, where the equation of
motion is given by (1).

With quantity restrictions, where the evolution of the state is nonstochastic and the

expected payoff within each period is also independerd’pthe regulator’s problem consists

®> For example, suppose that the length of a stage is one year. If we let one unit of time
equal one year, tmeh = 1. If wechange units of time to equal months, but hold constant the
length of a stage, tmeh = 12. However, since we have measured benefits as a function of
the flow of pollution, we need to replace b with 12b. Thus, changing units of time from years
to months does not chande



of the payoff

e R SV R A
gﬁé ax(tih) - Dx(t-ih)” - cS(eih) §S(t|h)@1 (6)

and the constraint, equation (1). With taxes, the regulator wants to maximize

EY B é . % - az(tih) - gz(mh)2 - cS(rih) - %S(t+ih)2@1 )

i=0

subject to the constraint

St+h) = AS(H) - ZHh - &b)h | ®)

We obtain equation (8) by using equations (1) and (3). In taking expectations of the payoff
we use Remark 1a and the assumption that iid to replace E@%2b} by 0%/2b. The
expectation in equation (7) is taken with respect to the evolution of S.

The nature of the problem changes fundamentally as h changes, as Remark 1b
suggests. The smaller is h, the more frequently firms adjust their decisions. Since damages
are convex in S, uncertainty about the evolution of S increases expected damages (by Jensen’s
inequality) and reduces the regulator’'s expected payoff. However, uncertainty increases the
expected flow of benefits because each firm’s output is positively correlated with its marginal
benefits (equation (3)) under taxes. The paramktprovides a measure of the effect of

uncertainty on expected benefits relative to its effect on expected darpagesit of time
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The expected payoff under quotas is independent of the amount of uncertainty (
Therefore, the ranking of taxes and quotas depends on the ratio between the benefit and the
cost caused by uncertainty under taxes. Singe decreasing in h, the more frequently firms
adjust their decisions (i.e., the more frequently they receive new information about marginal
benefits), the greater is the expected benefit relative to the expected cost caused by
uncertainty. This ratio of benefits to costs (measured ppecomes infinite as h becomes
small. Consequently, for sufficiently small h, taxes dominate quotas, as we show in the next
two sections.

Before turning to the comparison of taxes and quantity restrictions, we note that if
damages depend on the flow of pollution rather than the stock (e.g., D(X) = cX/3),gaur
model is equivalent to Weitzman’s. For that model, Weitzman shows that taxes are preferred
to quotas if and onlyfil > g/b. In our model (with stock dependent damages) the parameters
g and b have different units, so their ratio is not unit-free (unlike the number 1). Therefore
g/b cannot provide a criterion for ranking policies in the dynamic model. Nevertheless, the
ranking is related to this ratio.
3. Non-Flexible Tax or Quota

In this section we consider the case in which the trajectories of the tax and the quota
must be determined at= 0. Here we fix the amount of firms’ flexibility, parameterized by
h, and assume that the regulator has no flexibility. Once he has chosen his policy trajectory,

it is written in stoné

® The regulator is able to announce a time-varying policy, and in that sense does have
flexibility. We define the inflexible regulator as one who has to choose a trajectory at time 0
and then follow it. We could specialize our model to consider the "inflexible" regulator as
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We noted that when quotas are used, the expectation of the payoff is independent of
and the evolution of S is nonstochastic. We define Q(S(0)) as the maximized value of the
payoff in (6), subject to (1). We define T(S(6);as the maximized value of the payoff in
(7), subject to (8) under an open-loop policy. When there is no uncertainty, the two policies
obviously have the same payoff: Q(S(&)T(S(0);0). We will also use the following

Remark 2: The optimal quota trajectory {§%, is identical to the expected pollution

trajectory under optimal taxes, {¥*., (i.e., x* = z* for all i).

This fact is another consequence of the linear-quadratic structure with additive errors.

We calculate expected damages under a tax by using equation (8) to obtain

Sih) = AS0) + hlz((i-1)h) + AZ((i-2)h) + .. + A ZO0)]

) | (9)
+ B[e((i—l)h) + DB((I-2)h) + ... + AB(0)] .

In view of the quadratic form of damages, we can write the expectation of damages as

ED(S(ih)) = D(ES(h)) - %[E(S(ih))z - (ESih)?] . (10)

Equations (9) and (10) imply

i) = i - gh?c® 1 - A? . 11
ED(S(ih)) = D(ESih)) TeRE— (11)

We already noted that uncertainty increases the single period expected benefits (when

one who must choose a constant policy, but this would not change our results.
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a tax is used) by the amountti2b (see equation (7)). Using equations (7) and (11), and

Remark 2, we can write T(S(®) - Q(S(0)) as

- O
S _ lDG h gh%c® 1 - A% [ (12)
T(S(0);0) - QH0)) = X; B3 Dzb YRR h%

which we simplify to obtain

T(S0);0) - QE0)) =

0 . 0
i O (13)
a- B)me b(L - BAY)

Equation (13) implies that an emission tax is superior to a quota (i.e., T[S(0)] > Q[(S(0))] if
and only if g/b <@, where

1- BN _ (1-BA)/h (14)

¢ = Bh? Bh

For small h,8 = 1-rh andp A* = 1-(r+25)h. Using these approximations and equation (14),

we obtain an approximation fag, which we denote ag; ("a" for approximation):

o~ @=" ;25 . (15)

From (14) or (15) we see that taxes are more likely to dominate quotas the larger the
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discount or depreciation rate, or the smaller is the slope of marginal damages relative to
marginal benefits. An increase in the firms’ flexibility, i.e. the frequency with which they
receive and act on new information about marginal costs (1/h), also makes the use of taxes
more attractive. Thus, provided thia > 0, taxes are certainly preferred to quotas when h is
sufficiently small. The criterion for ranking the policies is independent of the initial stock,
S(0)

Under Assumption 1, the amount by which taxes are preferred to quotas approaches 0
as h- 0. Inthe limit as firms are able to respond infinitely frequently, taxes and quotas are
equivalent. In order to establish this, we can use the approximatiofsanfl BA? to rewrite
equation (13) as

R _ o’ g _gh(1-rh)O 13
T(S0);0) - Q) Zbrg, L (13)

Provided thaio? is of the same order of magnitude as h (or smaller), T(8J0)Q(S(0))
converges to 0 as h. 0. In the limit, taxes and quotas are equivalent, although for
sufficiently small but positive h taxes are preferred to quotas.
4. A Flexible Tax or Quota

This section studies the case where the regulator has the same degree of flexibility as
firms. At the beginning of each stage, the regulator observes the current value of the stock,
but not the current realization & and chooses the current policy level. Here the regulator
uses a feedback rule. The previous section considered the case where the regulator had to

commit to a tax or quota trajectory at the initial time, i.e., he used an open-loop policy. The
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two cases thus represent two extreme assumptions about the regulator’s flexibility.

The regulator’s increased flexibility has no value if he uses a quota. Equation (1)
shows that under a quota the development of the stock is nonstochastic, so the regulator
learns nothing from observing it.Therefore, nothing is gained by postponing the decision of
x(t) until t, rather than choosing the entire emission path at the initial time: the open-loop and
feedback policies are identical and give the same payoff. In addition, the random vériable
does not affect the expectation of the current payoff. (The payoff in equation (6) is
independent ob?) The value of the regulator’'s program under a flexible quota is Q(S),
defined in the previous section.

If the policy is an emission tax, the flow of pollution and thus the evolution of the
stock is stochastic (equation 8). In this case, flexibility in setting the tax increases the
regulator’s payoff. The optimal emission tax at any time depends on the stock of the
pollutant at that time. When the tax path must be chosen atttim®, it is not possible to
achieve the first best outcome, because at time 0 the regulator is not certain of the stock at
time t > 0. Denoting the optimal value of regulator’'s program under a flexible tax (8w,
it is clear that TS;0) = T(S;0). In general, the inequality is strict. When there is no
ambiguity, we suppress the second argument of T(-) dAd T

The flexible regulator is more likely to prefer taxes over quotas. There exist
parameters such that the regulator would prefer a quota rather than a tax under an open loop

policy, but allowing the regulator to use a feedback policy reverses the ranking. This

" Since, by assumption, the quota is binding in every state, the regulator does not even
learn past values d. In any case, becauggis iid, information on past realizations would
be worthless.
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conclusion holds because we know that when gip,>he "inflexible regulator" prefers the
quota, i.e. Q(S) > T(S), and that in generdBT > T(S). Therefore, for some parameter
values “TS) > Q(S) > T(S). The rest of this section derives the criterion for a tax to be
preferred to a quota when policies are flexible.

We note that foro = 0, T(S;0) = T(S;0) = Q(S). We use dynamic programming to
determine the function (B0), and then show how this function is related to Q(S) dor O.
The single period expected payoff in equation (7)\s with A = [f + az - bZ/2 + ¢%2b - ¢S
- g$9/2]. Using this definition ofA and equation (8), we write the Dynamic Programming

Equation (DPE) under the flexible tax as

(9 = maxA(z sh - BETAS - zh ~ ONE (16)
z o [] b O

The method of solving the DPE (16) is standard, so we merely sketch the steps. We
know that the value function is quadratic(S) = p, + p,S + p,S/2. We substitute this "trial
solution” into equation (16), and use the first order condition to find the optimal control rule
as a function of the state S, the known parameters, and the unknown parapneters
Substituting this control rule into (16) gives the maximized DPE, which is a quadratic
equation in S. Equating coefficients of, S and % (in the maximized DPE) gives

expressions for the equilibrium values @f The equilibrium values op, and p, satisfy

_ H (8Bp,)? ) - (17)

i 2
P W geh + BA*P
2 _Bhpz E 2
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and

0 0
. - % _ (@-Bp) @ pp, - O . PehD (18)
° g 20b-Behg ° 26 O b o

The parameteo affects the constant term (f °/2b)h in the expected payoff flow and
the variance of the additive errorgtb)? in the stock evolution. Therefore, in view of well-
known properties of the linear-quadratic control problem with additive ermedfects only
the equilibrium value op,; the values op, andp, are independent af. In addition, from
equation (18)p interacts withp, but not withp,. Consequently, in order to determine haw
affects the value function, do not need to know the valug,pfand we therefore do not
include the equation that determines that parameter.

From (18) we see that quotas are preferred to flexible taxes if and only if the
equilibrium value ofp,, which we denote ap, (= T"), is less than -Igh. In Weitzman's
static problem, the ranking of taxes and quotas depends on the curvature of the benefits
function (b) relative to the curvature of the damage function (g). In the dynamic problem
with stock pollution, the ranking depends on the curvature of the benefits function relative to
the curvature of the value functiop.j.

Rearranging equation (17) and dividing by h, we can wpif@s the unique negative

root of m@,) = 0, where

m(p,) = Bp? - %Bh bAd-BY) BA) D, - gb . (19)
[
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We want to know whethep, is greater or less thenbf8h. Sincem(0) < 0, m(®,) = 0, and
m'(p,) < 0, we know thatp, < -b/Bh if and only if m(—b/Bh) < 0. (See figure 1.)

Using equation (19) to evaluata(-bf3h) gives

0
nB b0 o2 BF o7 (20)
0 BhO 0 2Bh? b

Equation (20) and the previous remarks imply that quotas are preferred to taxes if and

only if g/b exceeds a critical value, denoted given by

0 0 0
_ 0 2-pA %Eﬂ—BAZ EE - (21)
@) o e g

@,

with y = (2 - BAY)/2(1 - BA?) > 1 andg,
defined in equation (14). The function o
™,

@, is increasing irr, 3, andh. A higher

discount or decay rate or a more flexible \ b
B4

A ® P,
. . P, -
firm, makes taxes more attractive. In :

addition, @, approaches infinity as h

approaches 0, so for sufficiently small

(but positive) h, taxes are certainly Figure 1 Graph of mp,) when, < b/Sh.
preferred to quotas. However, for the limiting valuieho= 0, taxes and quotas are equivalent.

This conclusion follows becaug® approach limiting (finite) values as b 0, and from
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equation (18) we see that in the linmj is independent 06°.® We noted that even for the

inflexible regulator, taxes and quotas are equivalent in the limit as @. (See the

discussion of equation (13’) in Section 3.) Finally, since 1, @, > @,, so giving the

regulator flexibility increases the set of parameter values for which he prefers to use a tax.
To summarize, we have
Proposition: For the quadratic model with additive uncertainty about abatement costs,
increased flexibility, either on the part of the firm or the regulator, makes it more
likely that the regulator prefers to use a tax rather than a quota. If the firm is
sufficiently flexible, the regulator prefers to use taxes. However, the difference in the
regulator’s payoff under the two policies approaches 0 in the limit as the firm is able
to change its plans arbitrarily quickly. There are two critical values for the relative
curvature of the damage and benefit functions, g/b. These valueg, &e(1 -
BAYBh? and @, = (2 - BAY)/2Bh%. For g/b < @, inflexible taxes are preferred to
qguotas. Forg, < g/b < @, flexible taxes are preferred to quotas, which are preferred
to inflexible taxes. Fop, < g/b, quotas are preferred to both flexible and inflexible
taxes.

As in Section 3, we can approximate the critical vafye Expanding the formula in

8 This conclusion requires only thaf(h) be of a smaller order of magnitude than 1/h,
which is obviously a weaker condition than Assumption 1.
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equation (21) yields the approximatiag:

1
r+20+_—
O (22)

2h

We noted thatp, > @,. Since €*®" < 1, a necessary condition for the approximation in
equation (22) to be valiksil > (r+D)h. When this inequality holds, we also hage> (.

Both approximations have the comparative statics properties described in the Proposition.
5. An Empirical lllustration

We apply the results of the previous sections to rank taxes and quotas in controlling
CO,, the major "greenhouse" gas. The control of greenhouse gasses is among the most
important, or at least most hotly debated current environmental issues.

Even our parsimonious model stretches the limits of available data. We use two
estimates for the slope of marginal damagedsr-alk and Mendelsohn’s (1993; hereafter, FM)
"high" estimate, and Reilly’s (1992) estimate which we adapted by converting units from
parts per million to tons. We used data from Nordhaus (1991) to estimate the parameter
under a variety of specifications. All of these specifications led to estimates with similar
orders of magnitude. We chose the specification which produced the smallest estirbate of
[= 2.97E(-8)], thus biasing the results in favor of the use of quotas. Table 1 summarizes the

estimates ofy and the ratiog/b. The appendix discusses the data more fully.
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Table 1: Estimates of g/b*

FM Reilly
estimate of g 8.12E(-13) 1.19E(-12)
estimate of g/b 2.73E(-5) 4E(-5)

* Using the estimate fob = 2.97E(-8).

We chose one unit of time equal to one year and set the discoent rat03 and the
decay rated = .005. A review of the literature suggests tldat .005 is widely accepted as a
point estimate for the decay rate for greenhouse gasses (FM and Nordhaus). Reiby=uses
.0083 in a study which focuses on €OThe values we chose for both the discount and decay
rate are therefore plausible but conservative (i.e. small), thus tending to bias the results in
favor of quotas.

We have no way of estimating the paraméiebut for units of time equal to one
year,h = 1 andh = 10 are reasonable bounds. Table 2 presents the critical vl
their approximationsy, for h ranging from .1 to 100.

Table 2: Critical Values of g/b*

h o) ¢ 0 ®

1 4004 4000 50.350 50.2

1 .0404 .04 535 52

10 .0044 .004 .00897 .007
100 .00197 .004 .00199 .00025

*r=.03,0=.005

Even though we chose parameter values from the plausible range in such a way to

makeg/b large andg small (thus making it more likely that quotas dominate taxes) our
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calculations indicate that taxes lead to higher welfgie &< @). This conclusion arises
because of the extremely small estimate for the slope of the marginal damages. However,
even if the larger (based on Reilly) estimategois too small by a factor of 1000, so that the
actual value ofg/b is approximately .04, taxes would still dominate quotas if the firm and the
regulator were "reasonably flexibleh & 1). If the estimate ofy is too small by a factor of
100, taxes would still dominate quotas even if the firm and the regulator are inflekilste (
10). Consequently, in spite of the data limitations, our results provide moderately strong
support for the use of taxes rather than quantity restrictions to control greenhouse gasses.
6. Conclusion

Previous literature ranked a tax and quota policy when abatement costs and
environmental damages both depend on the flow of pollution, and the polluter has better
information than the regulator concerning abatement costs. In that case, for linear-quadratic
functions with additive uncertainty, the quota dominates the tax if and only if the slope of the
marginal damage function is steep, relative to the slope of abatement costs. We studied the
situation where environmental damages depend on the pollution stock rather than the flow. In
this circumstance, a direct comparison of the two slopes is not meaningful, since the units of
the two are not the same.

The intuition provided by the static model continues to hold, insofar as greater
convexity of the damage function, or less concavity of the benefits function, make it more
likely that a quota is preferred. However, when environmental damages depend on pollution
stocks, the ranking of the two policies also depends on the discount and stock decay rates.

Higher discount and/or higher decay rates increase the importance of current flows relative to



20

future stock effects. The chief advantage of the quota is that it makes it possible to control
exactly the evolution of the stock. Since a higher discount rate and a higher decay rate both
decrease the importance of future stock effects, they also decrease the value to the regulator
of exact control of the evolution of the stock. Consequently, higher discount and decay rates
make it more likely that a tax is preferred.

The ranking of the two policies also depends on the amount of flexibility that the
regulator and the firm have. A firm’s flexibility increases if it wants to and is able to change
its emissions more frequently. An increase in the firms’ flexibility always increases the
relative attractiveness of the tax policy, regardless of whether the regulator uses an open loop
or feedback policy. The regulator has more flexibility with feedback rules, where its policy
depends on the current value of the pollution stock. An increase in the regulator’s flexibility
increases the expected payoff under a tax and has no effect on the expected payoff under a
guota. Therefore, an increase in the regulator’s flexibility also makes the tax a more
attractive policy instrument.

The generality of our conclusions is limited by the restrictive functional forms and the
restrictive assumptions about the random term. However, these assumptions play the same
role in the dynamic as in the early static models: they enable us to identify the fundamental
considerations that determine the ranking of policy. The simplifying assumptions are also
extremely useful for empirical work. It is very difficult to estimate the slopes of marginal
abatement costs and marginal damages. Even the simple linear-quadratic model strains the
existing data base.

We used the theoretical results, together with estimates of marginal benefits and



21

damages, to compare taxes and quotas in the control of greenhouse gasses. The point
estimates suggest that taxes strongly dominate quotas. In order to overturn this ranking, we

would need to adjust key parameters by a factor of more than 1000.
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Appendix

We surveyed the literature on damage and abatement costs associated with greenhouse
gasses. The volumes by Bruce et al. (1996), Cline (1992) and OECD (1992) and the papers
by Barnes et al. (1993) and Manne (1993) provide background material and summarize
previous estimates.

Falk and Mendelsohn (FM, 1993) use data from Nordhaus (1991) to estimate a linear
marginal damage function, which provided our first estimate of the parameteilly
(1992) estimates damages as a function of the concentration of greenhouse gasses (ppm). In
1990 the concentration of greenhouse gasses was 441 ppm and the stockwa<8D0
billion tons. We used these guantities and the assumption of a linear relation between
concentration rate and stock to convert Reilly’s estimate, obtaining a second estingate of
The two estimates differ by a factor of approximately two, which we regard as small, given
the imprecision of all these numbers.

To get an idea of the range of plausible estimates of the slope of marginal damages,
Table 3 reports estimates of the cost to the world (in billions of 1990 dollars) resulting from a
doubling of the atmospheric stock of GWhere the original study estimates the cost of
damages for the US economy only, we assumed for the rest of the world the same ratio
between damages and GDP as in the US. Using this ratio and data on world GDP we can
then estimate the economic cost of damages for the world Thus, we can compare estimates

across the studies.



Table 3 Damage Estimates In Billions of 1990 Dollars
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Resulting from a Doubling of Tons of Carbon in Atmosphere

Cline (1992) | Fankhauser | FM (1993) Maddison Nordhaus Nordhaus
(1995) (1995) (1991) (1993)
220 260 50 (low) 300 50 266
400 (high)

These estimates vary by a factor of 8. Thus, it seems unlikely that estimates of g
based on these studies (if such estimates were possible to construct) would vary by a factor of
more than 1000. We noted in the text that the ranking of taxes over quotas would survive a
thousand-fold increase iq

Nordhaus (1991) reports estimates of total and marginal costs associated with different
percentage reductions in greenhouse gasses. We converted these percentages to tons of
greenhouse gas at 1990 levels, thus obtaining 15 "observations" of abatement and associated
marginal and total costs. We used these data to estimate marginal abatement costs under a
variety of specification (e.g., regressing total costs against abatement and (ab&teritient)
and without an intercept; regressing marginal costs against abatement with and without an
intercept). Our estimates &franged from 2.97E(-8) to 4.2E(-8). We used the smallest value
of b in our calculations, in order to make it more likely that quotas would be preferred.

Maddison (1995) estimates a cubic abatement cost function, using percentages rather
than absolute level. We converted his estimates to levels and fit a quadratic function through
the resulting curve. The resulting estimatebofvas of the same order of magnitude as the

estimates we obtained using Nordhaus’s data.
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