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A General Approach to Firm Incertivesfor

Tednological Changein Pollution Control

Abstract

This paper examines rm incertiv esfor technological changeun-
der various pollution control policies. Our approad is based on
Milliman and Prince [6] but usesa more general algebraic model.
We 'nd that Milliman and Prince's conclusionsare reversedif the
innovation increasesdemand for emissionsat the margin. Suc a
result is not possiblefor innovations in end-of-pipe abatemert tech-
nologies, but it is possiblefor production processinnovations suc

asthosethat enhanceresourceproductivit y.

1 Intro duction

The standard approad for analyzing incentiv esfor innovation in pollution con-
trol is that takenin Milliman and Prince [6]. (Seealso[2, 4] and others.) Ted-
nological changeis divided into three stages:innovation (a single rm develops
a new technology), di®usion (the new technology spreadsacrossthe industry),
and optimal agencyresponse(the regulatory body responds, e.g., by adjusting
the rate of a Pigovian tax).

Milliman and Prince calculate the impact on rms of the transition from one

stageto the next, and of various combinations of the stages. Most notably, they



analyze the impact of the ertire three-stage processand nd that \emissions
taxes and auctioned permits provide the highest rm incentives to promote
technological change” (p. 247).

This paper examinesthe extent to which Milliman and Prince's conclusions
carry over to a more general model of innovation. Motiv ation for this more
general treatment comesfrom two sources. First is a recent paper by McK-
itric k [5] which shaws that discortin uities are likely in marginal abatemen cost
curves, thereby highlighting the dangersof making assumptionsabout marginal
abatemert cost curves. Although Milliman and Prince do not assumecortin u-
ous abatemert cost curves, they do follow Downing and White [2] and others
in assumingthat innovation uniformly reducesmarginal abatemert costs. This
paper exploresthe rami cations of relaxing that assumption.

The secondsource of motivation is that pollution clean-upis no longer the
certer of attention; equal or greater attention is being paid to production pro-
cessinnovations suc asthosethat enhanceresourceproductivit y (e.g., generate
more electricity from ead ton of coal). In someinstancesthis is due to the dif-
“culties of mitigating pollution after the fact, aswith carbon dioxide and other
greenhouseggases.In other instancesthis is due to the successf previous end-
of-pipe e®orts; the \lo w-hanging fruit" may have already been picked, as with
point source emissionsof sulphur dioxide. In any case,the focus of pollution
cortrol discussionsis shifting attention away from end-of-pipe abatemert tech-
nologiessud as scrubbers and toward production processinnovations sudc as

combined-cycle gasturbines.



The Milliman and Prince approad is limited in its applicability to these
changing focal points. Bauman and Seeley[1] show that their geometric ap-
proacdh is appropriate for innovations in end-of-pipe abatemert technology but
cannot be extended to production-processinnovations. Together with McK-
itric k's analysis, this indicates the needfor a more general approach. Abate-
ment cost curves do not have to be well-behaved, and the e®ectof innovation
on abatemert costscan be counter-intuitiv e: enhancemets in resourceproduc-
tivit y can increase marginal abatemert costsat all margins.! Thesesituations
are a poor t for the standard approac.

The structure of this paper is as follows. Section 2 describesour approac,
which is an algebraic analogue of Milliman and Prince's geometric analysis.
Sections 3, 4, and 5 use this approad to calculate the gains from innovation,
di®usion, and optimal agencyresponse,respectively. The conclusioncompares
our results with those of Milliman and Prince and discussesopportunities for

future researd and implications for public policy.

Lintuitiv ely, this is becausethe marginal cost of abatement is also the marginal benet
of emissions, which is the smaller of (1) the extra prots available from decreasing end-of-
pip e abatement by one unit and (2) the extra prots available from increasing output by an
amount corresponding to one unit of emissions. This latter quantity increasesas a result of
resource-enhancing innovations; absernt cost-e®ective end-of-pip e measures, such innovations

will therefore increase marginal emission benets.



2 The Mo del

Following Milliman and Prince, we considera competitive market with N iden-
tical pro t-maximizing rms and divide the processof technological changeinto
innovation, di®usion,and optimal agencyresponse.

The baselinestage(i = 0) describesthe situation prior to innovation. There

the inputs are potential inputs; for notational corvenience,we include inputs
that are uselessunder the current technology but may prove useful after in-
novation. Also note that the list of potential inputs includes those that may
be usedin end-of-pipe abatemert e®orts. Such e®orts (if they exist) are sub-
sumedwithin the function W, i.e., W°(® = E°(9 ; A°(® where E°(9 is initial
emissionsand A°(9 is end-of-pipe abatemert.

If there were no ernvironmental regulations, the waste product would be

unpriced and the 'rm's prots would be given by
X
Y= ng i wiKj: (1)

We can now considerimposing a limit on emissionsand de ne ¥#(W) to be the

“rm's maximum pro ts subject to the constraint that emissionscannot exceed
. dvd -, . . -

W. The derivative aw measuresthe rm's marginal emissionsbene ts, an

example of which is shavn in Figure 1. Note that re°ecting this curve around

the line W = W™ yields the rm's marginal abatemert cost curve: the cost
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Figure 1. A marginal emissionsbenet curve. The shaded area represerts
the total benets B of extending an emissionslimit from W° to W™ or,
equivalertly, the total costsC of reducing emissionsfrom WM to W%, A rm

facing a Pigovian tax of p9, would chooseto emit W° units of waste.

C of reducing emissionsfrom W™ to W0 is logically equivalert to the benet
B of being allowed to increaseemissionsfrom W? to W max

The regulatory body maximizessacial welfare by equating the social marginal
benet of emissionswith the social marginal cost of emissions. The regulator's
policy options are command-and-corrol emissiondimits (abbreviated \C&C"),
Pigovian subsidies(\sub"), free permits grandfathered in equal amounts to all
“rms (\gra"), auctioned permits (\auc"), and Pigovian taxes (\tax").

We assumethat all of the policiesare \prop erly designed"at stage0, mean-

ing that eadh rm producesthe same(socially optimal) amount of waste|sa v,



W?Cunder the various policies. In order for this result to hold, the command-
and-cortrol limit must be W°, the number of tradable permits issuedor auc-
tioned to eah Tm must be W°, and the market price of these permits must be
equalto the level of the Pigovian tax or subsidy (say, pY, ).2

In the innovation stage(i = 1), a single rm (the \innovating rm") adopts
a new technology. The rm is assumedto be small enoughthat its actions have
no impact on industry-wide variables such asthe prices and aggregateamounts
of inputs and outputs. In particular the rm is assumedto have no e®ecton
aggregateemissionsor on the market price of pollution permits if such a market
exists.

We de ne an \inno vation" to be any changein the rm's technology, mod-
elled as a changein the production functions from G°(¢ and W°(¢ to G(9
and W1(9.° This denition may be overly generalin other cortexts, but it
senesour purposeswell. It includes innovations in end-of-pipe abatemert ef-
forts (which are subsumedwithin the function W) as well as innovations in
production processegwhich will likely a®ectboth G and W). It alsoincludes
innovations that are not speci cally \environmentally related," or even erviron-

mentally related at all. This meansthat our results can be usedto analyzethe

2We assume throughout this paper that the baseline W used for calculating the Pigovian
subsidy is suxciently high, e.g., W , W™ in the example shown in Figure 1. This ensures

that the policy always provides the appropriate marginal incentiv es.

technologies.



role of ervironmental policy in promoting non-ervironmental innovations.*

In the di®usion stage (i = 2), the other rms in the industry (the \non-
innovating rms") adopt the innovation. (We treat the innovation as non-
patentable, i.e., as a public good.®) Di®usion may change industry-wide vari-
ablesrelating to emissions,such as aggregateemissionsand the market price of
pollution permits. Howewver, we assumethat no other industry-wide variables
are a®ected: other input and output prices remain constart, and rms do not
enter or exit the industry. Though restrictiv e, these assumptionsfollow those
made explicitly or implicitly in Milliman and Prince. (Indeed, one of the points
of this paper is to make those assumptionsmore explicit.)

The nal stage (i = 3) is optimal agency response. Here the regulatory
agencybecomesaware of the new technology and respondswith an appropriate
policy adjustment, e.g., a changein the Pigovian tax rate that re-equatesthe
scocial marginal bene t and sacial marginal cost of emissions. (As at stage0, the
various policies are \prop erly designed" at stage 3 in that eadh 'rm produces
the socially optimal amourt of waste|sa y, W3|under the various policies.)
Again following Milliman and Prince, we allow this changein regulatory policy

to a®ectindustry-wide variables relating to emissionsbut assumethat other

4Since most innovations are likely to have environmental impacts, the concept of \envi-
ronmental" or \environmentally related" innovation may in fact be of limited value. Is an
innovation that allows more electricit y to be generated from each ton of coal an \environmen-

tal" innovation or not, and is the distinction relevant?

5Milliman and Prince consider the caseof patentable innovations, but this paper does not.



industry-wide variables remain constart.

The next three sectionsconsiderinnovation, di®usion, and optimal agency
response, respectively. Our analysisis basedon calculating prot di®erertials
betweenthe various stages. For example, ¢ ¥$* measureghe changein the inno-
vating rm's pro ts betweenstages0 and 1, i.e., the changein pro'ts resulting
from innovation. (The subscript | denotesthe innovating rm; N denotesa
non-innovating rm.)  Similarly, ¢ %? measuresthe changein the innovating
“rm's prots resulting from di®usion.

Although we break down technological change into di®erert stages,there
is no explicit discourt rate and (as in Milliman and Prince) our model is fun-
damertally atemporal.® The various stagesof innovation are best thought of
not as points in time but as di®erert \worlds" or scenarios: ¢ ¥f* measures
the changein innovator pro ts between the \b efore innovation" scenarioand
the \after innovation" scenario;¢ %42 measuresthe changein innovator prots
between\inno vation only" and \inno vation plus di®usion"; and ¢ ¥£? measures
the changein prots betweenthe baselineand \inno vation plus di®usion." It
follows that multi-stage pro t di®ererials can be broken down additiv ely, e.g.,
¢CUP2 = ¢t + ¢ 42

The atemporal nature of our model leadsto the following important result,

6Given a discount rate and assumptions about the duration of the various stages, it would
be possible to create a temporally accurate model to compare the discounted present value of
Tm prots under the di®erent policies. Such a model could also incorp orate entry and exit,
since entry or exit would e®ectively neutralize whatever gains or lossesexisted prior to that

point.



which we will make frequert use of.

Prop osition 1 The gains from innovation plus di®usion are identical for in-
novating and non-innovating rms, ’ and the sameis true for the gains from

innovation plus di®usion plus optimal agencyrespnse,i.e.,

e =cye @l gy 2)

e =y @l gy (3)

Proof. There is no di®erencebetween innovating and non-innovating rms at
stage 0 (before innovation, at which point nobody has the new technology),
stage 2 (after di®usion, at which point everybody has the new technology), or
stage 3 (after optimal agencyresponse,at which point everybody is subject to
the new regulatory policy). It follows that innovating and non-innovating rms
will have identical pro'ts in ead of thesethree stages,and therefore that their
prot di®ereriials will be identical. As a result, we will remove the subscripts

and simply call theseprot di®ererials ¢ ¥#? and ¢ ¥2°3: ¥

3 Inno vation

In this section we examine a single tm that dewvelops an innovation. We as-
sumethat the 'rm is small enoughrelative to the industry that industry-wide

variables will be una®ectedby the innovation. For simplicity, we assumethat

7Although Milliman and Prince do not explicitly point out this result, it can be seenfrom

their results in Tables | and II.



there are no R&D costsor other xed costsassaiated with the innovation.8

If we de ne R(W) to be the regulatory cost of emitting W units of waste,?

X
Ya= pcGi R(W)i wiKi: (4)

If 8. (x) and ¥4, (x) are, respectively, the innovator's maximum pro ts before
and after innovation under policy x, then the gain from innovation under policy

X is the di®erencebetweentheseterms:
¢ YRNX) = Yhax (X) | Ynax (X): (5)
We can immediately establish two results.

Prop osition 2 Incentivesfor innovation are identical under a variety of prop-

erly designel economic instruments (taxes, subsidies,and tradablepermits):

¢ 14 (tax) = ¢ Y7 (sub) = ¢ ¥§(auc) = ¢ ¥§(gra) B A

As descrited in Section 2, \pr operly designel" means Pigovian taxes with tax
rate pY,, Pigovian subsidieswith subsidy rate p,, and auctioned or grand-
fathered tradable permits with market price pj,; all of these induce the pre-

innovation rm to emit W9 units of waste.

8More generally, what we will be calculating is the gain from innovation exclusive of xed

R&D costs; this is the approach taken by Milliman and Prince.

9A command-and-control limit of W® can be represented by R(W) = 0 for W - W?©
and R(W) = 1 for W > WO A Pigovian subsidy with baseline W and subsidy rate pJ,
corresponds to R(W) = pSV (Wi W), ie., to a negative cost. As noted in Section 2, we

assumethat W is suciently high to avoid complications.

10



Proof. All of these policies have the form R(W) = p%, W + c, where c is some
constart. Pigovian taxes correspond to cay = 0, as do auctioned permits; W°
grandfathered permits correspond to Cqra = | pY, W?; Pigovian subsidieswith
baselineW correspond to csup = j pS, W.

Sincethe constart term c¢ doesn't a®ectthe rm's pro t-maximizing choices

stagesO or 1 can be attributed ertirely to di®erencesn the magnitude of c. For

example, we have

Yihax (tax) Yhax (@ra) i poy WO (6)

Ymax (taX) Y (Ora) i phy WO ©)

Subtracting the secondequation from the st yields ¢ ¥9*(tax) = ¢ ¥f*(gra),
which is oneof the desiredresults. The other results follow from identical proofs:

the constart c drops out when we compute ¢ ¥§* for the various policies. ¥

Prop osition 3 The incentive for innovation under properly designel direct
controls is lessthan or equal to the incentive under the economic instruments

discusse previously:
¢ ¥91(C&C) = A B for someB , O:

As descriled in Section 2, \pr operly designel" direct controls means an emission

limit of W° that correspndsto the other policies at stageO0.

Proof. Intuitiv ely, this is true because rms facing economicinstruments can
always mimic the behavior of rms facing direct cortrols; deviations from this

mimicry o®erthe possibility of higher payo®s.

11



Mathematically, we assumefor simplicity that under direct cortrols the
pro t-maximizing choice for the post-innovation rm is to emit the maximum
allowable amourt of pollution, W% The post-innovation Tm could choose
to emit WO units of emissionsunder a Pigovian tax, too; calling the resulting
prots ¥, (tax), we have

Y} (C&C) = Y, o (tax) + pd, WO: (8)
Next: becausethe policies are \prop erly designed"at stage0, we have
Yax (C&C) = Y (tax) + py W°: 9)

Subtracting the secondequation from the rst produces

Y3ax (C&C) i Yoax (C&C) = Ygo(tax) i Yha (tax) (10)
Vi (tax) i Y., (tax); (11)

i.e., ¢ P1(C&C) - ¢ YP(tax). The crucial inequality here arisestautologically:

Y3 o« (tax) is by denition the maximum prot under a Pigovian tax. ¥

3.1 Summary

The results are shawvn in Table 1. We can seethat direct cortrols never provide
a greater incertive than economicinstruments, and in fact provide an equal
incentive if and only if B = 0. Proposition 3 shows that B = 0 if and only

if ¥§,0(tax) = Y4, (tax), i.e., if and only if the innovation doesn't change the

10The same result can be reached without this assumption via a similar but notationally

cumbersome proof.

12



C&C  Subsidy Freepermits Auctioned permits Tax
¢4t A B A A A A
Rank 5 1 1 1 1

Table 1: The gains from innovation. For clarity, the relative ranking assumes

that the inequality constraint B , 0 is a strict inequality.

“rm's optimal level of pollution under a Pigovian tax. For the relative rankings

we have assumedthat the inequality B , 0 is a strict inequality.

4 Di®usion

In this sectionwe examinethe di®usionof an innovation acrossan ertire indus-
try. We assumethat patents are not available, sothat the innovation becomes
a public good that is adopted by all of the rms in the industry. Although the
innovation may change industry-wide variables relating to emissions(e.g., the
market-clearing price for pollution permits), we follow Milliman and Prince in
assumingthat other industry-wide variables (e.qg., output price) are una®ected.

The results are given in the next three propositions.

Prop osition 4 The innovating rm is una®eted by di®usion under taxes, sub-
sidies, or direct controls. Under thesepolicies, non-innovating rms makea gain
from di®usion equal to the innovating rm's gain from innovation: A B under

direct controls, A under taxesor subsidies.

13



Proof. The innovating rm is not a®ectedby di®usionunder taxes, subsidies,or
direct regulations, i.e., ¢ Y42 = 0. Its prot di®erertials ¢ %42 under these poli-
ciesaretherefore A, A, and Aj B, respectively. We cannow apply Proposition 1
to assertthat the samepro't di®ererials ¢ ¥9? accrueto non-innovating rms.
Sincethe gain from innovation for non-innovating rms is zero (¢ ¥4 = 0), it

follows that ¢ Y42 = ¢ ¢! under taxes, subsidies,or direct cortrols. ¥

Prop osition 5 Under grandfatherd permits, the non-innovating rm's gain
from di®usionis A j B. It follows that the innovating rm su®ersa loss of B

from di®usion.

Proof At stagesO and 2 all the rms are identical, so there will be no permit
trades. If eadr rm receivesW° permits, this situation is identical to the direct
cortrol policy whereby eadh rm is given an emissionslimit of W°. Sotradable
permits and direct cortrols are equivalent policies at stagesO and 2, meaning
that ¢ ¥#2(gra) = ¢ ¥92(C&C); which the previous proposition shaved to be
equalto A | B. Sincethe non-innovating rms make no gain from innovation,
they must gain A j B from di®usion. We can then use Propositions 1 and 2
to back out the impact of di®usionon the innovating rm: innovation produces
a gain of ¢ ¥#* = A, and innovation plus di®usion producesa gain of ¢ ¥92 =

A | B, sodi®usionmust yield ¢ ¥4? = ; B.11 ¥

Prop osition 6 Under auctioned permits, the non-innovating rm's gain from

di®usionis Aj B 8§ C for someC , 0. It follows that the innovating rm's

11we discuss the intuition behind this result at the end of this section.

14



gain from di®usionis | B § C.

Proof If p3, isthe market price of permits at stage2, pro'ts under grandfathered

and auctioned permits at stage 2 are related by
Y (AUC) = Vi (gra) i Pl W°: (12)

Similarly,

Yoax (AQUC) = Yo (gra) i ply WO (13)

Subtracting the secondequation from the “rst yields

¢ Y2%@uc) = ¢ ¥8%(gra)+ (p% i pg )W° (14)
= AiBS pYyipy W° (15)
@l AiBsc (16)

Sincethe non-innovating rms make no gain from innovation, this must be their
gain from di®usion. The innovating rm hasa gain of A from innovation, sowe

can use Proposition 1 to back out | B § C asits gain from di®usion. ¥

4.1 Summary

Table 2 summarizesthese results. The table lists the innovation results ¢ ¥§*
from Table 1, and then lists (for two di®erent cases)the innovator's gains
from di®usion (¢ ¥4?) and from the combined e®ectof innovation plus di®u-
sion (¢ ¥#2). Since non-innovating rms are una®ectedby innovation, their

gain from di®usionis ¢ %42 = ¢ 42

15



The two casesconcernthe impact of di®usionon the market price (or shadov
price) of permits. If, under grandfatheredor auctioned permits, the permit price
falls (p3, < pd ), the results are shown in the middle rows of Table 2; intuitiv ely,
this can be thought of as the casein which the innovation decreases demand
for pollution. If the permit price rises(p3, > pY, ), the results are shavn in the
bottom rows of Table 2; intuitiv ely, this can be thought of asthe casein which
the innovation increasesdemand for pollution. 12

The relative rankings (which assumestrict inequalities) are establishedin

the following proposition.

Prop osition 7 Auctioned permits provide either the maximum or the minimum

incentive for innovation plus di®usion.

Proof. Sincethe various policiesare \prop erly designed"at stage0, pro'ts under

taxes and auctioned permits are equal at stage0:
P (AUC) = Yhoy (tax): (17)

At stage 2, howewer, the price of auctioned permits divergesfrom the Pigovian
tax rate. If the permit price goesdown (p3, < p% ), Equation 4 con rms what
intuition suggests: rm pro ts are higher under auctioned permits than under
Pigovian taxes:

Yiax (QUC) > ¥4, (tax): (18)

121 the permit price stays the same, all the policies are equal becauseB = C = 0. Intu-
itiv ely, this corresponds to the casein which the innovation producesno change in the demand

for pollution.

16



C&C  Subsidy Freepermits Auctioned permits Tax
¢4t A B A A A A
Rank 5 1 1 1 1

pz, < p% (\Decreased demand" for emissions)

¢ v4? 0 0 i B i B+C 0
Rank 2 2 5 1 2
¢t¥2 A B A AiB Ai B+C A
Rank 4 2 4 1 2
pa, > p% (\Increased demand" for emissions)

X7 0 i B iBj C 0
Rank 1 1 4 5 1
¢¥2 A B A Ai B AjBjC A
Rank 3 1 3 5 1

Table 2: The gainsfrom innovation, di®usionand innovation plus di®usion. For
clarity, the relative ranking assumesthat all inequality constraints are strict

inequalities.

Subtracting the rst equation from the secondyields ¢ ¥#?(auc) > ¢ ¥9?(tax),
i,e., Aj B+ C > A. We can conclude that auctioned permits provide the
greatestincertiv e if di®usionreducesthe permit price.

On the other hand, if the permit price goesup (p3, > pY ) then the gain
under auctioned permits is Aj B j C, which is lower than Aj B or A. ¥

One result that is commonto the two casesis the consisterly poor perfor-
mance of free permits in terms of di®usion. Free permits always provide either
the lowest or the second-lavest incertive for di®usion (¢ ¥4 = | B). To see

the intuition behind the unambiguous loss for the innovating rm, recall that

17



at stage2 (after di®usion) all of the rms will be the same,sothere will not be
any trades and the innovating rm will simply useits allotted permits to earn
pro ts of, say, . At stagel (after innovation but before di®usion), the inno-
vating rm could also chooseto not make any trades, and if it did soit would
earn pro ts of %2 Any trades that the innovating rm makesat stage 1, then,
must raiseits pro ts above 7 Di®usion eliminates those trading opportunities,
and therefore hurts the rm regardlessof whether the innovating rm is a net

buyer of permits or a net seller of permits at stage 1.

5 Optimal Agency Response

In this section we examine optimal agencyresponseand then considerall three
steps|inno vation, di®usion,and optimal agencyresponse|together. Following
Milliman and Prince, we allow the agency'sresponseto change industry-wide
variablesrelating to emissions(e.g., the market-clearing price for pollution per-
mits), but assumethat other industry-wide variables (e.g., output price) are
una®ected. We also assumethat the bencdimark for pollution subsidies|the
emissionslevel below which emissionsreductions are subsidized|remains un-
changed, and is high enoughthat all emissionsreductions are subsidized. Fi-
nally, we follow Milliman and Prince in assumingthat entry and exit are not
allowed.

As the previous section suggests,the results will depend on the impact of

innovation and di®usion on the \demand" for pollution, i.e., on the market

18



price (or shadaw price) of permits. In the subsectionsbelow we addressthe two

cases'® both of which make use of the following result.

Prop osition 8 The combineal e®et ¢ ¥#3 of innovation, di®usion, and optimal
agencyrespnse under direct controls must be equal to that under free permits,
and the combined e®et under Pigovian taxes must be equal to that under auc-

tioned permits.

Proof All rms are identical at stagesO and 3, so there are no permit trades.
Sincethe regulator is behaving optimally at both stagesunder the various poli-
cies, the number of free permits it issuesat either stage must be equal to the
limit establishedunder direct cortrol, and the price and quantity of auctioned

permits must be equal to the results under taxes. ¥

5.1 Reduced demand for pollution control

First assumethat innovation and di®usion reduce the demand for pollution
cortrol, by which we meanthat the intersection of the marginal environmental
damagecurve and the marginal emissionsbene t curve occurs at a lower price.
Figure 2 shavs an example, with M EB® and M EB? represerting industry-
level marginal emissionsbene ts with the old and newtechnologies,respectively,

and M ED represering marginal ervironmental damage!* The scocial optimum

13 As discussed in Footnote 12, all policies are identical if the demand for pollution is un-

changed by innovation and di®usion.

14 This innovation can be thought of as a technology that allows the Tm to substitute low-

sulphur coal for high-sulph ur coal, thereby \fron t-loading" the benets of emissions onto the

19
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Figure 2: An innovation that decreases demand for pollution at the margin.
The curvesrepresen marginal ervironmental damagesand marginal emissions

bene ts at stagesO (beforeinnovation) and 2 (after di®usion).

with the old technology featuresemissionsof W° per rm (and soN ¢w° for the
entire industry) and a shadav price for emissionsof pY, . The social optimum
with the new technology features emissionsof W2 < W° per rm and a shadaw
price for emissionsof p3, < p, .

Accordingly, the optimal agencyresponseis to tighten direct cortrols, re-

initial units of emissions. Similar shifts would occur in the demand for gasoline in the case of
a consumer who switches to a car with high gas mileage, or in the demand for electricity in
the caseof a consumer who switchesto compact °uorescent lights. Thanks to Karl Seeleyfor

suggesting this graph and its interpretation.
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ducethe number of permits issuedor auctioned, or lower the rate for emissions
taxes or subsidies. Theseadjustments will harm the 'rms in the industry under
all policies exceptemissionstaxes. If welet j D < 0;j E < 0; and F > 0 bethe
impacts of agencyresponseunder direct cortrols, subsidies,and taxes, respec-
tively, then the previous proposition (Proposition 8) yields all of the results in
Table 3 (at the top of page 24). We will discussthe ambiguity concerningthe
relative ranking of subsidiesand direct cortrols/free permits at the end of this

section.

5.2 Increased demand for pollution control

Now assumethat innovation and di®usion increasethe demand for emissions,
by which we meanthat the intersection of the marginal ervironmental damage
curve and the marginal emissionsbenet curve occurs at a higher price. An
exampleis shown in Figure 3.

The optimal agencyresponsein this caseis to loosendirect cortrols, increase
the number of permits issued or auctioned, or increasethe rate for emissions
taxes or subsidies. These adjustments will benet the rms in the industry
under all policies except emissionstaxes. If welet D > O;E > 0;andj F < 0
be the impacts on eadh rm of agencyresponseunder direct cortrols, subsidies,
and taxes, respectively, then Proposition 8 yields all of the results in Table 4

(at the bottom of page 24) except the following:

Prop osition 9 Auctioned permits and taxes provide the weakestincentive for

innovation, di®usion, and optimal agencyrespnse.
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Figure 3: An innovation that increases demand for pollution at the margin.
The curvesrepresen marginal ervironmental damagesand marginal emissions

bene ts at stagesO (beforeinnovation) and 2 (after di®usion).

Proof. Auctioned permits are clearly inferior to subsidiesbecauseAj F < A+ E
for E > Oand F > 0. Proposition 8 now shownsthat the desiredresult will follow
if we canshaw that auctioned permits (which are equivalent to taxes) are inferior
to grandfathered permits (which are equivalent to direct cortrols). Intuitiv ely,
this makessensebecauseauctioned permits imposean additional cost on “rms,

namely, the higher price of permits. Mathematically we have

Yoax (@r2) = Yo (auc) + piy W3 (19)

Vax (@ra) = YR (auc) + pyy W (20)
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Subtracting the secondequation from the rst and rearranging yields
¢ ¥ (gra) i ¢ ¥8(auc) = p3, W3 ph W (21)

The right hand side here is positive sincepj, > p%, and W3 > W% We can

concludethat auctioned permits provide the weakest incertiv e. ¥

5.3 The relativ e ranking of subsidies

As shown in Tables 3 and 4, subsidiescannot be de nitiv ely ranked above or
below direct cortrols (or free permits) in terms of the entire processof techno-
logical change. Our next proposition shaws that the subsidy baselineW is the

key in determining the incertiv e e®ectsof Pigovian subsidies.

Prop osition 10 If the subsidy baseline W is relatively large compared to a
“rm's optimal choice of emissions, subsidieswill provide a lower incentive than
direct controls if p§, < pY, and a higher incentive if p3, > p, . The reverseis

true if the baselineis relative small.

Proof. Direct controls and subsidiesare related by

Yhax (C&C) Yaax(sUb) i piy (Wi W?) (22)

Yax (C&C) = Y (sub) i ply (Wi WO) (23)
Subtracting the secondequation from the “rst and rearranging yields

¢ Y23(C&C) i ¢ ¥3(sub)= pd, W3 pQ WO+ (P i p3)W:  (24)

If the benchmark W is very large, the subsidy payment term (pd, i p3, )W

will dominate the right hand side. If the subsidy rate decreaseqpd, < pd ),
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C&C Subsidy Freepermits Auctioned permits  Tax

(lil/ﬁ)l Aj B A A A A
Rank 5 1 1 1 1
¢y 0 0 i B iB+C 0
Rank 2 2 5 1 2
¢ 142 Ai B A Ai B Ai B+ C A
Rank 4 2 4 1 2
¢ v#s i D i E i D Bi C+F F
Rank 2(5 2{5 2(5 2(5 1
¢ AiB;D AiE AijB;iD A+ F A+F
Rank 3(5 3(5 3(5 1 1

Table 3: The gains from innovation, di®usion, optimal agency response, and
combinations of the three, assumingthat di®usiondecreasesdemand for pollu-
tion. For clarity, the relative ranking assumeghat all inequality constraints are

strict inequalities.

C&C Subsidy Freepermits Auctioned permits  Tax
¢yt Ai B A A A A
Rank 5 1 1 1 1
¢y 0 0 i B iBj C 0
Rank 1 1 4 5 1
¢ 142 Ai B A Ai B AjBjC A
Rank 3 1 3 5 1
¢ v#3 +D +E +D B+Ci F i F
Rank 1{4 1{4 1{4 1{4 5
¢ A;B+D A+E AjB+D Aj F Ai F
Rank 1{3 1{3 1{3 4 4

Table 4: The gains from innovation, di®usion, optimal agency response, and
combinations of the three, assumingthat di®usionincreasesdemand for pollu-
tion. For clarity, the relative ranking assumeghat all inequality constraints are

strict inequalities.
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subsidieswill provide lessof an incertive than direct cortrols; Table 2 shows
that subsidieswill then provide the wealkest incertiv e of all the instruments.
If the subsidy rate increases(p3, > p% ), subsidieswill provide more of an
incertiv e than direct controls; Table 3 shows that subsidieswill then provide an
intermediate level of incertiv es(greater than direct cortrols, lessthan taxes).
The reverseis true if the subsidy baselineis small. For example, if the
innovation reducesdemand for pollution and W = W° = maxf W% W3g then

Equation 24 simpli es to
¢ YB3(C&C) i ¢ ¥3(sub) = pd, (W3 WO <0 (25)

shaowing that in this case subsidies provide a stronger incertive than direct
cortrols. If the innovation increasesdemand for pollution and W = W3 =

maxf W%; W3g then Equation 24 simplies to
¢ Y¥23(C&C) ;i ¢ ¥&3(sub) = pQ (Wi WO > 0; (26)

shawing that in this casesubsidiesprovide a wealker incertiv e than direct con-

trols. ¥

6 Conclusion

This paper makes four cortributions to the literature on innovation in pollu-
tion cortrol. First, the algebraic alternative we provide is more general than
the geometric model of Milliman and Prince. It therefore allows us to deter-

mine the conditions under which Milliman and Prince's analysis of end-of-pipe
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innovations extends to, e.g., production-processinnovations. A quartitativ e
comparisonof the two approadcesis ditcult becauseoneis algebraic while the
other is geometric!® Qualitativ ely, however, our results (e.g., in terms of rela-
tive rankings) for the innovation stage (i.e., ¢ ¥#*) agreeexactly with those in
Milliman and Prince, and our results for di®usionand optimal agencyresponse
arein agreemen in casesvherethe innovation lowers the demandfor emissions
at the margin. These are signi cant extensions of the results that Milliman
and Prince 'nd with regard to innovation in end-of-pipe abatemert technology.
As long as the innovation in question lowers demand for emissionsat the mar-
gin, our results hold for all typesof environmental innovations|most notably,
production-processinnovations|jas well asfor \non-environmental" innovations
that nonethelessa®ectemissionslevels.

Where our results for di®usionand optimal agencyresponsedi®erfrom those
in Milliman and Prince are caseswhere the innovation increasesthe demand
for emissionsat the margin. Here we nd almost the reverse of Milliman and
Prince's conclusion. For example, Table 4 shaws that taxes and auctioned per-
mits provide the weakestincertiv e for the ertire processof technological change.

Under what circumstancesis innovation likely to increasedemand for emis-
sions at the margin? Most obvious is the caseof innovations which enhance

resourceproductivit y, e.g. by increasingthe amourt of electricity that can be

15The two approaches should yield identical quantitativ e results as long as the innovation
is limited to end-of-pip e abatement technologies and results in an everywhere-lower marginal

abatement cost curve.
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produced from ead ton of coal. As long as end-of-pipe abatemert e®ortsare
not cost-e®ectie, resource-enhancinginnovations will increasethe benet of
emissionsat all margins.

But other typesof production processinnovations can alsoincreasedemand
for emissionsat somemargins, and therefore have the potential to lead to sit-
uations in which Milliman and Prince's conclusionsare reversed. For example,
consideran innovation that \fron t-loads" the benets of emissionsonto the ini-
tial units of emissions suc asthe useof low-sulphur coalinstead of high-sulphur
coal or compact °uorescert lights instead of incandescen Sudc an innovation
is pictured in Figures 2 and 3, both of which show the sameshift in the indus-
try marginal emissionsbene't curve. But taxes and auctioned permits provide
the strongest incertiv e for technological change in Figure 2 and the weakest
incertive in Figure 3. The di®erenceis the location of the marginal environ-
mental damagecurve: M ED is relatively low in Figure 2 and relatively high in
Figure 3.

This exampletoucheson the secondcortribution of this paper: our analysis
highlights the hitherto unexaminedrole of marginal ervironmental damagesin
determining the incertive e®ectsof di®erert policies. In the caseof \front-
loading" innovations, for example, taxes and auctioned permits will be good
instruments for providing incertiv esif and only if marginal emissionsdamages
are relatively small.

A third cortribution is that our algebraic alternative to the standard ge-

ometric model makes more explicit the assumptionsunderlying both types of
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analyses. Two in particular are worth pointing out: there is no entry or exit,
and there are xed pricesfor all inputs and outputs except(in the caseof trad-
able permits) the price of pollution permits. These assumptionsrestrict the
applicability of these results to public policy; they also identify opportunities
for further researti. The role of patent protection would also be a promising
areafor future work.®

A "nal cortribution of our analysisis its suggestionthat the study of \envi-
ronmertal" innovations can be integrated more closely with the study of inno-
vations more generally This is another promising area for future researt, es-
pecially when the topic under considerationis sccially optimal incertiv esrather
than simply maximal incertiv es. Sacial welfare gains can comefrom both \en-
vironmental" and \non-environmental” innovations, suggestingthat a socially
optimal incertiv e structure must balancethe rewards for these di®eren types
of innovation [3, p. 23][7, p. 14]. E®orts to examinethis issuemust be able to
addressvarious typesof innovation is a common language;the model described

in this paper provides one such common language.

16The issue of entry and exit may have an easy solution in the absence of patents: entry
and exit should bring this market back into equilibrium with the rest of the economy, so any
stages after entry and exit should generate gains of zero for all rms. If entry and exit occur
after innovation but prior to di®usion, the innovating rm will bethe only oneto benet from
technological change. A logical extension of this matches up with the intuitiv e notion that
not even the innovating rm will benet if innovation is immediately followed by di®usion and

entry or exit.
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