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ABSTRACT

This paper examines the choice between revenue-raising and non-revenue-raising
instruments for environmental protection in a second-best setting with pre-existing factor taxes.
We find that interactions with pre-existing taxes fundamentally influence the costs of regulation
and seriously militate against pollution abatement policies that do not raise revenue. Indeed, if
the marginal environmental benefits from pollution reductions are below a certain threshold value,
then any amount of pollution abatement through non-revenue-raising (NRR) policies like
emissions quotas is efficiency-reducing. Under conditions roughly approximating SO, emissions
from electric power plants in the U.S., efficiency gains vanish if marginal environmental benefits
are below $109 per ton and an NRR policy is employed. Moreover, imposing the "Pigouvian"
(rather than second-best optimal) level of quotas can reduce welfare, even when environmental
benefits are as high as $220 per ton. These results are largely independent of the size of the
regulated sector relative to the overall economy.

These findings stem from two underlying effects. The tax-interaction effect is the adverse
impact in factor markets arising from reductions in after-tax returns to factors associated with the
higher production costs caused by environmental regulation. This effect leads to significantly
higher efficiency costs than what would apply in a first-best world with no pre-existing taxes.
Revenue-raising regulations (taxes) enjoy a revenue-recycling effect that offsets much of the tax-
interaction effect, but non-revenue-raising regulations (quotas) enjoy no such offset.
Consequently, for any given target level of emissions reduction, the gross efficiency costs of non-
revenue-raising policies are higher than those of revenue-raising policies.

These general equilibrium results are relevant to government regulation outside the
environmental area. To the extent that government regulations of international trade or
agricultural production raise the costs of output and thereby reduce real factor returns, they can
generate much higher social costs than would be indicated by partial equilibrium analyses.
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I. Introduction

In choosing among alternative instruments for achieving environmental improvement, an important
consideration 1s whether the instrument in question raises revenue. Revenue-raising (RR) instruments include
taxes on emissions of pollution (e.g, releases of chlorofluorocarbons), or on inputs, goods or services closely
associated with pollution (e.g., gasoline). They also include tradeable emissions permits in cases where the
permuts are sold or auctioned by the regulatory agency when they are first made available. Non-revenue-
raising (NRR) instruments include mandated technologies, performance standards, and tradeable permits
when emissions permits are initially given out free (or grandfathered).'

During the past decade, a number of economists have pointed out an important attraction of RR
instruments over NRR instruments. Oates and Schwab (1988), Poterba (1993), Repetto ef al. (1992) and
others have emphasized that RR instruments enable the public sector to finance cuts in existing, distortionary
taxes, thereby avoiding some of the deadweight cost associated with these taxes. The efficiency benefit from
using revenues to finance cuts in the marginal rates of existing taxes (relative to when they are returned lump
sum) has been termed the revenue-recycling effect (Goulder [1995]). Numerical investigations by Terkla
(1984) and Ballard and Medema (1993), along with those reported in Repetto et al. (1992) and Shackleton et
al. (1995), indicate that such revenue-recycling can substantially lower the aggregate social cost of
environmental regulation relative to the case where no revenues are raised or, equivalently, where revenues
are not used to cut marginal tax rates.

Recent explorations in second-best environmental taxation suggest, however, that there may be much
more at stake in the choice between RR and NRR instruments than previously thought. Beyond suggesting
that NRR policies are at a disadvantage relative to RR policies, this work calls in question the ability of NRR
policies to yield efficiency gains. Analytical work by Bovenberg and de Mooij (1994), Bovenberg and van
der Ploeg (1994), and Parry (1995) has shown that, by driving up the price of (polluting) goods relative to
leisure, environmental taxes tend to compound the distortions caused by taxes in labor markets. In general,

the negative welfare impact associated with this tax-interaction effect dominates the positive influence of the

'Besides reducing pollution, the choice between RR and NRR policies applies to a wide range of other public
policy objectives, including reducing traffic congestion, drug use, smoking, household garbage generation, depletion of
fish stocks and destruction of natural habitats.



revenue-recycling effect and implies that, overall, environmental regulations are more costly in a second-best
setting with pre-existing distortionary taxes than in a first-best situation where no other taxes are present.’
Moreover, this research indicates that environmental taxes which fail to exploit the revenue-recycling effect --
as in the case where revenues are retuned to the economy through lump-sum tax cuts rather than through cuts
in marginal tax rates -- may be unable to generate an efficiency improvement’ no matter what level of
pollution reduction is attempted! In this connection, numerical simulations by Bovenberg and Goulder
(1996) indicate that a carbon tax whose revenues are returned lump-sum cannot improve economic efficiency
(regardless of the size of the carbon tax) if the marginal environmental benefits from carbon abatement are
less than $50 per ton.

Like environmental tax policies in which revenues are retumed lump sum, NRR policies fail to
exploit the revenue-recycling effect. Yet, as discussed below, they produce a (costly) tax-interaction effect
similar to that of environmental taxes. This suggests that, in a second-best setting, the serious limitations to
efficiency that apply to environmental tax policies in which revenues are returned lump-sum may apply
equally to NRR policies. The disadvantage of NRR instruments may be large enough to make efficiency
improvements impossible with these instruments no matter what the level of pollution reduction. In other
words, the revenue-recycling effect might not only influence the relative impacts of NRR and RR policies but
also dictate whether the welfare impact under NRR policies is positive.*

This paper examines the choice between RR and NRR instruments in a second-best setting where
distortionary taxes are present. We analyze how the magnitude of existing taxes alters both the relative
efficiency effects of these two types of instruments and the absolute efficiency effects -- in particular, the
prospects for positive efficiency impacts. We begin with a simple model that yields analytical results and

*This implies that the optimal pollution tax in a second-best setting is usually lower than the “Pigouvian” tax
rate or marginal environmental damage. Bovenberg and Goulder (1996) and Parry (1995) find the optimal tax to be
about 30 percent below the Pigouvian rate under plausible values for parameters and pre-existing tax rates. These
results are consistent with earlier theoretical contributions in the optimal tax literature. See, for example, Sandmo
(1975), Ng (1980), and the discussion in Auerbach (1985).

*By “efficiency improvement” we mean a positive aggregate net benefit from the environmental policy, where
the net benefit is the gross social benefit stemming from the reduction in pollution minus the social cost of pollution
abatement.

*Of course there are other important considerations in instrument choice, including administrative ease,
monitoring and enforcement costs, the probability distribution of policy errors in the presence of uncertainty, effects on
the distribution of economic rents, and political feasibility. (There is a very large literature on how these other
considerations might influence instrument choice. See, for example, Hahn [1986], Nichols [1984], Stavins [1991], and
Weitzman [1974]). To the extent that NRR instruments are revealed to be at a serious disadvantage along the efficiency
dimensions we discuss, the larger the advantages along these other dimensions must be to justify their adoption.
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then extend the model gradually to gain greater realism. As we extend the original model, we give up the
opportunity to obtain analytical solutions and must solve through numerical simulation. For concreteness we
gauge model parameters and industry definitions to approximate circumstances faced by U.S. policy makers
in the drafting of provisions of the 1990 Clean Air Act Amendments applying to sulfur dioxide emissions
from coal-fired electric power plants. But the insights apply to other settings, including the abatement of
carbon emissions on the national or international level through taxes or tradeable permits.

The paper is organized as follows. Section II lays out the central theoretical issues and obtains initial
results using a simple analytical model. This model has a similar focus to the graphical analysis in Parry
(1996) -- the only previous paper we know of on this topic -- but differs from that paper in providing an
explicit utility-maximizing basis for the welfare resuits. Section III extends the original model, where the
extensions include attention to intermediate inputs and a broader set of options for pollution abatement. The
extended model is applied numerically in Section [V. This section explores further how tax interactions
affect the net welfare gains from pollution-abatement policies, and examines when these interactions can
offset the entire “Pigouvian” welfare gain from pollution abatement. Section V analyzes further the

sensitivity of the results to parameters and model specifications. Section VI offers conclusions.

II. Analytical Foundations and Results

A. The Basic Model’
A representative agent model is assumed in which household utility is
Iy UmXx,x 1), Q)
where U() and the subutility function u(.) satisfy the usual properties of continuity and local quasi-

concavity. X and Y are market goods, / is leisure or non-market time, and Q is the quality of the
environment. Weak separability between environmental and non-environmental goods implies that the

demand functions for X, Y and / are independent of Q.°

* This section adopts an approach similar to that taken in recent unpublished notes by David Starrett.

® This is a common simplifying assumption. Using a more general utility function would not affect the key
result in this section. which compares pollution taxes and quotas at a given level of environmental quality.



X and Y are produced by competitive firms using labor as the only input. The marginal product of
labor in both industries is constant, and unaffected by environmental quality. Normalizing units to imply
transformation rates of unity, we can write the economy’s resource constraint as:
2y T=X+Y+I/
where 7 is the household time endowment ( 7 — / 1s labor supply).

The production of X causes waste emissions that harm the environment; that is:
13y Q=0.X)
where 0, <0 7 From (II.1) and (II.3), we can define marginal environmental damages from production of

X in dollars by
1
14y DX)= - U,0y

where A is the marginal utility of income. We make the usual assumption that D’(X) > 0 . In the absence

of policy intervention, there is assumed to be no internalization of environmental damages by firms or
households.

Finally, the government has an exogenous total revenue requirement 7R, levies a proportional tax
of 7 on labor income, and regulates X. For our purposes it does not matter what 7R is used for; we assume

it is returned to households as a lump sum transfer *

B. Pollution Taxes (Revenue-Raising Instruments)

Suppose a tax of 7, per unit is imposed on X. Normalizing the gross wage to unity, we can
express the household budget constraint as:
sy (A+z,)X+Y=QA-7, }(T-)+1TR
As usual, households are assumed to maximize utility (II. 1) subject to their budget constraint (I1.5), taking
environmental quality as given. This vields the first order conditions
ey U, =(1+7,)4;, U, =4, U =(1-1,)4

From (II.5) and (I1.6) we can implicitly derive the (uncompensated) demand functions

"Therefore, reducing waste emissions requires reducing output. More generally, this can also be achieved
by substituting waste emissions for other inputs in production. However, as we demonstrate below in the numerical
model, substitution in production does not substantially reduce the relative size of interactions with the tax system.

¥ An alternative specification would incorporate 7R as a public good in the household utility function.
This produces the same results as in our model, since 7R is held constant.



(L7 X(ty,7. ) Y(ry,7. ) Uzy,7.)
Government revenues are the sum of labor and pollution tax revenues. Therefore government
budget balance requires
I8y TR=z,(I'-D+7, X
We now consider a revenue-neutral policy involving an increase in 7 , and reduction in 7, . Substituting

(I1.7) in (I1.8) and totally differentiating while holding 7R constant gives

d X+rxﬁ—rL&il

mo) G- S
e T—l-7, o,

éz.L &L

This equation is the reduction in labor tax that can be financed by a marginal increase in the environmental
tax, while maintaining budget balance. Differentiating the resource constraint (II.2) yields the following

condition for the aggregate quantity effects of the policy change:

X & 5l+{@( V4 5l}dTL

(I1.10) + + + +
or, Oty Oty or, or, OJr, |dr,
Using (I1.1), (I1.3) and (I1.7) the welfare effect from a marginal change in 7, allowing for

changes in household demands and in the value of 7, , 1s

v =U, 28 +U, 24 +U, ad +U, Oy A +<U, X +U, 2d +U, o +U, 0y o | dz,
dr, = or, or, or, or or, or, or, Y or,

dr
Substituting the expressions for marginal environmental damages (I1.4), margnal utility from consumption

(I1.6), and the aggregation property (I1.10), gives

d
T o D) Xty T |02 ) Do, 2|
1dr, o, Yor, or, o, |dt,

Substituting from (II.9) and collecting terms gives

e, L o= ) E Uy, Kl drjep &L A
L X X L A
1 dU X or, or, or or
Tar, PTGt a &
Tx ¥ T-l-r,—+71,
or, or,

Finally, this can be expressed as




1 d
(It — u =(D-17, )(—ﬁ] +M(X+rx g—j -1+ M)z, N
Adr, or Oty or,
| 4 — - -/
w* MWH W'
where
ol ax
o 2o f- 2]
(IL12) M= o L
ol axX
r-l-r, —+r7, —
or, o,

The numerator in (II.12) is the welfare loss from a marginal increase in the labor tax. This consists of: (1)
the increase in leisure multiplied by 7, , the wedge between the gross and net wage; less (i1) the reduction in
X multiplied by the gap between marginal social cost (1+D) and the demand price (1+ 7, ) in the X market
(assuming X and leisure are substitutes). The denominator is the overall increase in government revenues
from a marginal increase in the labor tax (from differentiating (I1.8) with respect to 7, ). Therefore, M 1s
the efficiency cost of raising an additional dollar of revenue by increasing the labor tax, or marginal
welfare cost of labor taxation.

Equation (II.11) decomposes the welfare impact of the policy change into three components. The
first is the Pigouvian (or partial equilibrium) effect W7 . This is the reduction in X from a marginal
increase in the environmental tax, multiplied by the wedge between marginal social cost and the demand
price, or marginal social benefit. The second is the gain from the (marginal) revenue-recycling effect,
AW This is the product of the efficiency value per dollar of tax revenue (the marginal welfare cost of
taxation) and the incremental pollution tax revenue. The third is the (marginal) tax-interaction effect,

AW When X and leisure are substitutes, an increase in the demand price of X increases leisure, which

exacerbates the welfare cost of the labor tax by 7, . This also reduces labor tax revenues by

X

T, . The tax-interaction effect is the welfare loss from these two impacts.

X
We now compare the revenue-recycling and tax-interaction effects. &W' can be manipulated to

give the following approximation (see Appendix A)

et + 1
(L13) W' =g, MX ; b, = S X1 Y"
X+YUX'+

X+Yn;l + 1y



where 1%, and n;, are the compensated elasticity of demand for X and Y with respect to the price of
leisure, and 7, is the income elasticity of labor supply. @, is a measure of the degree of substitution
between X and leisure relative to that between aggregate consumption and leisure. ¢, equals unity when X
and Y are equal substitutes for leisure (%, equals 7;,) and is greater (less) than unity when X is a
relatively strong (weak) substitute for leisure (that is, 775, is greater (less) than 7}, ). Comparing (I.13)
with SW® in (IL.11), we see that the (marginal) revenue-recycling effect equals the tax-interaction effect
when 7, =0, but dominates it for 7, > 0, if X and Y are equal substitutes for leisure. Therefore, the net

effect from interactions with the tax system is generally negative. unless X is a sufficiently weak substitute

for leisure (@, is sufficiently below unity).’

C. Pollution Quotas (Non-Revenue-Raising Instruments)
Now consider, in contrast with the pollution tax case, the situation where a binding, non-auctioned
quota is imposed so that
(L14) X=X
We denote the post-regulation demand price of X' by p(X') . The quota creates rents of 7 = (p(f ) - I)X’ .

which are returned to households (who own firms). The numerical model incorporates the taxation of these
profits. but for the moment we simplify by ignoring this possibility. Therefore 7 appears as an exogenous
lump sum component of income in the household budget constraint. The household demand functions can

now be summarized by
(I1.7") X: Y(_/? T, ); l(}, T, )

and since the constraint on X is binding,

éiX:O
L

(11.15)

The key difference compared with the previous case is that the quota policy generates no revenue.
Therefore the government budget constraint is

(18) TR=7,(T-1)

® The predominance of the tax-interaction effect has recently been discussed by Parry (1995). The result
has long been implicit in optimal tax models (for example Sandmo (1975)), which do not decompose the revenue-
recycling and tax-interaction effects.



Differentiating (I1.8"), and using (I1.7), gives
ol
TL ——
X
r-l--, —

L
L

d
aroy Lo

Also. differentiating (II.2) and using (II.15) gives the following aggregation property

aoy 1+ & L X O dn
X oX \|or, o,

aX

Differentiating utility with respect to .X and 7, , and performing the analogous substitutions to

before gives

1 dU — , ol
(.11 Iﬁ—{(p(X)—l)—D}—(l-f-M )TL a—y‘
where
ol
- 2
(I1.12) M'= L =
r-l-r, —
or

L

M’ | the marginal welfare cost of labor taxation, is more simple than before, since (from (II.15)), there is

17). ¢ .
no effect in the X" market from increasing 7, . Multiplying (II.11") through by 0"1'— and substituting
X

p(Y) =1+7, gives

LA .. SRV I
AdX or, or, oX or,
w w4 -/

w* w!

which shows the effect of a quota that has the same effect on the output of X as a change in 7, .

Companng (II1.11") with (II.11), the Pigouvian and tax-interaction effects from regulation are analogous to
before. However, in the quota case there is no revenue-recvcling effect. Therefore so long as marginal
pollution tax revenue is positive. the marginal welfare effect of the tax exceeds that for the quota.

Increasing the abatement level reduces the pollution tax base (X) and increases the revenue loss

(-7, (é’X / or, )) from incremental reductions in X; that is the marginal revenue-recycling effect is



declining. This implies that the discrepancy between the marginal costs of the tax and quota becomes

smaller with the extent of abatement, so long as M is not falling with the amount of abatement.

D. Welfare Implications of Instrument Choice
The traditional Pigouvian analysis implies that environmental regulation can increase welfare so
long as marginal environmental damages are positive. This is true for the pollution tax in the above model,

when X and Y are equal substitutes for leisure (¢, = 1). However in the pollution quota case, where there
i1s no revenue-recycling effect. the incremental welfare change from regulation is positive at 7 x =0 when

MWF > W' orusing (I1.11") and (I1.13)

~ M’
(I.16) D> P
Nxx
oax 1. _ _ . ~ _
where 17, =~ P T 1s the (magnitude of the) own price elasticity of demand for X and D is marginal
X

environmental damages expressed relative to marginal production costs.

Some quick calculations show that this can be crucial to welfare impacts. The marginal welfare
cost of labor taxation generated by the numerical model is (approximately) 0 3 (see below). Using this
value, if the elasticity of demand for the polluting good is 0.5, 1 or 2, then marginal environmental
damages must exceed 60%. 30% or [5% respectively of marginal production costs, or else any level of
quota necessarily reduces welfare (when X and Y are equal substitutes for leisure).'

Hence this simple analytical model indicates that the magnitude and even the sign of the welfare
effects can hinge cnitically on whether a revenue-raising or non-revenue-raising instrument is used. Below,
we examine these issues further using a numerical model that enables us to avoid some of the simplifying

assumptions of the present model.

III. A Numerical Model

The analytical results above indicate the NRR instruments can face a significant disadvantage

>

relative to RR instruments, especially when marginal environmental benefits of pollution reduction are “low’

""When demand curves are linear, this condition implies that a quota can increase welfare if environmental
benefits are large enough to imply a Pigouvian (first best) output reduction in excess of 30 percent (Parry [1996]).
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relative to production cost. To explore this issue further, we now extend the model to incorporate
intermediate inputs (in addition to consumer goods) and to recognize firms’ abilities to reduce emissions
through abatement expenditure (which reduces the intensity of emissions per unit of output). The extended
model does not afford analytical results; hence we obtain solutions numerically. However, the model enables
us to consider impacts of large (as opposed to incremental) policy changes, and facilitates sensitivity analysis.
In special cases the numerical model reduces to the same structure as the analytical model,; this makes it
possible to identify (in Section V) the significance of the new features in the numerical model.

The extended model has the following elements. There are two intermediate goods, electricity (E)
and a “general intermediate good” (G). In addition, there are two consumer goods: an electricity-intensive
good (C,) and a non-electricity-intensive good (C,). There is one primary factor of production, labor time,
which is allocated to production of £, G, C,, and C,, and to leisure (#). Labor applied to production again
faces the marginal tax rate, 7;. Electricity production entails emissions of sulfur dioxide (SO,). Government
policy options include taxes and fixed quantity restrictions on emissions of SO,. Government tax revenues
finance transfers to households: as in the original model, there is no consumptive government expenditure.

The types of inputs in the model, and the uses to which they are put, are indicated in Figure 1. In the
figure and in the text below, x,; denotes the use of good 7 by industry j. Thus, electricity and the general
intermediate good are used as an input into the production of electricity, the general intermediate good, and
the two consumer goods. Labor time is allocated to production of the four goods and to leisure. In the figure,
emissions of SO, are represented as an “input” to the production of electricity. This indicates that these
emissions can be substituted for other inputs to electricity production: that is, if emissions of SO, are reduced,
the use of ordinary inputs by the electricity sector (x,z, Xz, Xgz) must increase to maintain the same electricity
output.

The full set of equations of the model is provided in Appendix B. Here we present the behavioral

specifications governing producer and household behavior, along with the equilibrium conditions.
A. Production Technologies
We assume competitive, price-taking firms and a constant-elasticity-of-substitution (CES)

production technology in all industries. Production follows:

1
ML) X, = (¢, L] + ¢ B + a GM)P, i =G, E C, C,

i i
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where p, and the &, ,’s are parameters. p is related to o, the elasticity of substitution: p = (o-1)/0"

Producers make input decisions in accordance with profit-maximization. For producers in industries
other than electricity, profit is the value of output minus expenditure on labor, energy, and materials (see
appendix B). In the electricity industry, the expression for profit is slightly more complex to account for
pollution charges and abatement expenditure. In this industry profit (n) is given by:

(L2) = = pgX, - p L, - PeE, - PG, - piZ, - rSSJ.

where p, , p; , and p,; represent the prices of inputs of labor, electricity, and the general intermediate input,

respectively. Z and S represent abatement services and sulfur dioxide emussions, respectively; p; is the unit
price of abatement services (assumed to be equal to the price of labor) and 7z is the tax rate applied to SO,

emissions. In contrast with the original model of Section II, where the emissions-output ratio was fixed, in

this model firms can reduce the ratio of SO, emissions to output by purchasing abatement equipment or

services. The relationship between electricity output, pollution emissions, and abatement services 1s:
(IL3) S/X = o - az(ZJ./XJ.)ﬂ

where o, &, and P are parameters. This formulation asserts that, in the absence of expenditure on
abatement services or equipment (that is, when Z is zero), the ratio of SO, emissions to electricity output is
g.'? To the extent that the firm devotes resources to abatement, this ratio falls. Our data on abatement costs
for U.S. electricity producers (see below) indicates that £ is less than unity: there are increasing marginal

costs to SO, reduction."”

'We abstract from the heterogeneity among firms in given industries and, in particular, the considerable
heterogeneity among electric power producers. Considerations of heterogeneity can importantly influence the choice
among policy instruments -- for example, the choice between a program of fixed emissions quotas versus a program of
tradeable emissions permits. However, these considerations can be separated from the issue, emphasized here, of the
significance of whether a given policy raises revenue. For example, the relative efficiency impacts of a system of
auctioned tradeable permits (which raises revenue) and a system of grandfathered permits (which does not raise
revenue) are largely independent of the extent of heterogeneity across polluters.

12With greater industry disaggregation, one could link emissions to the use of specific fuels by the electricity
industry. In Section V we apply an extended model which distinguishes coal and other fuel inputs to electricity, and
connects sulfur dioxide emissions to the use of the coal input.

We considered modeling abatement costs by including S directly in the CES production function for
electricity. However, this has the unfortunate property that if the “price” of the use of § is zero (as is the case in the
absence of regulation), firms will use infinite quantities of S (that is, sulfur dioxide emissions will be infinite).

11



We consider two types of pollution regulation: a tax z; on sulfur dioxide emissions and fixed
quotas on such emissions. In the tax case, firms choose the level of abatement such that, at the margin, the
costs of abatement are equal to the avoided charges on pollution (see Appendix B). In the quota case, each
firm j maximizes profits subject to the constraint that §;=5,'* As shown in Appendix B, in this case the
firm’s behavior -- and in particular the quantity of abatement equipment purchased (Z) -- is identical to that
which the firm would choose if pollution level S had been enforced through a pollution tax. This means we
can model the pollution quota case as a tax on emissions, with the “revenues” (quota rents) returned in lump-
sum fashion to owners of electricity firms (households). The crucial difference between the case of an actual
emissions tax and that of an emissions quota (or virtual emission tax) is that significant'® government

revenues are earned only in the former case; thus the revenue-recycling effect is enjoyed only in that case.

B. Household Behavior

In its treatment of household behavior, the extended model differs from the earlier model in
distinguishing the goods that directly confer utility (the consumption goods) from other (intermediate) goods.
The electricity-intensive consumption good corresponds to direct household use of electricity, with the other
consumption good representing all other goods and services consumption. As before, household behavior
reflects utility-maximizing decisions of a representative household that allocates labor time between work and
leisure and allocates income between consumption of the two consumer goods. Income is net of tax wage

income plus -- in the case of an emissions quota policy -- net of tax rents. The utility function is:

U = U(,C,Cp,S)
(I1L.4) _ L
= (ot + azC™)P + UNS)

where

1
(IL5) C = (g C/ + 0qCHH)Pe

1“In keeping with the assumption of homogeneous producers, we assume that the aggregate emissions reduction
is achieved by equal reductions by all producers.

*In fact the quota policy has a slight revenue impact, as discussed in Section IV.
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The parameter g, is related to g, , the elasticity of substitution between leisure and overall consumption, C:
pPu =(0,-1)/g,. Cis a CES composite of the two consumption goods, with the substitution between them
controlled by p;. Utlity depends on SO, emissions (S) as well as ordinary goods and leisure. The
household regards S as exogenous. The impact of S on utility is represented by the function 7, which here is

separable from the effects of goods and leisure.

C. The Government’s Budget Constraint

As in the analytical model, all policies we consider are revenue-neutral: the govermment must obtain
enough revenue to maintain fixed real transfers to households. To the extent that any policy change (e.g., the
introduction of a tax on sulfur dioxide emissions) would cause revenues to depart from this required revenue
level, such revenue impacts are offset through adjustments to the marginal tax rate on labor income. The

government’s budget constraint is:
(IIL.6) TR = t,(T - ) + TgRENT + 1§

RENT denotes the total rent generated by government policy; these are positive in the case of emissions
quotas. For simplicity we usually assume that z;, the tax rate on rents, has the same value as 7, the tax rate
applying to labor income. (Section V considers an alternative assumption). It should be noted that in the
case of the pollution quota, 7 is zero in (II1.6). Although we employ a virtual tax to simulate the quota
policy, the revenues earned by this “tax” go directly to households as quota rents.'® The quota policy affects
the government’s budget only indirectly: by producing taxable quota rents and by affecting the real wage and

labor supply (which alters labor tax revenues).

D. Equilibrium Conditions

The production and household specifications above give rise to a set of supply and demand functions
of producers and the household (see Appendix B). The requirements of a general equilibrium are that the
demands and supplies of all goods be equal, and that government revenues be equal to the required level of
government transfers to households. In addition, each policy involves meeting a given emissions target

through either an emissions tax (explicit emissions tax) or an emissions quota (virtual emissions tax). The

'“This virtual tax is analogous to the use of “adders” in electric utility resource planning, which serve as
shadow prices affecting decisions. See Burtraw et al. (1995).
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requirement that SO, emissions match this target constitutes another equilibrium condition (see Appendix B).
Exploiting the constant-returns-to-scale nature of production, we reduce the number of equilibrium conditions
to: (1) aggregate labor demand equals aggregate supply, (2) government revenue equals transfers to
households, and (3) aggregate emissions equal S. Solving the model involves finding the vector of
“primary” prices satisfying these conditions. These prices uniquely determine all other prices and thus
determine all demands and supplies. The primary prices are p, (the price of labor), 41, (the adjustment to the
labor tax rate necessary to match revenues with the required level of household transfers) and 7, the tax rate

on emissions.'’

E. Data

The benchmark data set for the model is intended to represent roughly the situation in the U.S. in the
year 2000. We develop this data set by scaling observed 1990 data on input uses, output levels, and
consumption patterns to the year 2000, assuming a real growth rate of 2.6 percent for all flows.'® Elasticities
of substitution in the production functions and utility function are taken from the disaggregated general
equilibrium data set developed by Cruz and Goulder (1992). The remaining parameters of the model -- the o
distribution parameters -- are calibrated by using the identifying restriction that, under benchmark policy
conditions, the model replicate the projected benchmark data.'® Table 1 displays benchmark data flows, data
sources, and parameter values.

The baseline situation against which policy outcomes are compared assumes no abatement of SO,; in
other words, there is no (explicit or virtual) tax on SO, emissions in the bascline. The baseline equilibrium
obviously differs from actual circumstances, but using this baseline permits the clearest assessments of
impacts of alternative regulations. Developing baseline values of SO, emissions Is a bit tricky because
regulatory constraints on such emissions were introduced under the 1990 Clean Air Act amendments and in
fact have been in place for some “new sources” of electric power since 1971. Following NAPAP (1991), we

assume that aggregate SO, emissions in the year 2000 would be 20 million tons in the absence of regulation,

1"By Walras’s Law, one of the excess demand conditions is redundant. To obtain the general equilibnum
solution, we fix one of the primary prices (the nominal price of labor is set to one) and solve for values of the remaining
primary prices that satisfy conditions (2) and (3). As a check on the model’s program, we verify that the redundant
excess demand condition is satisfied as well.

"®This is the average real growth for the U.S. over the period 1985-1994, as reported in Table 699 of the 1985
Statistical Abstract of the U.S.

For a discussion of calibration methods for general equilibrium models, see Shoven and Whalley (1992).
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that is, in the baseline scenario.? In actuality, the 1990 Clean Air Act Amendments will limit emissions in
the year 2000 to 10 million tons.

We consider a range of values for the abatement cost parameter, @, . For a central value, we
calibrate this parameter so that electricity producers’ marginal costs of SO, abatement are $300 per ton in
1990 dollars when aggregate abatement is 10 million tons (from an unconstrained level of emissions of 20
million tons).?

An important parameter is g, , the elasticity of substitution between leisure and composite
consumption in the utility function. Different values of this parameter imply different values for the elasticity
of labor supply and for the marginal welfare cost of taxation. As indicated in Section II, the size of the tax-
interaction effect is directly related to these values. We employ several values for g;;; our central value is
0.79, selected because it implies an uncompensated labor supply elasticity of 0.15 and a marginal welfare

cost of taxation of 0.31 in the baseline or status quo ante situation.”

IV. Results from the Numerical Model: Emissions Taxes vs. Quotas

Here we contrast the costs of a (revenue-raising) emissions tax with a (non-revenue-raising)
emissions quota. For these first experiments we calculate a series of equilibria corresponding to policies
achieving SO, reductions ranging from 0.1 million tons to 10 million tons, at increments of 0.1 million tons.
In simulating the emissions tax policy, we solve for the value of 7; that achieves the desired amount of SO,
abatement (or, equivalently, the desired level of emissions, S). Revenues from the emissions tax finance
proportional cuts in the marginal tax rate z7; As discussed in Section III, the quota policy i1s modeled by way
of a virtual tax 7; that has no direct impact on government revenue but instead yields quota rents that
ultimately accrue to households (owners of electricity firms). The emissions tax exploits the revenue-

recycling effect because it finances cuts in the marginal tax rate, ; ; in contrast, the quota policy has an

®The NAPAP “baseline” estimate assumes no enactment of the 1990 Clean Air Act amendments and no
subsequent regulation, but allows for (minor) emissions impacts from prior regulations.

2'This is within the range of estimates from various studies. RDI(1995), USEPA(1995a), and EPRI(1995)
respectively estimate marginal abatement costs to be $195, $462, and $339-493 (1990 dollars) by the year 2010, when
the full, 10 million ton abatement requirement is in force. Emissions allowance prices today are lower than these values,
in part because these future costs are discounted to the present.

“These are central values from the literature. See in particular Ballard et a/. (1985) and Browning (1987).
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insignificant gross revenue impact.?

A. Relative Costs of RR and NRR Policies: Crucial Determinants

1. Relative Costs and Pre-Existing Tax Rates

Figures 2a and 2b contrast the effects of these policies. In each figure, the horizontal axis is the
reduction in aggregate SO, emissions, in millions of tons. The vertical axis is the marginal welfare cost of
obtaining these emissions reductions, expressed in 1990 dollars per ton.** Each figure shows the relationship
between marginal welfare cost and SO, reduction under four different assumed values -- 0.0, 0.2, 0.4 (our
preferred estimate®®), and 0.6 -- for the pre-existing marginal tax rate, 7; . It should be noted that the
marginal welfare cost reflects changes in the non-environment-related component of the utility function (the
first term in equation [II1.4]): we do not yet consider welfare effects associated with changes in environmental
quality, which fall on the benefit side of the ledger.

Several key findings emerge from these figures. First, for any given type of policy (RR or NRR), the
economy’s marginal costs are an increasing function of the extent of abatement. This reflects rising marginal
costs of abatement at the firm level (equation [II1.3]). Second, for either type of policy, marginal costs are
increasing functions of 7;,, the value of the initial labor tax rate. This was predicted by the analytical model.

The larger the pre-existing tax rate, the larger the marginal tax-interaction effect for any given amount of

“By creating taxable quota rents, it brings in revenue; by eroding the labor tax base, it loses revenue. The net
effect is quite small. For example, a quota that reduces aggregate SO, emissions by 5 million tons has a gross revenue
impact (before offsetting adjustments in 7,) of -$69.5 million, which divides into a revenue gain of $886.3 million in
taxes from quota rents and a reduction of $955.8 million in labor tax revenues. In contrast, a pollution tax that achieves
the same abatement has a gross revenue impact of $1260.0 million, which divides into $2215.8 million in pollution tax
revenue and a reduction of $955.8 million in labor tax revenue.

“We calculate the marginal welfare cost using the equivalent variation measure. Let EV/s(A4),s(B)] denote the
equivalent variation associated with a change from state s(4) to state s(B), where each state is defined by the set of prices
and policy parameters (taxes) faced by the household. The EV is the exogenous increment to the household’s income n
state s(A4) that would enable the household to achieve the same level of utility as it enjoys in state s(B). A positive EV
represents a welfare improvement; thus, welfare cost is the negative of the EV. The marginal welfare cost associated
with the level sulfur reduction R (= S,- S} is (EV/s5(0),s(R)] - EV[s(0),s(R+€)]}/ €, that is, the change in the equivalent
variation associated with the incremental change in emissions reduction from R to R+¢, divided by € where €1is
arbitrarily small. In our experiments, € is 0.1 million tons. Thus, for example, the marginal welfare cost associated with
emissions reductions of 5 million tons is the change in the equivalent variation associated with augmenting the required
abatement of emissions from 5.0 to 5.1 million tons, divided by 0.1 million tons.

»Taxes on labor include Federal and state income taxes and social security (payroll) taxes. Browning (1987,
1994) uses a value of 0.43.
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abatement. The effect of the pre-existing tax on marginal costs (for either type of policy) is nonlinear. This
squares with the fact that the tax-interaction effect rises in proportion to the marginal welfare cost of taxation,
which rises approximately with the square of the initial tax rate.

Third, and perhaps most important, the marginal cost curve for the NRR policy has a positive
intercept (except when the pre-existing tax rate is zero), while the curve for the RR policy has a zero
intercept. Under RR policies, for an initial, incremental amount of pollution abatement, the tax-interaction
effect is exactly offset by the revenue-recycling effect; hence the zero intercept.®® In contrast, under NRR
policies, there is no offsetting revenue-recycling effect, and thus the intercept is positive.

The positive intercept carries some strong implications for policy. The intercept of the marginal cost
curve represents a critical threshold value for the marginal environmental bernefits (assuming such marginal
benefits are constant or decreasing with the amount of sulfur dioxide abatement). If marginal environmental
benefits are below this critical value, then no amount of emissions abatement through the NRR policy can
be efficiency-improving! For example, according to Figure 2b if the pre-existing labor tax is 0.4 the
marginal benefits from SO, abatement must be at least $109 per ton to enable any quota policy to achieve an
overall welfare gain. (Subsection IV.C below compares this threshold with a plausible range of estimates of
marginal benefits from SO, abatement.)

Within the range of emissions abatement shown in Figure 2, the marginal cost curves of NRR
policies lie above the corresponding curves of RR policies, implying that NRR policies are more costly and
generate smaller net benefits. Below we consider whether this applies over the entire possible range (from 0

to 100 percent) of emissions abatement.

2. Significance of the Labor Supply Elasticity

Figures 3a and 3b show that the costs of the RR and NRR policies are somewhat sensitive to the
labor supply elasticity. These experiments assume a value of 0.4 for the pre-existing tax rate on labor.
(Unless indicated otherwise, all simulations employ this “central case” value.) A higher labor supply
elasticity implies more substitution with leisure, and hence a larger tax-interaction effect from emissions-

abatement policies. The welfare gain from the revenue-recycling effect is also larger. Therefore, a higher

%The numerical model’s nested utility function implicitly assumes that the consumption goods are equal
substitutes for leisure. If this were not the case, the tax-interaction and revenue-recycling effects would not necessarily
be equal at the initial incremental amount of abatement, and thus the intercept under the RR policy could be non-zero.
These considerations do not affect the relative impacts of RR and NRR policies.
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labor supply elasticity raises costs by a greater amount under the NRR policy than under the RR policy.”

3. Must the Polluting Sector Be “Large” for Second-Best Interactions to Be Significant?

An important issue is the extent to which the relative costs of RR and NRR policies depend on the
size of the polluting industry compared with the overall economy. To explore this issue, we run the numerical
model under alternative, counterfactual assumptions about electricity’s share of overall economic output.?® In
particular, we consider counterfactual cases where electricity’s output share is 0.5, 2.0 and 4.0 times its actual
share in the U.S. economy.” Results under these counterfactual cases are displayed in Figure 4. The size of
the polluting sector makes very little difference to the results: the relative disadvantage of NRR policies (for a
given relative amount of pollution abatement) applies independently of the size of the polluting sector. Even
if the polluting sector’s use of labor is a very small share of the economy’s overall labor use, the interactions
between environmental regulation and the labor market importantly affect the relative costs of RR and NRR
policies. This is the case because the relative costs depend only on the relative magnitudes of the tax-
interaction and revenue-recycling effects, not on their absolute magnitudes.*® Each of these effects increases
roughly in proportion to the size of the polluting sector. Hence, the second-best issues we examine here seem

important even in cases where the polluting industry is quite small relative to the rest of the economy.

B. Relative Costs over the Entire Possible Range of Pollution Abatement
In Figure 5 we display the relative costs of RR and NRR policies over the range from 0 percent to

“The explanation is the same as that for the impact of the pre-existing tax rate. The tax-interaction effect
increases more than proportionally with the marginal welfare cost of taxation, which is proportional to the elasticity of
labor supply.

*In our baseline data set, the ratio of electricity gross output to economy-wide value added is approximately
0.04, as indicated in Table 1.

¥ To do this, alter the benchmark data as follows. (In the benchmark, units are defined such that prices are
one.) First, we multiply the elements E;, E,, E, and E, by a constant factor, and the elements G G , G, and Gy, by
another constant factor, choosing the two factors so that net output (GDP) remains unchanged and electricity’s share of
net output ((E;+E +Eo+E,) / GDP) changes in the desired proportion. (GDP remains unchanged so long as the sum of
the changed final demand components, E + Eq, + G5 + Gy, is unchanged.) In addition, we reallocate value added
(labor) across the E and G industries so that total receipts continue to equal total expenditures in these two industries.
Total value added -- L; + L, -- is unchanged. Thus, our procedure does not change GDP, whether measured as total
final demand or total value added.

*This result may depend on the specification of demand and supply elasticities. In our model, these elasticities

are constant over a wide range. This contnbutes to fairly constant relative magnitudes of the tax-interaction and
revenue-recycling effects.
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100 percent abatement (20 million tons) of SO, emissions. Figure 5a shows that marginal abatement costs
rise faster for the RR policies. Eventually -- when the extent of abatement is substantial -- marginal costs
under RR policies exceed those of NRR. Why is this so? Consider the RR policy. Because of this policy’s
negative impact on labor supply and on emissions, marginal tax revenue declines as the emissions tax rate
rises. This means that, with greater abatement, the ability to exploit the revenue-recycling effect diminishes.
Eventually, one reaches a point where, at the margin, additional abatement (via an incrementally higher
pollution tax) raises no more revenue than is raised under the NRR policy.

That is the point where the RR and NRR curves cross.”’ To the right of that point, at the margin RR
policies are more costly than NRR policies, because at the margin they have a negative revenue-recycling
effect (as compared with the negligible revenue-recycling effect of the NRR policy). Indeed, if one pursues
emissions reductions to the point of 100 percent abatement, the total costs of the two types of policies are
identical. This makes sense, since at 100 percent abatement neither policy eams any revenue, and thus there
is no effective difference between an RR and NRR policy. Thus the areas under the marginal cost curves
from 0 to 100 percent abatement are the same for both policies.*

These results demonstrate that the relative supenority (in terms of lower cost) of RR policies
diminishes with the extent of abatement. At low levels of abatement (as would be appropriate if marginal
environmental benefits are low), RR policies have a considerable cost advantage. But at high levels of
abatement (as would be justified when marginal environmental benefits are high) the advantage of RR
policies is much smaller. In the limiting case of 100 percent abatement, RR policies have no cost advantage.
These ideas are borne out by Figure 5b, which presents the ratio of total costs at different levels of emissions
abatement. This ratio starts at infinity, but declines to 1 at 100 percent abatement.

In this connection it is noteworthy that the 1990 Clean Air Act Amendments call for a 10-million-ton
reduction in SO, emissions. These regulations fall in the NRR category, because emissions allowances are
given out at no charge (grandfathered) rather than auctioned. There may be significant distributional or
political objectives that are served by grandfathering, but, as indicated by Figure 5b, they come at a high price
in terms of cost. At 10 million tons of abatement, total costs under the NRR approach are 38 percent higher

1f the marginal revenue from the NRR policy were always zero, then the curves would cross where the RR
policy’s marginal revenue is zero as well. This zero-marginal-revenue point is the peak of the RR policy’s Laffer curve.
However, the NRR policy has some revenue impact, as discussed earlier, because of effects on the labor tax base and
because it generates taxable rents. In Figure 5, the RR and NRR curves actually cross at a point where marginal revenue
s slightly negative.

"We have experimented with other specifications for the abatement cost function, and we find this result holds
in all cases.
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than they would be under an RR policy. The difference in costs is $560.5 million.*

C. Net Benefits from RR and NRR Policies

We now consider environmental benefits in addition to the costs of regulation. Our purpose here is
to illustrate differences in net benefits from RR and NRR policies. As indicated above, the differences
depend on the magnitudes of environmental benefits from emissions reductions. These marginal benefits are
highly uncertain. For purposes of illustration, in calculating the net benefits we consider a wide range of
values for the marginal benefits from emissions reductions: $100, $250, and $1000 per ton. These values are
consistent with the range of estimates reported in recent years.**

Table 2 indicates results under these alternative values. The first set of rows shows, for the RR
policy, the optimal level of abatement corresponding to the different marginal benefit assumptions, along
with the corresponding total abatement cost and net welfare gain (total environmental benefit minus total
abatement cost). The second set of rows provides this same information for the NRR policy. Except when
100 percent abatement is justified, welfare gains are smaller under the NRR policy. For the low ($100 per
ton) value of marginal benefits, the net benefit or welfare gain under the NRR policy is zero, since optimal
abatement is zero. In this case, any abatement through an NRR policy would be efficiency-reducing, since the
marginal benefit is less than the intercept ($109 per ton) of the marginal cost function. With the intermediate
value for the marginal environmental benefit, the optimal level of abatement under the NRR policy is again
below that under the RR policy (since marginal abatement costs are higher under the NRR policy), and net
benefits under the NRR policy are only about half of those under the RR policy. If marginal benefits are high
($1000 per ton), under both policies 100 percent abatement is optimal and (since the pollution tax in this case
collects no revenue) total abatement costs are the same.

An important issue is the extent to which optimal abatement in a second-best setting differs from the

BThe costs of a 10-million-ton reduction are $2052.7 and $1492.2 million under the grandfathering (NRR) and
auctioning (RR) of emissions allowances, respectively. Although this paper points out the efficiency drawbacks of the
NRR element of SO, emissions regulation under the 1990 Clean Air Act Amendments, it is not intended to be a
wholesale critique of this legislation. We would note that the 1990 legislation achieved major reforms in environmental
regulation by introducing a flexible, incentive-based approach to regulation in the form of emissions allowance trading.
This approach has a number of theoretical advantages over the traditional, less flexible methods (see, for example,
Thetenberg [1985]), and empirical studies already indicate that this approach will yield a dramatic reduction in overall
compliance costs, compared to conventional approaches (see, for example, Burtraw [1996], and Ellerman and Montero
[1996]).

MThe range is approximately that implied in the overview by Portney (1990). Some more recent estimates
exceed $1000 per ton, due to greater predicted health benefits and an improved characterization of visibility benefits.

See USEPA (1995b) and Chestrut et al. (1994).
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first-best level. To examine this issue, we consider the level of abatement which would take place if, in
determining the optimal level of abatement, regulators incorrectly identified firms’ private marginal
abatement costs with the social marginal costs of abatement. The level of abatement that results in this case
is the same as the “Pigouvian” level -- that which equates firms’ private marginal costs of abatement with the
marginal benefits from emissions reduction. In a second-best setting with pre-existing taxes, the Pigouvian
level of abatement is suboptimal because firms’ private marginal costs of abatement do not correspond to the
social marginal cost of abatement. The third set of rows gives the level of abatement that regulators would
pursue if they ignored tax interactions and adopted a Pigouvian approach. That approach, by leading to
excessive abatement, significantly reduces the welfare gains from regulation. Indeed, when marginal
environmental benefits are low or moderate, regulations based on the Pigouvian approach, by disregarding the
tax-interaction effect, can reduce welfare relative to the no-regulation status quo! The fourth panel of the
table indicates, for example, that when (gross) marginal benefits of emissions reductions are $100 per ton,
introducing an emissions quota and setting the quota at the Pigouvian level generates a net welfare loss of
$315.5 billion, as opposed to a net gain of $169.8 billion under the second-best optimal pollution tax policy.
When marginal benefits are $221 or below, excessive abatement under the Pigouvian approach leads to net
welfare losses under the quota policy. When (gross) marginal benefits are $250 per ton, the net welfare gain
from the quota is only about 18 percent of the gain from the second-best optimal pollution tax.

Table 2 thus indicates the potential importance of interactions between environmental policies and
other taxes.*® The welfare cost from failing to offset the tax-interaction effect through revenue-recycling can
be substantial (panel 2 versus panel 1). In addition, there can be large costs from the excessive abatement

that stems from adopting a first-best policy rule in a second-best setting (panels 3 or 4 versus panel 1).

V. Further Sensitivity Analysis

We have considered how pre-existing tax rates, labor supply elasticities, the size of the polluting

sector, and the magnitude of marginal environmental benefits affect the relative costs and welfare gains of

NRR and RR policies. In Table 3 we expand the sensitivity analysis to consider how other production and

MFor further discussion of this issue see Parry (1996) and Oates (1995). A parallel result has recently emerged
in the context of monopoly pricing: Browning (1995) estimates that the welfare loss from monopoly pricing in the U S.
economy is several orders of magnitude greater, once allowance is made for the effect of compounding tax distortions in
the labor market.
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preference parameters, as well as alternative model specifications, might affect the relative costs of these two
policies.

Higher elasticities of substitution in production mean that electricity (and associated SO, emissions)
can more easily be substituted for other intermediate inputs. Hence, marginal abatement costs fall with
higher values for these parameters. The parameter g is the elasticity of substitution between the electricity-
intensive and non-electricity-intensive consumer goods. A higher value for this elasticity also implies lower
social cost of avoiding electricity use; hence the social cost of avoiding SO, emissions is lower as well.

The simulations reported thus far have assumed that quota-induced rents are taxed at the same rate
as labor. The taxation of rents partly offsets the adverse revenue impact associated with the quota’s negative
impact on the labor tax base. Row 4 of the table presents results from simulations where quota rents are not
taxed. In this circumstance there is no revenue offset, and the economy’s marginal costs are higher at each
level of abatement.

Rows 5a and 5b examine impacts of alternative values for the parameter ; in the SO, abatement
function. A lower value for &, means that a given amount of abatement equipment has a smaller effect on
the emissions-output ratio, implying higher firm-level marginal abatement costs. Smaller values of &, thus
enlarge the tax-interaction effect and widen the differences in costs between RR and NRR policies, especially
at lower levels of abatement.

Rows 6a and 6b consider alternative model specifications. Results in row 6a are from a “collapsed”
version of the numerical model that matches the analytical model. This version has no intermediate inputs
and no separate abatement function.’® The marginal costs from this collapsed version correspond to the

marginal costs predicted by equation (I1.11°") of the analytical model.”’” By comparing results in rows 6a with

%In this version of the numerical model, we treat £ and G as consumer goods that are produced with the same
production parameters as those for C; and Cy, in the original numerical model. Baseline SO, emissions and consumption
of E and G are the same as the original model’s baseline levels for SO,, C, and Cy, respectively. We calibrate the utility
function parameter o so that marginal abatement costs at 10 million tons of abatement are $300 per ton, as in the
original model.

"For the NRR policy, we the results in Table 3 with the marginal costs predicted by a modified version of
equation (IL.11"). Dividing this equation by X /Jr, gives the marginal Pigouvian and tax-interaction effects. Adding
D to the resulting expression eliminates the marginal environmental benefit component of overall welfare impact,
yielding the residual, 7, - (I+M") 7, (3¢/3X), which stands for marginal cost. The first term (7;) is the firm-level
marginal cost of abatement, the second term is the marginal tax-interaction effect. With the numerical model, we obtain
each element in this formula, and then apply the formula to calculate predicted marginal costs. Doing so gives marginal
costs of $138.6, $222.6, and $339.4 million, at 0, 5, and 10 million tons of abatement, respectively. These predicted
marginal costs are within one percent of Table 3's marginal costs, which were obtained directly from the equivalent
variation measure of the changes in household utility associated with incremental changes in abatement.
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those in row 1 for the RR policy and row 4 for the NRR policy,*® we can observe the importance of
intermediate inputs and a separate abatement function. For both types of policies, marginal costs (and the
tax-interaction effect) are lower in the original model than in the scaled-down model. Intermediate inputs and
a separate abatement function expand the opportunities for emissions abatement and lower the costs of
achieving given emissions reductions.

Row 6b presents results from a more disaggregated version of the numerical model that contains coal
and “other fuels™ as intermediate inputs, in addition to G and E. In the original numerical model the
abatement function linked SO, emissions with electricity output (as well as abatement expenditure); the
expanded model’s greater disaggregation enables us to use a more realistic abatement function relating
emissions to the level of coal input in the electricity industry.*® This model specification leads to somewhat
lower marginal costs than in the original specification, in keeping with the widened opportunities for input
substitution.

A further potential area for sensitivity analysis deserves mention. We have assumed that emissions
(or environmental quality) are separable from consumption or leisure in utility. Relaxing this assumption
WQUId affect the results. If environmental quality and leisure are gross complements, then regulations
improving the environment will generate a larger tax-interaction effect, other things equal, because policies’
adverse impacts on labor supply will be magnified. The reverse is true if leisure and environmental quality
are gross substitutes. The case of gross complements seems more likely, since a cleaner environment can
make leisure or recreational activities more attractive. Further empirical work that helps identify these

relationships would be of considerable value to policy makers.
VI. Conclusions
Using analytical and numerical general equilibrium models, this paper indicates that the tax-

interaction effect -- the factor market impact of environmental regulations imposed in markets for produced

goods -- may critically influence the efficiency consequences of environmental regulations. In a world with

3®Row 4 is the appropriate row to consider for the quota policy since the analytical model’s formulas assume no
taxes on quota rents.

¥[n the expanded version, X (electricity output) in the abatement cost function is replaced by x,,,;; , the use of
coal by the electricity industry. We calibrate a; to yield the same baseline emissions as in the original model, and
calibrate &, yield marginal abatement costs of $300 per ton at 10 million tons of SO, emissions.
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prior taxes on factors, the tax-interaction effect implies significantly higher costs of regulation relative to
what would apply in a first-best world with no pre-existing taxes. Revenue-raising regulations enjoy a
revenue-recycling effect that offsets much of the tax-interaction effect. Non-revenue-raising regulations, in
contrast, enjoy no such offset. As a result, for any given target level of emissions reduction, the gross
efficiency costs of non-revenue-raising policies are higher than those of revenue-raising policies. The
differences 1n gross efficiency costs are not trivial. U.S. environmental regulations enforce reductions of
about ten million tons in SO, emissions from coal-fired electric power plants. Our calculations suggest that
because these regulations do not raise revenue (emissions allowances are grandfathered) the gross social costs
of these regulations are approximately 38 percent higher than they would be if emissions allowances were
auctioned.

In fact, the sign of the welfare impact of environmental regulations can depend on whether policies
raise revenue. If marginal environmental benefits fail to exceed a critical threshold value, any pollution
abatement through an NRR policy is efficiency-reducing. In the context of SO, emissions regulation in the
U.S., we find that under an NRR policy (as with grandfathered emissions allowances) the efficiency gains
disappear entirely if marginal environmental benefits are below $109 per ton. In addition, we show that
adopting a “Pigouvian” or first-best approach to environmental regulation can lead to welfare-reducing
policies, even when environmental benefits are as high as $221 per ton. The disadvantage of NRR policies
relative to RR policies shrinks the larger the marginal environmental benefits and the larger the optimal
amount of abatement. In the limiting case where environmental benefits justify 100 percent abatement, there
is no difference in welfare impacts of NRR and RR policies. All of these results are largely independent of
the size of the polluting or regulated sector relative to the overall economy.

These insights have very general applicability. They suggest that almost any government regulation
that lowers real factor returns (by raising the price of consumer goods) might have considerably higher
aggregate cost than would be implied by a partial equilibrium analysis. Existing studies in industrial
organization, agricultural economics, labor economics and international trade could be highly misleading to
the extent that they evaluate regulatory policies using models that disregard pre-existing tax distortions.
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Appendix A: Deriving Equation (I1.13)

From (I1.12)

T—1+D;rﬂ

— L
Al) 1+M=M 3 =
T, +(D—z‘x)——
L L

and from the Slutsky equations

a _oar _a,

(A2) = :
or, oty I

(A3) o = A —il(T—l)
ér, or, dl

where ¢ denotes a compensated coefficient and / is disposable income. Substituting (A1)-(A3) in the

expression for W' in (I1.11) gives

Mfe [ 22y r1p X
or, ol or,

(A4) W' =

rL[ ol —él(T—l)) +(D— rx) 24
or, ol or,

ol° a . . .
From the Slutsky symmetry property =- . Differentiating (II.2) yields:

az..«'\’ az-L
ol = —(@( + 24 ] . Making these substitutions in (A4) gives
&L &L a1'-L

MY @(”1—TL+£1(1—TL)(T—1) 1+é‘X -1, DX
or, X ol -1 or, X (l—rL)(T—l)

W' =

Kol-7, X & iz ¥ a(-n)T-)| & (-7)D-7 )X
G, X T-1 &, Y T-1 38 T-I o, X o, (T-D

' Note that increasing 7, increases the price of X, while increasing z, reduces the price of leisure.
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Substituting 7, AN L A ¢

~ az(l-rL)(T—z)_

l-7, __ol
nS T =

o, X Z S S
X I-7 )
”mz—(?r‘[ XL;and(II.Z),glves
. DX
MX{TTXI Ty }{1‘ nn[l\T‘J}
M!: (_TL)( _[)

{"}(Xf Y] " ";'(Xi YJ i "“]f T (i z;i)l)X

The term in 77, in the numerator is tnvial when environmental damages from X are small relative to
aggregate net labor income in the economy, and the term in 7 x In the denominator is trivial when

environmental damages net of environmental tax revenues is small relative to aggregate labor tax revenues.

Hence the approximation in {11.13).



Appendix B: The Numerical Model

A. Parameters

(Note: except where otherwise specified, i ranges over industries G, E, C,, and C,,.

Production Function Parameters

o, distribution parameter for input m in industry 7
o) substitution parameter for industry 7
Abatement Function Parameters

as ' az r
Y/ parameters for sulfur abatement function for electricity firms

Household-Related Parameters

T total time endowment
Op O

ey, oy distribution parameters for utility function
Py P . substitution parameters for utility function
Other Parameters
o initial marginal tax rate on labor income or rents
T, per-unit tax on emissions of §

aggregate sulfur dioxide emissions target
real lump-sum transfers to households (fixed in real terms)

5 wl

B. Endogenous Variables

use of input m per unit of output of good i

quantity demanded of electricity-intensive consumption good
quantity demanded of non-electricity-intensive consumption good
quantity demanded of composite consumption good

aggregate supply of electricity

aggregate demand for electricity

aggregate supply of general intermediate good

aggregate demand for general intermediate good

aggregate labor supply

aggregate labor demand

by By 0 00

S

thQl
N
)]

h
o
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143 price of composite consumption good

Pi price of output from industry i

PL price of labor (before tax)

RENT total rent eamed by electricity producers

REV government revenue

S, sulfur dioxide emissions by electricity producer ;
U overall household utility

|4 utility associated with level of sulfur emissions
X, output from industry i

X, use of input j by industry i

Z abatement equipment purchased by electricity producer j
a4z, change in marginal tax on labor income

T, rent eamed by electricity producer j

C. Equations
Production Functions and Optimal Input Intensities

In all industries, output (X) is produced according to:

1

P P Ping, .
(Bl X, = (a,,x, + agxy + azxs)” (i=GEC,Cy)

I

-- General Intermediate Good and Consumer Goods Industries:

In the G, C,, and C,, industries, profit is given by p.X; - p,x,; - peXsi- PoXs Differentiating profit
with respect to the varable inputs x,,, (m = L, E, G) yields the marginal productivity condition, p, &X;/cx,,,
= p.). Evaluating this condition with the functional form in (B1) yields the optimal input intensities:

1

1
tw _ T P) T
(B2) a, =‘f = Oy [;’:’]

i

for m=L,E G.

-- Electricity Industry:

In the electricity (E) industry, firms choose optimal input levels not only of L, G, and E, but also the
optimal level of expenditure on abatement equipment (Z). We first indicate optimal input and abatement
choices where the firm faces a pollution tax. We will then show that the firm’s optimal choices under a
pollution quota are the same as under the pollution tax, which enables us to model the pollution quota as a
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pollution tax with revenues retained as rents to the firm' For a representative firm in the electricity industry,
profit is given by:

(B3) 7z = peXg - PrXis - PXe - PeXes - P72 - TS

where p,, p., and p; represent the prices of inputs of labor, electricity, and the general intermediate input,
respectively. Z and S represent abatement equipment or services and SO, emissions, respectively; p; is the
unit price of abatement equipment or services (assumed to be equal to the price of labor) and 7y is the tax rate
on SO, emissions.

The relationship between electricity output, pollution emissions, and abatement equipment is:
(B4) S/Xp = ay- a(Z/X,)*
The ratio of S to electricity output is a decreasing function of Z, the quantity of abatement services or
equipment employed.

Electricity producers maximize profits subject to to (B4). Substituting the production function (B1)

and the SO, emissions function (B4) into (B3) and differentiating by the choice vanables x,; , Xz, Xz, and Z
yields the first-order conditions:

p.0 Pe o L
EVLE | pg-1 Pc%E | pg-1

= = —— E — £

arp = XX = |0p + 0 LT

P PL%Ee

i
Pc% e |pg-1
Ge = XgplXg = Apg| ——
(B5) pLaGEJ

Agg = XpglXp = apg

1
Prlrg | pg-1
Pr%g

The equivalence to firm behavior between the virtual tax and the quota can be seen as follows.
Under the pollution quota, the firm’s profit function is

'Pollution quotas are implemented by the government’s giving a fixed number of pollution permits to existing
firms. Since rents are enjoyed only by firms with permits and the number of permits is fixed, the existence of rents does
not trigger further entry.
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(B6) Ty = PpeXe - PiXiz - PoXoe - Peiex - P2

Firms maximize (B6) subject to the constraint imposed by the quota:

(B7)  Xefos- a, (ZX)P] = S

where S represents the emissions quota. The Lagrangean expression corresponding to this maximization
problem is:

(B8) o =p X, -p X - PsXe ~ Pe¥er — P7Z - A{XE[aS— a,(Z/X,)P] - S—}

Let the (virtual) pollution tax be set equal to A, the shadow price on the emissions constraint. In this case,
the Lagrangean expression is identical to the maximization problem under the pollution tax case, except for
the constant 7, S Thus the first-order conditions from this maximization problem are the same as those
under the pollution tax, implying that firms’ behavior under the pollution quota can be modeled through a
virtual pollution tax. Under the virtual tax, the firm regards and responds to the tax as if it is a cost, but in
fact the tax “revenues” are rebated as rents to the firm.

Household Utility Function, Labor Supply and Consumer Good Demands

The representative household’s utility function is:

1

B9 U = (aaa"" + ac—c-"")p—" + (S

where /is leisure and C is composite consumption, given by

1

~ P Pé| og
(B10) C = (aCIC, + aCNCN)
The household’s budget constraint is:

PoCr + PoyCy = PL(1-7 )(T-0)

(B11)
+ (1-1,)RENT + TR
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where 7; is the marginal tax rate on labor, 7 is total labor time (thus L = T - #), RENT is the total rent equal
by electricity firms , and 7R is a lump-sum transfer from the public sector. Equations (B12-B17) express the
solution the household’s maximization problem:

1

Pe |—
o.p -1 |Pe
o CI'CN | pg-1
(B12) e = |0 t Oy
CenPer
e K
O Drr) 5oo1 |PE
o CNFCI | pa-1
(B13) a7 = |oy + o
CePen

(Bl4) ps = po i + PeyOye

1-1,)T+TR + (1-1)RENT
@15 0 = 207 (1-74)

pL(l _‘EL) *

1
a,Pc p-1
c

aépL(l —rL)

(B16) L=T-¢

B17) C = (pa)'[p,(1-7)L + (1-T)RENT + TR
Combining (B17) with (B12) or (B13) yields the optimal levels of C; and C,,.

The Government Sector

Government revenues finance a fixed level of real government transfers, 7R. Revenues (REV)
depend on whether the policy is an actual emissions tax (7;*) or an emissions quota (virtual tax, zj"). Under
the pollution tax policy, revenues are:

(B18) REV =cglL + 1S
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where 7, is the tax rate on labor income, and S is aggregate sulfur dioxide emissions. Under the emissions
quota policy, revenues are:

(B19) REV =1 L + 1 RENT

where RENT equals t: S and denotes the total rent generated by the quota.

Under all policies, the tax on labor is equal to the initial tax rate plus A7, the rate change necessary
to yield total revenues equal to the given level of spending (fixed real transfers). Thus:

(B20) 1, = g5,+ Ay

For simplicity we usually assume that rents are taxed at the same rate as is labor income: 7 = 7 .

Prices (other than primary prices’)

(B21) poy = ayqpy *+ AgeiPp + AgeiPg
(B22) pcy = QicyPp *+ ApenPe *+ AenPG
(B23) pg = a6P, *+ AgaPp *Ag6Pg

(B24) p,

APy * AgePpt AgpPg + PAZIXE) + t(S/Xp)

The electricity price p; equals unit input cost (first three terms) plus unit abatement expenditure (fourth)
term plus whatever tax costs or rents may apply. The last term in (B24) represents the unit tax cost in the
pollution tax case and the unit rent in the quotas case.

Aggregate Supplies and Demands

-- aggregate supplies and demands of intermediate goods:

Since production of the general intermediate good and electricity follows constant returns to scale,
the supplies G and E are demand-determined. Thus X; =G AD and X, = E AD, where G AD and E AD
denote the aggregate demands. The aggregate demands for G and E are expressed by:

?See section D below for definition of primary prices.
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(B25) G _AD =ageX; + ageXe + agCy + agCy
(B26) E AD =agoX; + ageX; + agC, + agCy

Equations (B25 and (B26) are solved simultaneously to obtain G AD and E AD.

-- aggregate demand for labor (L_AD):

(B27) L AD=a,.G AD +a E AD +Z + a,C, + a,Cy

D. Equilibrium Conditions
The equilibrium conditions are:

LAD =

L
(B28) S = Ay
REV = TR

Solution of the model involves finding the vector of primary “prices” satisfying the equilibrium
conditions. These prices uniquely determine all quantities and other prices of the system. The primary prices
are p, , Ty, and 47, . We use p, as the numeraire and solve explicitly only for the latter two primary prices.
By Walras’s Law, one of the equilibrium conditions is redundant: we need only apply the latter two
equilibrium conditions to determine z;, and A7, .



Figure 1
Input Types and Uses in the Numerical Model
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Table 1

Benchmark Data and Parameters for the Numerical Model

A. Input-Output Flows

(S in millions of tons per year; all other flows in millions of 1990 dollars per year)

E

E 549

G 82557.5

L 95337.4

Total 177949.8

Expenditure

Rents 3000.0

Total Output 180949.8
"~ Value

S (tons x 10°) 10.0

B. Parameter Values
Cz=0g=0.8
O¢c| = OcN = 09

oc = 0.85; 6y = 0.79°

C. Sources

G
1171511
6282925.6
4212429.7

10612506.4

00

10612506.4

0.0

Ci
63684.3
1992323
0.0

262916.6

00

262916.6

0.0

Leisure
Cn Time'
59.5 0.0

4047791.0 0.0
0.0 6030873.9

4047850.5

0.0

4047850.5

0.0

Input-output flows for 1990 are from U.S. Department of Commerce, Bureau of
Economic Analysis, Survey of Current Business, "Use of Commodities by Industries,” April 1994.
(These flows were then projected forward to the year 2000 using the growth rate of real GDP
over the period 1984-1994, as reported in Table 699 of the 1995 Statistical Abstract of the United
States.) Flows related to electric utilities were split into coal-fired and non-coal-fired utilities
based on data from Table 7.1 of the Department of Energy, Energy Information Administration,
Monthly Energy Review, September 1990. The input composition of the two consumer goods C,
and Cy is based on Table B of the May 1984 Survey of Current Business. Sulfur emissions data
derive from Table 369 of the 1993 Statistical Abstract of the United States.

' Benchmark leisure time in 2000 is assumed to be 1.4 times observed work time.
% oy is calibrated to generate an uncompensated wage elasticity of labor supply of 0.15.

Total Input
Value

180949.8
10612506.4

10338641.0



Table 2

Weltare Effects under Alternative Policies

Marginal Environmental Benefit: $100/ton $250/ton $1000/ton
1. RR Policy
Optimal Abatement 3.3 8.3 20.0
Total Abatement Cost 160.2 1024.5 6073.3
Net Welfare Gain 169.8 1050.5 13926.7
2. NRR Policy
Optimal Abatement 0.0 7.3 20.0
Total Abatement Cost 0.0 1306.3 6073.3
Net Welfare Gain 0.0 518.7 13926.7
% of RR Net Welfare Gain 0.0% 49.4% 100.0%
3. RR Policy and “Pigouvian” Level of Abatement
Abatement 5.3 13.1 20.0
Assumed Total Abatement Cost 260.9 1614.8 3801.5
Actual Total Abatement Cost 415.1 2575.8 6073.3
Net Welfare Gain 114.9 699.2 13926.7
% of RR Net Welfare Gain 67.7% 66.6% 100.0%
4. NRR Policy and “Pigouvian" Level of Abatement
Abatement 53 13.1 20.0
Assumed Total Abatement Cost 260.8 1614.9 3802.2
Actual Total Abatement Cost 845.5 3086.9 6073.3
Net Welfare Gain -315.5 188.1 13926.7
% of AR Net Welfare Gain -185.8% 17.9% 100.0%

NOTE: Abatement figures are in millions of tons of SO2. Costs and welfare changes are in millions of 1990 dollars.
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