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Abstract

Market-based instruments are widely used to encourage innovation and investment
in cleaner technologies. Using a simple analytical framework and graphical repre-
sentations, this paper provides a theoretical synthesis of the relationship between
emissions prices/taxes and the firm’s optimal technology choice. This unified treat-
ment incorporates the insights of a wide theoretical literature, as well as providing
several new findings. Most surprisingly, perhaps, we identify circumstances in which
a higher price of emissions actually reduces the incentive for investment in abate-
ment technologies. We discuss the implications for environmental policy. The main
conclusion is that a price on emissions invariably affects the type of abatement tech-
nologies firms invest in, so that the technological side of emissions abatement must
always be considered in tandem with the design of the market-based instrument
itself.

1 Introduction

Market-based instruments—emissions taxes and tradable emissions permits—are widely
used to encourage emissions abatement for a range of pollutants. World-wide, they ac-

count for hundreds of billions of dollars in government revenues and traded value each
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year. These market-based instruments are already playing a central role in climate pol-
icy, and are expected to play an even greater role in the future. The ability of these
instruments to encourage abatement through innovation and investment in clean tech-
nologies is likely the single most important measure of their success or failure, since this
type of abatement reduces the long-run cost of achieving ambitious emissions reductions
targets (Kneese and Schultze, 1975). So what is the relationship between market-based
instruments and firms’ technology choices?

Underpinning the now growing empirical literature on this question (see Popp et al.,
2009, Popp, 2010, and Ambec et al., 2010, for recent surveys) is an extensive theoreti-
cal literature. The theoretical literature compares the incentives for investment under
permits and taxes (Malueg, 1989; Fischer et al., 2003; Weber and Neuhoff, 2010), tries
to model the properties of different technologies (Bauman et al., 2008), asks what ef-
fect market power (Montero, 2002a,b) or the credibility of the regulator (Kennedy and
Laplante, 1995, 1999; Mash et al., 2003; Requate, 2005) might have on these incentives,
and much more. This paper presents a simple model that incorporates these and many
more contributions to this literature into one unified analytical framework. Apart from
synthesizing the theoretical literature, the unified treatment also provides several new
insights about the relationship between market-based instruments and firms’ technology
choices. Most surprisingly, perhaps, we identify circumstances in which a higher price
of emissions actually reduces the incentive for investment in cleaner technologies.

Section 2 introduces a simple model of technology choice in both algebraic and graph-
ical forms. Although we will refer back to the mathematical model throughout, we rely
mainly on graphs to communicate the conclusions of the analysis. Section 3 extends the
technology choice problem to situations when the firm’s expectations about competitor
and regulatory responses are more complex, such as when firms have market power,
when they can affect the diffusion of their innovations, and when the regulator cannot

commit to a future policy. Section 4 concludes.

2 Market-based instruments and technology choices

2.1 The model

Let us first set out a simple model of the firm’s technology choice. Our model is a more
general version of that presented by Bauman et al. (2008), and further modifies their
model in two important respects. Firstly, we include a price of emissions, and secondly,

we make the firm’s technology choice explicit.



Table 1: Summary of notation

Notation

Description
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Subscript ¢ denotes a technology. Technology i is fully charac-
terised by the four parameters («;, 8;,7i, ¢;). The technology also
determines the firm’s optimal level of input x; and emissions e;,
as seen in equation 1. Subscript 0 is used to denote the firm’s
starting technology.

The end-of-pipe effectiveness parameter. A higher « indicates
that the technology is associated with a lower total cost of a given
level of end-of-pipe abatement.

The emissions efficiency parameter. A higher 8 indicates that
the technology produces more units of gross emissions per unit of
input.

The productivity parameter. A higher + indicates that a technol-
ogy produces more output per unit of input.

The technology-specific fixed cost of adoption.

The firm’s input. We use z; to denote the firm’s optimal input
choice for technology 1.

The price per unit of input.

The price per unit of output.

The price per unit of emissions.

The firm’s level of emissions. We use e; to denote the firm’s opti-
mal level of emissions for technology i.

The initial allocation of emissions rights to the firm. This is zero
under an emissions tax, but may be positive under an emissions
trading scheme.

The technology-specific level of emissions when the price of emis-
sions is zero, p = 0.

Q is the firm’s total output, and Q(-) is the firm’s production
function, with @, > 0, Q.. <0, @, > 0, and @4, > 0.

G is the firm’s gross emissions (i.e. prior to end-of-pipe abate-
ment), and G(-) is the gross emissions function, with G, > 0 and
Gg < 0.

F' is the firm’s total cost of end-of-pipe abatement, and F(-) is
the total end-of-pipe abatement cost function, with Fg_. > 0 and
F, <0, whenever G > e. F(0,a) = 0. Note that the firm’s end-
of-pipe abatement is equal to gross emissions less final emissions
(G —e).

The marginal abatement cost for technology i is a function of the
level of emissions, e.

The change in the firm’s maximum profit resulting from a switch
from technology 0 to technology 1.

That part of ¢; due to a market-based instrument.

A reservation return on investment.




The firm’s production function @ = @Q(z,7) exhibits diminishing marginal returns
to the input x. Both the level of output and the marginal product of x are increasing
in the productivity parameter v. The input z can be purchased at a per unit price of z,
and the output can be sold at a per unit price q.

The firm faces a price on emissions, p. This price can be either a tax per unit of
emissions or an equilibrium permit price in a competitive permit market. At price p
the firm must pay p(e — €) to obtain the necessary emission rights, where e is final
emissions and € is the initial allocation of rights. It is costly to reduce emissions. More
specifically, the firm’s total end-of-pipe abatement cost is given by F = F(G — e, ),
which is increasing in end-of-pipe abatement (G — ¢€), and decreasing in the effectiveness
of the end-of-pipe technology «, whenever G > e. F(0,a) = 0. G is gross emissions,
which is increasing in input use and decreasing in the emissions efficiency parameter 3.
End-of-pipe abatement is the difference between GG and final emissions e.

The parameters «;, 3;, and ~; then describe technology i. In addition, the (certainty
equivalent) fixed cost of adopting/developing technology i is c¢;.

With a price of emissions p, a firm using technology ¢ can earn a maximum profit of

mi = maxlaQ(w, %) — 2 — ple — &) = F(G(w, 6:) — e, a1)] 1)

Let x; denote the profit maximising input choice, and e; the profit maximising level of
emissions. The incentive to invest in a new technology ¢ can then be written as the
difference between profits earned with the new technology and the profits earned with
the initial technology (for convenience, let us denote the initial technology by subscript

0). Formally, we write

¢; = mW—To (2)
= qlQ(z:,7i) — Q(z0,7)] — 2(w; — x0)
—[F(G(xi, Bi) — ei, i) — F(G(zo, o) — eo, ao)] + pleo — €;)

The first two terms on the righ-hand-side give us the changes in profit resulting from
changes in revenue and input costs. The last two terms give us the changes in profit
resulting from changes in abatement costs and payments for emission rights.

These last two terms represent the incentive for investment into technology i provided
by the market-based instrument. They both drop out when the price of emissions is
zero.! Let Zi max and €; max respectively denote the optimal input choice and emissions

with technology ¢ when the price of emissions is zero.

IThe first term drops out since the firm would never optimally incur any end-of-pipe abatement (i.e.
it would set G = e with any technology, so F' = 0), and the second term drops out trivially.



Since we are especially interested in that part of the incentive for innovation provided

by the market-based instrument, let us define this concept separately as
®; = F(G(zo,00) — €0, ) — F(G(zi, B;) — ei, ;) + pleo — €) (3)

Notice that, when the firm faces a given price p, as would be the case under an emissions
tax or in a competitive permit market, the initial allocation of emission rights € does
not affect a profit maximising firm’s incentive to invest in new technologies (Requate,
2005).2

®, can also be represented graphically. The function F(G(x;, 5;) — €;, «;) gives the
total cost of emissions abatement at the optimal emissions level with technology i. We
write the corresponding marginal abatement cost as f(G(x;, 5;) — ei, ;). Now imagine
allowing ourselves to deviate from the optimal level of emissions for a given technology
i. f(-) then gives us the marginal abatement cost curve. Since i still fixes G and «;,
we can simplify our notation and let f;(e) denote the marginal abatement cost curve
for technology i. f;(e) is a decreasing function of emissions e. This curve illustrated in

figure 1, where we have put final emissions e on the horizontal axis.

p
fi(e)

€; €i,max €

Figure 1: With technology ¢, the firm’s ‘demand for emissions’ is f;(e). At a given emissions
price, p*, the firm would optimally emit ffl(p*) = e;. The firm would optimally emit e; max
if the emissions price were zero.

To harmonise the algebraic and graphical representations, we can rewrite equation 3

using the notation for marginal abatement costs.

®; = /eo’ma" fo(e)de — /%i’ma" fi(e)de + p(eo — ei) (4)

0

2The same conclusion can also be deduced from Hahn (1984), who shows that the level of emissions
a price-taking firm is independent of its initial allocation of emissions rights.



The net gain from adopting technology i is obtained by subtracting the cost of
adoption, ¢;, from the total gain, ¢;. Formally, a profit maximising firm will only invest

in technology i if

¢i—ci > max(Pr —Ci,..., Qi1 — Cim1, Pit1 — Cigl,. .., 01 — CI,T) (5)

where 7 is a reservation return. Equation 5 is an investment condition, and defines the
firm’s technology choice problem.

We have introduced a lot of notation in this section. Table 1 summarises all of the
notation for easy reference.

One salient feature of our set-up is the four-parameter family of technologies, («, 3,7, ¢).
We can choose these parameters to describe any physical technology of interest, and any
level of investment in this physical technology. Therefore, this analytical framework can
simultaneously address questions about what physical technology to invest in, and how
much to invest in it.

Another feature of our model is the simplicity of the firm’s expectations about the
gains from innovation and investment in new technologies. The firm considers only it’s
own choice, holding everything else constant. In section 3 we consider what happens
when the circumstances warrant more complicated expectations. But first let us see
what we can already glean about how the price of emissions affects the firm’s technology

choices.

2.2 Incentives to invest in abatement technologies

Now that we have set out our basic model both algebraically and graphically, the first

task is to examine the firm’s incentives for investing in different types of technologies.?

End-of-pipe innovations (increases in «)

Let us begin by considering the emitter’s incentive to develop and adopt an end-of-pipe
technology (FOP). The original argument that market-based instruments encourage
innovation considered just such a technology (see, for instance, Tietenberg, 1985, Down-
ing and White, 1986, Malueg, 1989, and Milliman and Prince, 1989), and it remains
the most commonly discussed technology in the literature (see, for instance, Fischer
et al., 2003 and Weber and Neuhoff, 2010). End-of-pipe technologies filter the exhaust

of a production process, but do not actually affect production itself. This means that

3This section borrows from and significantly extends the discussion of different technologies in Bauman
et al. (2008).



r9 = TEop, SO that in this case ¢; = ®;. In other words, end-of-pipe abatement has
no impact on sales revenues and input costs. The end-of-pipe innovation does, however,
increase « from «g to agop. As a consequence, the firm faces a lower marginal benefit
of emissions for every positive level of emissions (fgop(e) < fo(e) for all e > 0).
Graphically, the result is a downward pivot of the the inverse demand curve around
the point emax (see figure 2). ®; is given by the area A in figure 2. As figure 2 also
illustrates, the optimal amount of emissions will always be lower with the end-of-pipe
technology installed. The incentive to adopt a given end-of-pipe technology is therefore

increasing in the allowance price.

p
fropr(e) fole)
p*
A
€EEOP €0 €max €

Figure 2: End-of-pipe innovations: The inverse demand curve pivots downward as a result
of adopting an end-of-pipe technology.

Traditionally, end-of-pipe innovations have been modeled as a ‘discrete’ technology.
Whatever the firm’s starting technology, adopting the end-of-pipe innovation results in
the same marginal abatement cost curve. This means that a firm with an initially steeper
marginal abatement cost curve would stand to gain more from the end-of-pipe innovation.
Weber and Neuhoff (2010), however, consider ‘proportional’ end-of-pipe innovations, so
that investing in innovation pivots the marginal abatement cost curve downward from
its original position in proportion to the level of investment.* A given investment in
a ‘proportional’ end-of-pipe innovation is then more attractive to a firm with initially
shallower marginal abatement cost curve,® the exact opposite of the ‘discrete’ technology.
Figure 3 illustrates this point.

Irrespective of whether end-of-pipe innovations are ‘discrete’ or ‘proportional’, the

4Although innovation and emissions have stochastic components in their model, their comparative
statics are conducted in terms of expected returns on investment, and so is fully comparable with the
present analysis.

®This point is made clear in equation (5) in Weber and Neuhoff (2010).
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Figure 3: ‘Discrete’ and ‘proportional’ end-of-pipe innovations: With a ‘discrete’ end-of-
pipe innovation, the firm’s marginal abatement cost curve becomes frop(e) if it adopts the
new technology, whether they start out with a shallow curve f&(e) or a steep curve fi(e).
The incentive to adopt the ‘discrete’ end-of-pipe technology is given by the area A in the
former case, and A + B + C in the latter. With ‘proportional’ end-of-pipe innovations,
however, firm’s do not end up with the same marginal abatement cost curve after equivalent
investments. Rather, this results in equivalent pivots of their marginal abatement cost
curves—from fE(e) to frop(e) and from ff(e) to fH,(e). In this case, the incentive to
innovate is A when starting with a shallow curve, and C when starting with a steeper curve,

where A > C.

incentive to adopt a given end-of-pipe technology ®; is increasing in the price of emis-
sions p. This is one of the classic arguments for pollution pricing (Tietenberg, 1985;
Downing and White, 1986). However, it must be noted that it was originally used in
reference to sulphur-scrubbers in the U.S. Acid Rain Program. If we look instead at car-
bon markets such as the EU Emissions Trading Scheme, however, very few end-of-pipe
technologies for carbon producing processes are near market, with the possible exception
of Carbon Capture and Storage. Therefore, this particular argument does not provide
a very convincing case for carbon prices. It would therefore be valuable to consider the
incentives market-based instruments provide for investment in other types of abatement

technologies.

Efficiency-enhancing innovations (increases in (3)

Consider the incentive to adopt an efficiency-enhancing technology, E, which increases
B from By to Bg. The output produced with one unit of input is unchanged, but the
emissions per unit of input is reduced. Consequently, a more drastic reduction of output
would now be needed to abate one unit of emissions. In other words, the marginal

abatement cost rises more steeply (fr(e) < fi(e) for all e). Moreover, as long as the



end-of-pipe technology is the same, the emitter’s profits whenever he is emitting nothing
remains the same, regardless of whether he adopts the efficiency-enhancing innovation
or not (Fp(0) = Fg(0)). Seen graphically, the marginal abatement cost curve is steeper,
but the area beneath the curve is the same. The incentive to invest provided by the

market-based instrument, ®;, is given by the area A — B in figure 4.

p
fe(e)

€o€ep e

Figure 4: Efficiency-enhancing innovations: The marginal abatement cost curve becomes
steeper when adopting efficiency-enhancing technologies, but the area beneath the curve
remains constant.

The first thing to note is that the optimal amount of emissions may either increase or
decrease as a result of an efficiency-enhancing innovation. Somewhat counterintuitively,
efficiency-enhancing innovations are likely to increase emissions at a higher emissions
price p, and the incentive for adoption of the technology is therefore weaker for a higher
emissions price. The reasoning goes as follows. While it had previously been optimal
to draw down production at a high price of emissions, the new technology increases
the benefit of emitting an extra unit. The higher the price, the less you were already
emitting, and the more you now gain from increasing emissions. When the price of
emissions is high, increasing emissions would be more expensive, so the firm would have
a weaker incentive to adopt the efficiency-enhancing technology in the first place.

The converse line of reasoning suggests that efficiency-enhancing innovations are
likely to reduce emissions at a low emissions price, and that the incentive to adopt the
technology is stronger at a lower price. The incentive for technology adoption reaches a
maximum when p = fg(e) = fy(e) in figure 4, and thereafter declines as the emissions
price falls further. Thus, contrary to the standard arguments that refer to end-of-
pipe technologies, a lower price of emissions (to a point) may actually give stronger

incentives for investment for efficiency-enhancing technologies. For sectors where the



bulk of innovations are expected to be of the efficiency-enhancing type, this may be a

lesson worth bearing in mind.

Process innovations (increases in 7)

Next, consider the incentive to adopt a process innovation, P, causing an increase in
~ from vy to vp. Process innovations increase the amount of output per unit of input,
but does not affect emissions per unit of input. A process innovations might affect
the optimal scale of production and emissions, and a price on emissions may therefore
provide an incentive or disincentive to adopt such technologies.

Even when the price of emissions is zero, a process innovation may increase the
optimal scale of production, and hence emissions (epmax > €0.max) or reduce it (epmax <
607max).6 A process innovation, moreover, may in principle be associated with either
decrease or increase in the cost of abating all the way to zero emissions (F(0) — Fp(0) <

0). There are then four interesting cases of process innovations (see figure 5):

P1 {epimax < €0max, F0(0) — Fp1(0) < e}: With a reduction in optimal level of
unconstrained emissions and an increase or small reduction in the cost of full
abatement (here represented as being less than some positive quantity €), the
horizontal intercept of the marginal abatement cost curve decreases (i.e. €pimax >
€o,max), but the vertical intercept increases (i.e. fp1(0) > fo(0)). As panel P1
of figure 5 illustrates, this looks similar to adoption of an efficiency-enhancing
innovation. The incentive to invest is given by the area A — B, and is increasing in
the price of emissions up to the point where p = fo(e) = fpi(e) in the first panel

of figure 5, and thereafter decreasing in the price of emissions.

P2 {ep2max < €0max, Fo(0) — Fp2(0) > €}: With a reduction in optimal level of
unconstrained emissions and a large reduction in the cost of full abatement, the
marginal abatement cost curve shifts inward so that the whole curve lies beneath
the old curve (i.e. fpa(e) < fo(e) for all e), as illustrated in panel P2 in figure
5. The incentive to invest is given by area A, and is increasing in the price of

emissions.

P3 {ep3max > €0max, F0(0) — Fp3(0) < €}: With an increase in optimal level of

unconstrained emissions and an increase or small reduction in the cost of full

50ne economic rationale for this is market power. If demand for the firm’s output is very elastic, the
firm would increase production when the marginal costs of production falls. If demand is inelastic, the
firm may optimally restrict its production.

10
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Figure 5: Process innovations: Depending on the optimal scale of production at a zero
emissions price and the change in the cost of full abatement, process innovations can cause
a variety of shifts of the marginal abatement cost curve.

abatement, the marginal abatement cost curve shifts outward so that the whole
curve lies above the old curve (i.e. fps(e) > f(e) for all e), as seen in panel P3 of
figure 5. The disincentive to invest is given by A, and is increasing in the price of

emissions.

P4 {epsmax > €0max, F0(0) — Fpa(0) > €}: With an increase in the optimal level
of unconstrained emissions and a large reduction in the cost of full abatement,
the horizontal intercept of the marginal abatement cost curve increases, but the
vertical intercept decreases, as illustrated in panel P4 of figure 5. The incentive
to invest provided by the emissions price, ®py, is given by B — A. This type
of process innovation increases the optimal level of emissions at a low price, but
reduces emissions at a high price. A low price therefore discourages this type of
innovation, and the disincentive initially becomes stronger as the price price of

emissions increases. The incentive reaches a minimum when p = fps(e) = f(e),

11



and thereafter increases with the allowance price.

Note that the impact of a market-based instrument on the firm’s incentive to adopt
process innovations depends on how the innovation would affect the firm’s optimal scale
of production. Hence, the market conditions in the output markets in which the emitters
operate may influence the firm’s incentives to invest in different process innovations. A
single economy-wide price on emissions, therefore, will therefore almost inevitably shift

investments between economic sectors and between different technologies.

Replacement innovations (very large increases in « or 7)

Until now we have looked at innovation and investment in abatement technologies. How-
ever, another type can be described as replacement technologies, R (Laffont and Tirole,
1996a,b; Scotchmer, 2010). Replacement technologies eliminate the need for abatement
as such. A fully efficient end-of-pipe technology or a pollution-free perfect substitute for
the polluting good would fall into this category. In our model, these would respectively
be represented as a very large increase in « or v. With such technologies, the optimal
amount of emissions is always zero, so egp max = 0. Graphically, the incentive to invest in
replacement technologies is the whole area beneath the marginal abatement cost curve
which falls below the price of emissions, p. The incentive to innovate and invest in

replacement technologies is always increasing in the allowance price.

2.3 Market-based instruments and technology choices

We can now compare the incentives to invest in different technologies. For convenience,
figure 6 summarises how the gains provided by the market-based instrument, ®;, depends
on the price of emissions.

One of the more surprising features of figure 6 is that the incentive for investment
in abatement technologies is not always an increasing function of the emissions price.
For some technologies, a lower price price of emissions (to a point) may actually provide
a greater incentives for innovation. This finding derives from very conventional and
almost model-free assumptions, yet sharply contrasts with the conventional wisdom. To
the author’s knowledge, these implications of the standard theory have not previously
been articulated.

Firgure 6 also emphasizes the importance of opportunity cost in technology choice.
A higher emissions price not only affects overall incentive for innovation and investment

in clean technologies, but also the relative attractiveness of alternative technologies.

12
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Figure 6: Incentives for investment: The six stylized panels illustrate how the incentives for
adopting technologies of different types depend on the the price of emissions, p. To facilitate
comparisons, the certainty equivalent cost of adopting each technology, ¢;, is assumed to be
zero for all technologies. A positive ¢; would simply shift the curves vertically down.

For instance, in figure 6, the efficiency-enhancing innovation (E) looks relatively more
attractive at lower emissions prices, while the replacement technology (R) becomes much
more attractive at higher prices. Incorporating many different types of innovations into a
coherent analytical framework emphasizes that the firm’s problem is not just how much

to invest, but one of technology choice.

3 Extensions of the model

Even the simple model in section 2 yields many insights into the effect that market-based
instruments have on the firm’s technology choices. Yet, the analysis made a central
simplifying assumption—an exogenously given emissions price. Although it would be
rational for the firm to act as a price-taker with respect to the emissions price in this
setting, there is no general justification for assuming that the price of emissions does
not also respond to technology choices. This section looks at how optimal technology

choices change when the price of emissions is endogenous. One of the things we will see

13



is that emissions taxes and permits are no longer equivalent.

3.1 Innovation and investment in equilibrium

In some settings, firms’ technology choices may affect the emissions price they face. For
instance, the price set in a permit market responds to changes in demand for permits,
which this in turn depends on technology choices. In order to characterise the rela-
tionship between the equilibrium permit price, p*, and the number of firms that adopt
new technologies, n, we need to know whether adopting the technology increases or de-
creases the firm’s optimal level of emissions. Based on our previous analysis, we know
that adopting one of the technologies FOP, P2, or R, unambiguously reduces the opti-
mal amount of emissions. Adopting E or P1 reduces emissions if the emissions price is
sufficiently low, and P4 reduces emissions if the price is sufficiently high. We shall refer
to these situations collectively as emissions-reducing innovations. For P3, emissions un-
ambiguously increase. Emissions also increase when the price of emissions is sufficiently
high with E and P1, as well as for P4 when the price is sufficiently low. We shall refer
to these situations as emissions-increasing innovations. Note that for some technolo-
gies, the price of emissions determines whether the innovation is emissions-reducing or
emissions-increasing.

Requate and Unold (2003) consider adoption of emissions-reducing innovations. With
such technologies, adoption reduces demand for permits, so the equilibrium price falls
(p*(n) < 0) and the gains from innovation and investment therefore also decrease
(®i(n) < 0, since ®; is an increasing function of the emissions price for emissions-
reducing innovations). Non-innovating firms share in the reduced abatement costs that
come from a lower emissions price despite not investing themselves. They are free-riding
on the innovators (Requate and Unold, 2003). This is illustrated in figure 7. If only one
firm were to adopt an emissions-reducing innovation, it would stand to gain profits equal
to the area A + B. More widespread technology adoption, however, reduces aggregate
demand for permits. Since the supply of permits is fixed, their price falls. If the firm
expects the price to fall to p’ as the technology spreads, the expected gain from adopting
the technology would equal only area A.

The converse reasoning applies to emissions-increasing innovations. The permit price
increases as the innovation spreads (p*(n) > 0), since firms demand more permits. Since
the incentive for investment is decreasing in the emissions price for emissions-increasing
innovations, prior adoption again reduces the gains for further adoption (®;(n) < 0).

Thus, when the price price of emissions is set in a permit market, more widespread

14
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Figure 7: Incentives in equilibrium: The incentive to adopt an emissions-reducing innova-
tion ¢ is given by area A + B when the equilibrium price is px. The incentive for adoption
is smaller, area A, when the price has fallen from p* to p’. The change in the price can be
brought about if a sufficient number of emitters adopt the emissions-reducing innovation.
This figure is adapted from Requate and Unold (2003).

technology adoption always reduces the gains from adopting any type of innovation.

Three important clarifications are in order here. Firstly, a forward-looking firm would
only consider the gain in equilibrium, i.e. ®;(p’) calculated at the emissions price that
obtains when the equilibrium number of firms have adopted the technology, p’. This is
given by area A in figure 7. The incentive to invest in technology i is then independent
of the number of firms that have adopted the technology so far. However, for a firm
that acts on the basis of the currently prevailing equilibrium emissions price p*, whether
because they are myopic or because they do not have good enough information about
future equilibrium prices, the incentive to adopt a new technology depends on the number
of prior adopters at any given point. In this situation, the incentive for investment is
different for early adopters (A + B in figure 7) and late adopters (A).

Secondly, for a given cost of adoption ¢;, we may have partial technology diffusion in
equilibrium. The price of emissions responds to technology adoption, and firms would
stop adopting only when A = ¢;. Partial adoption would not be possible with an
emissions tax, since the emissions price faced by firms is constant and independent of
technology adoption.

Thirdly, it is important to note that prior adoption reduces the gains from further
adoption only for the same type of innovation (i.e. emissions-reducing or emissions-
increasing). Adopting emissions-reducing innovations puts downward pressure on the
permit price, and hence on the incentive for further adoption of emissions-reducing in-

novations. However, a lower allowance price increases the incentive to adopt emissions-
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increasing innovations. Conversely, adopting emissions-increasing innovations puts up-
ward pressure on the allowance price, and hence increases the incentive to adopt emissions-
reducing innovations. On route to a stable emissions price, adoption of an emissions-
reducing innovation by one firm may induce another to adopt an emissions-increasing
innovation, and so on. An equilibrium involves a stable portfolio of technologies across
firms. However, our model does not yield much information about what the final port-

folio of technologies will look like.” We return to this issue in section 3.4.

3.2 Market power

Let us continue with an emissions price set in a permit market. In a competitive market,
as above, diffusion of an emissions-reducing innovation reduces the permit price, but the
technology choice of each firm has no noticeable impact. This is a world of small emitters.
However, as Oates and Strassman (1984) note, a large proportion of emissions are often,
unsurprisingly, accounted for by large emitters. When the innovating firm is a large
enough emitter, selling permits would cause a noticeable drop in the price. Conversely,
buying permits would cause a noticeable increase in the price. The price of emissions
p is then an increasing function of the level of emissions e, and a decreasing function
of the initial allocation of emissions rights € (p. > 0 and p; < 0).® For a large enough
emitter, therefore, the price of emissions would be plotted as an upward sloping curve in
‘price-emissions’-space. The curve shifts downward for more generous initial allocations
of emissions rights, e. Figure 3.2 illustrates.

Suppose the emitter is initially allocated the right to emit up to the point € and the
initial equilibrium price is p*. Taking account of how its own purchasing decisions affects
the emissions price, the firm would purchase é — € permits if it did not adopt technology
i. Because the firm would avoid pushing up the price for each additional permit it wants
to purchase, the gain from adopting technology i is given by area A4+ B+ C. By contrast,
if the initial allocation is such that the firm is allowed to emit up to é and the equilibrium
price is p*, the firm would optimally sell é — é permits if it adopted technology i. Taking
into account the fact that the firm fetches a lower price for each additional permit it tries
to sell, the gain from technology adoption is now only equal to area A. Had the firm
been a price-taker with respect to the emissions price, the gain from adopting technology

i would have been equal to area A + B regardless of the initial allocation of emissions

"See Moreno-Bromberg and Taschini, 2011 for dynamic simulations of this problem, which do provide
more information about what technologies firms adopt in equilibrium.

8See Kennedy and Laplante (1999) for a more general argument that the emissions price p is an
increasing function of e.
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Figure 8: Market power and initial emissions allocation: A generous initial allocation of
allowances, é, means that the firm would be faced with selling excess allowances until the
price falls to p”, should it adopt technology 7. The gain is given by area A. A stringent
initial allocation, €, on the other hand, means the firm has would have to purchase allowance
up to the price p’ if it did not adopt technology i. The gain from investment is therefore
given by area A4+ B+ C'. The converse argument yields losses A+ B+ C and A, respectively,
for an emissions-increasing innovation.

rights.

It is straightforward to modify our simple model from section 2. We simply need to
make the price of emissions an increasing function of e and a decreasing function of e,
rather than a constant. Instead of equation 4, the gain from adopting technology i is

now

o - | " fo(e)de - / fiteyde + | ple, €)de (6)

0

As equation 6 shows, the incentive to innovate now depends on the initial allocation of
emissions rights. For large emitters, a more stringent initial permit allocation appear to
provide greater incentives for investment in clean technologies.

This discussion also highlights that when tradable emissions permits are used, the
relationship between the price on emissions and the incentives for investment also de-
pends on the strategic interactions between emitters. This issue would never arise for

an emissions tax, where the price on emissions is just a constant.

3.3 Imperfect competition

Let us now combine the two extensions from above: incentives in equilibrium and market

power. Now each firm has market power in either the output or permit market, or both,
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and it considers the change in equilibrium in both markets resulting from its technology
choices.

In the case with an imperfectly competitive permit market, p’(e) > 0, but perfectly
competitive output market, the earlier conclusions are still valid. The incentive to invest
in emissions-reducing innovations is decreasing in the investments made by competitors
in the permit market, as well as being muted by the firm’s own market power (Storrgsten,
2010). Net permit buyers will have greater incentives to adopt innovations since they
benefit from a lower permit price, while net sellers have diminished incentives. This
implies that a firm is likely to underinvest when allowances are freely allocated, while
full auctioning encourages over-investment in new technologies (Montero, 2002a).

Consider now the reverse: a situation with a perfectly competitive permit market
(i.e. p(e) = p* for all e), but competition & la Cournot in the output market (so that,
give the competitor’s equilibrium response, the output price ¢ is a decreasing function
of the firm’s output @). In this scenario, innovation that reduces the marginal cost of
abatement puts downward pressure on the permit price for a given level of emissions,
and the innovating firm actually increases output to exactly offset this effect (Montero,
2002a). The price of emissions is therefore unchanged, and the incentive to invest is the
same as in the previous section.

When we combine imperfect competition in the allowance market with Cournot com-
petition in the output market, the analysis becomes slightly more intricate. Imperfect
competition in the allowance market still means that net permit buyers have greater
incentives for innovation than do net sellers. However, innovation now has an additional
effect. Although the reduced marginal cost of abatement encourages the innovator to
increase output, this does not completely offset the downward pressure on the permit
price. The lower price reduces the marginal abatement costs of competitors, who conse-
quently increase their output. In essence, when there is imperfect competition in both
the permit and output markets, innovation has a spillover effect through the permit
market, which is then fed back to the innovating firm in the form of stiffer competition.
The incentives for innovation and investment are dampened because of this spillover-
effect (Montero, 2002a). In equilibrium, the permit and output prices are lower, and
total output is higher. Montero (2002b) examines the case where emitters compete a la
Bertrand with differentiated products. Although the reasoning is slightly different, the

results for are qualitatively very similar for an emissions price set in a permit market.
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3.4 Heterogeneous firms

One of the problems mentioned in section 3.1 is that, although there might be an equi-
librium corresponding to some set of technologies being adopted, our model does not tell
us how that equilibrium would actually come about in practice. Identical firms would
all have exactly the same incentive to adopt a given technology. Hence, if there are NV
firms, M of which will adopt technology i in equilibrium, there are (]\J\g) equilibria which
differ only in which firms have adopted a given technology. In the simple model, all of
these outcomes are equally plausible.

One suggested solution is to set the investment decision within an extensive form
game, in which case there is a unique sub-game perfect Nash equilibrium, depending
on the order of movers (Storrgsten, 2010). However, the problem is now instead how
to order the players. There would be N! equally plausible extensive form games, which
once again yield a total of ( ]\]\;) equilibria. We have only shifted the problem one step.

The problem here is not whether the model is static or dynamic, but rather that
firms are identical. Heterogeneity among firms not only gets rid of the problem, but
also seems more plausible. Heterogeneity can be incorporated in a number of ways.
Firms might for instance have different initial technologies, in which case they would
face different marginal abatement cost curves. Weber and Neuhoff (2010) introduce firm
heterogeneity in this way, without greatly increasing the complexity of the analysis.

Differences between firms could also be introduced through the cost of technology
adoption, ¢;. Firms may differ, for instance, in their abilities to raise internal and external
funds (Cramton and Kerr, 2002).

The cost of technology adoption may also vary dynamically as a result of the processes
at work as innovations are adopted. For instance, the originator of a technology usually
incurs greater costs in adopting the technology than subsequent firms adopting the
same technology. Differences in the cost of adoption may still be present between the
n* and the (n 4+ 1)** firm to adopt a technology, due to ‘learning-by-doing’, network
externalities, or other types of economies of scale. The cost of technology adoption will
then be a decreasing function of the number of prior adopters.” This might also mean
that, although early adoption reduces the potential gain from later adoption, the cost c;
may fall more than enough to compensate. If this effect is sufficiently strong, economies
of scale would come to dominate once a certain threshold has been reached, and we
would observe the well known S-shaped pattern for the diffusion of technology.

The cost of innovation could of course instead be an increasing function of the number

9This possibility is cursorily considered by Requate (2005).
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of previous adopters. This might be the case if, say, a large cost component of the new
technology is the cost of some finite resource (e.g. precious metals in catalysts and
solar panels). The cost of the technology may then rise as the resource is depleted. In
this case, the gains from later technology adoption may be doubly undermined by early
adoption—both through the drop in the permit price (in permit markets) and through
the rising cost of technology adoption.

Firm heterogeneity can be easily accommodated within our analytical framework.
Moreover, our discussion highlights the opportunity here to kill two birds with one
stone—resolving the modeling problem of having too many equilibria, and making more

plausible assumptions about firms.

3.5 Patents

The preceding discussion has considered the direct gains of innovation—the gains arising
to the innovating firm through changes to its own production and emissions. We now
extend this analysis to look at how the incentives are altered when firms consider their
ability to appropriate some of the social gains of their innovations.

Milliman and Prince (1989) were early to note the difference between patented and
unpatented innovations in this context. They model patents in a very simple way: if
there are N identical firms in the industry that are subject to a price price on emissions,
the innovating firm simply gets a share s € [0, 1] of industry-wide non-innovator gains.
Thus, the incentive to develop and adopt technology ¢ provided by the price on emissions

is just
®; + s®;(N — 1) (7)

Notice that, with patents, the overall incentive to innovate is increasing in the size of the
market for the innovation, V. Even if the innovating firm is not itself an emitter and
does not have to pay for its own emissions, the emissions price nevertheless does affect
its incentive to develop abatement technologies. Instead of equation 7 we would simply
have s®;N.

Fischer et al. (2003) give more structure to the benefits from patents. They consider
an end-of-pipe innovation that increases « from g to agop, though the analysis that
follows can equally be applied to any other type of innovation. The innovating firm gets
a patent for this end-of-pipe innovation. Other firms can adopt this new innovation, but
would need to pay a license fee of to the innovator. If all other firms adopt the new

innovation, we get equation 7. However, the other firms also have the option to adopt
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an imitation technology o with effectiveness a, = cagop + (1 — o), with o € [0, 1].
Note that when ¢ = 1, the innovation is a pure public good, and any firm can copy the
inventor at no cost. When o = 0, on the other hand, the innovation is a pure private
good, and no imitation is possible. Figure 9 illustrates the marginal abatement cost

curves fo(e) and frop(e), as well as f,(e) for some intermediate value of o.

p
frop(e) fs(e) fol(e)

€EEoP €5 €0 €max €

Figure 9: Incentives with patents: The area A + B is the value of adopting the new
technology EOP, while the smaller area B is the value of adopting the imitation technology
o. The difference, area A, is the additional benefit of adopting the new technology over and
above the imitation.

As long as the innovating firm charges a license fee that is no larger than the area A
in figure 9, other firms would prefer to license rather than imitate. The optimal license

fee at a given emissions price is therefore a share of the gain from adoption, s®;, where

_area A
area A+B’

licensing and imitating. This provides an economic rationale for the parameter s, and

s is optimally set to s = so that other firms are just indifferent between
s®; in equation 7 can now be interpreted as the license fee charged by the innovator. In
this view, s is a decreasing function of the appropriability of the gains from adoption, o.

When the price on emissions is set with a tax, diffusion of the technology always
increases the gains to the innovator. As we saw in section 3.1, however, when the price
is determined in a permit market, adoption of an emissions-reducing innovation causes
the price of emissions falls (Fischer et al., 2003; Scotchmer, 2010). In this case the
potential gains from adoption are smaller, which means that the the license fees that
the innovating firm can extract are smaller. The innovator is thus a classic monopolist,
choosing between technology diffusion and extracting higher license fees. The implication
is that the innovator may prefer to limit diffusion of the new technology, especially if
there is no good imitation technology (o close to one), and especially if the innovation

causes a substantial reduction in the optimal emissions level (the technology represents
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a large increase in « here). Notice that these are precisely the circumstances in which
the social cost of limiting the diffusion would be particularly great.

Scotchmer (2010) further notes that when the permit price falls, the optimal level
of output will increase for non-adopters (and it will not decrease for the adopters). If
demand for the output is inelastic (another situation where where the social cost of lim-
iting diffusion is high), this expansion of output will reduce the innovating firm’s profits.
In addition to a decline in the license fees the innovating firm can charge, therefore,
technology diffusion causes a drop in sales revenues, providing a double disincentive for
technology diffusion.

These concerns do not arise with an emissions tax, but with permit markets the
innovating firm has excessive incentives to limit the diffusion of abatement technologies.
Regrettably, these incentives are strongest when the social costs of limiting diffusion
are greatest. This suggests a need for complementary policies to promote diffusion of

patented abatement technologies.

3.6 Optimal policy adjustment

As our final extension we consider the possibility that the regulator sets a price on
emissions with some expectation of firm’s technology choices, and may in some cases
wish to revise the price once it can observe actual technology choices. This provides
firms with yet another opportunity to make strategic technology choices in order to
affect the price on emissions.

The most frequently discussed version of this problem was first considered by Mil-
liman and Prince (1989).1° Once firms adopt new technologies and shift the marginal
abatement cost curve, the price on emissions may no longer be equal to the marginal
damage from emissions. If the emissions price or permit quota had initially been set to
equate marginal damages and marginal abatement costs, a welfare maximising regulator
would now have an incentive to adjust the emissions tax or permit quota in order to
realign marginal damages and the emissions price.

For convenience, let us assume that the marginal damages from emissions are in-
creasing in emissions. Additionally, purely so that we can draw the firm’s marginal
abatement cost curve and the marginal damage curve in the same graph (see figure

11

10) we assume that there is only a single emitter.”* Now, once the emitter adopts an

More recent discussions include Kennedy and Laplante (1995, 1999), Mash et al. (2003), and Requate
(2005).

1Tn order not to overcomplicate matters, this emitter is still assumed to act as a price-taker in a
permit market. This allows us to isolate the effects arising from the optimal policy adjustment. All of
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emissions-reducing innovation, causing a shift in the (aggregate) marginal abatement
cost curve, the marginal damages from emissions will no longer equal the price on emis-
sions, whether that price is set by a tax or permit quota. To see this, consider figure
10. The marginal abatement cost curve with the initial technology is fo(e), and the
regulator has set an optimal emissions tax p* that induces a level of emissions €. Adopt-
ing technology ¢ shifts the marginal abatement cost curve to f;(e), and the firm would
now choose to emit ¢/. The gain from innovation, as we have seen before, would be
A+ ...+ G. Note, however, that the emissions price p* exceeds the marginal damages
at this level of emissions. With the new technology, the optimal emissions tax is p” and
optimal emissions are €”’. For a permit market, the initially optimal emissions cap is
e, resulting in an equilibrium permit price p*. Technology adoption causes a drop in
the permit price to p’, which is below the new optimal permit price p”. By the same
argument as in section 3.1, for a firm that expects the permit price to drop to p’ the

S

incentive to innovate is A. The new optimal permit quota is €’ and optimal emissions

are p.
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Figure 10: Incentives for Innovation for ‘regulation-takers’ and ‘regulation-
setters’:

Hence, technology adoption would cause a welfare maximising regulator want to lower
the emissions tax, something emitters are likely to welcome. With a permit market, how-
ever, technology adoption would cause the regulator to restrict the permit quota, most
likely opposed by emitters. Milliman and Prince (1989) further speculated that firms
would anticipate the regulator’s optimal reduction of the emissions tax, or tightening of

the permit quota, which would modify their incentives to invest in the first place.

the analysis in this section can be performed with a monopolist or under imperfect competition, but the
effect of optimal policy adjustment will become confounded with other effects.
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To see what happens to the firm’s incentives, imagine first that the firm correctly
anticipates the new regulations but does not believe it has any power to influence the
regulator—the firm is a ‘regulation-taker’. The firm knows that the regulator will adjust
the emissions tax from p* to p” in figure 10. In the absence of regulatory adjustment,
the gain from technology adoption is A+...4+ G, while it is only A+ B+ C with optimal
adjustment (by the same argument as in section 3.1). Hence, optimal adjustment of an
emissions tax reduces the incentives to invest. The opposite is true of a permit market.
The regulator would optimally adjust the emissions cap from € to &', resulting in a
permit price of p”. Without intervention to restrict the emissions cap, however, the
price would have fallen to p’. The gain from switching technology is therefore A+ B+ C
with optimal policy adjustment, as opposed to just A. Thus, contrary to an emissions
tax, optimal policy adjustment increases the incentives to invest under a permit market
where participants are ‘regulation-takers’. Notably, with optimal policy adjustment, the
incentives for innovation are the same under both an emissions tax and permit market.

Imagine now that the firm is not a ‘regulation-taker’. In fact, let us suppose the
firm knows that the regulator’s decision is entirely contingent on the firm’s technology
choice—the firm is effectively a ‘regulation-setter’.!? Under an emissions tax with no
adjustment, the incentive to innovate is A 4+ ... 4+ G, as before. A regulation-setting
firm will realise, however, that if it adopts technology i the regulator would lower the
tax rate to p”. As a consequence, the firm would optimally increase emissions to é&”,
which reduces their abatement costs by K 4+ N + L but increases their tax receipts by
M+ N+ O+ P — L at the new tax rate. Thus, in addition to the the area A+ ...+ G,
the ‘regulation-setter’ also expects a gain of K + L. Optimal tax adjustment therefore
increases the incentives for innovation for a ‘regulation-setter’, opposite to its effect on
the incentives of the ‘regulation-taker’. In a permit market, the cost-savings to the
firm would be equal to the area A without adjustment. However, the regulator would
optimally cancel some of the firm’s allowances, forcing it to reduce emissions to &’ at a
cost I+ J. The resulting incentive to innovate is only A —I —J (plus any compensation
that the firm may obtain for the permits it has lost). Optimal adjustment thus reduces
the incentive to invest in a permit market when the firm is a ‘regulation-setter’, the
opposite of the effect on the incentives of a ‘regulation-taker’. Table 2 summarises our
conclusions thus far.

We have considered two extreme situations—one where the firm is a ‘regulation-
taker’ and one where the firm is a ‘regulation-setter’. For the many intermediary cases,

the effect of optimal adjustment on the incentives to innovate is not clearly signed.

'2The analysis of this scenario extends a discussion in Kennedy and Laplante (1999).
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‘Regulation-taker’ ‘Regulation-setter’
Emissions tax Lower Higher
Permit market Higher Lower

Table 2: The effects of optimal policy adjustment on the incentives of ‘regulation-takers’
and ‘regulation setters’

However, one would expect that the more influence a firm’s technology choices has on
the regulator’s decisions, the greater is the additional incentive to invest provided under
a tax, and the greater is the disincentive to invest in a permit market.'> This suggests
that the choice of instrument will affect who innovates. When emitters expect this
kind of optimal policy adjustment, an emissions tax will provide stronger incentives
for investment for powerful firms that believe they can influence policy, but provide
weaker incentives for less influential emitters. A permit market reverses this relationship,
providing stronger incentives to the less influential. Thus, we would expect optimal
adjustment of an emissions tax to strengthen incentives for innovation when emissions are
concentrated among a few large firms, while optimal adjustment of a permit quota would
strengthen incentives when emissions are distributed among a large number of small
firms. This provides us with some guidance on the question of choosing an emissions
tax or a permit market when the regulator cannot credibly commit to a future policy.
On a broader note, the regulator may well have other objectives in mind than to
equate marginal abatement costs and marginal damages, say, to raise revenue. The reg-
ulator will still have an incentive to adjust the tax or permit quota, albeit for different
reasons. If investments by firms reduces the elasticity of the tax base, the optimal tax
rate for revenue raising (i.e. the Ramsey tax) increases (Marsiliani and Renstrom, 2000).
The regulator will then have an incentive to raise the tax once firms have invested in a
new abatement technology. In terms of our typology of innovations, it is easy to see that,
for instance, Pl-innovations reduce the emissions price elasticity of emissions, and would
cause the regulator to increase a revenue raising emissions tax. The same argument can
be made for an permit market, where, if permits are auctioned to raise revenue, the
regulator would have an incentive to tighten the cap once firms have invested in abate-
ment technologies. In contrast to the ‘equating marginal abatement costs and marginal
damages’-motivation, the regulator will have an incentive to make both an emissions

tax and an permit quota more stringent. Consequently, optimal policy adjustment will

13For a more extensive treatment of the impact of this type of optimal policy adjustment on incentives
for innovation and investment, see Requate and Unold (2003) and Requate (2005).
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in this case reduce the incentives for innovation that reduce the emissions price elas-
ticity of emissions. The opposite applies to innovations that reduce the emissions price
elasticity of emissions, such as end-of-pipe and replacement innovations. In this case,
the regulator would have an incentive to lower the tax rate, or relax the emissions cap.
Consequently, optimal policy adjustment will increase the incentives for these types of
abatement technologies.

There are two main things to note here. Firstly, there is no strict correspondence
between the direction of change in the emissions price elasticity of emissions and whether
the innovation is emissions-reducing or emissions-increasing. A revenue raising tax or
permit auction might therefore provide incentives for either or both of these types of
innovations. Secondly, the choice of a tax or permit auction does not seem to be very
important for the incentives to innovate if the regulator’s purpose is just to raise rev-
enue. This highlights the fact that depending on the regulator’s objective function,
different events will trigger adjustments in different directions. There are many further
possibilities not considered here. For instance, Helm et al. (2003) consider a scenario
where the regulator has an incentive to weaken the emissions cap (or lower the tax rate)
once investments have taken place in order to improve international competitiveness of
exporting sectors. (Abrego and Perroni, 2002) examine a situation where the regulator
has distributional objectives. Taxes, as well as grandfathered permits, are likely to be
regressive with regards to income. Once income becomes more unevenly distributed, the
regulator will have a greater incentive to lower the tax rate or weaken the emissions cap
in order to reduce the adverse distributional impact.

It is easy to get lost in the intricacies of optimal policy adjustment, and difficult to
draw general conclusions about how it impacts the incentives for innovation. If the reg-
ulator’s objective is to equate marginal abatement costs and marginal damages, optimal
policy adjustment weakens the incentives to invest in emissions-reducing innovations for
‘regulation-takers’ under a emissions tax, but strengthens them under a permit mar-
ket. The reverse applies to ‘regulation-setters’. If the emissions price is primarily a
revenue raising tool, however, the effect of optimal policy adjustment on the incentives
for emissions-reducing innovation is unclear, and it may even encourage investment in
emissions-increasing innovations. The only conclusion to draw is that our model is able
to accommodate a number of different characterisations of this problem that appear in
the literature. In addition, this simple framework has allowed us to elaborate on the
ideas in the literature and further contribute to the understanding of how optimal policy

adjustment affects the incentives for innovation.
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4 Conclusion

This paper has examined the relationship between market-based instruments and firms’
optimal technology choices. The simple model presented in section 2 showed how the
gains from different types of innovations depend on the price on emissions. One of
the more surprising findings here was that, for some types of innovations, the incentive
for investment in abatement technologies may actually be decreasing in the price of
emissions. This suggests that conventional wisdom that ‘higher emissions prices induce
more innovation in clean technologies’ deserves at the very least some qualification. This
conventional wisdom is valid for some types of technologies, and under some market
conditions, but the existence of counter-examples makes the policy maker’s problem is
more difficult.

This finding can potentially change the policy maker’s economic calculus. Since a
price on emissions effectively raises the marginal cost of production, it will typically
induce the firm to restrict output, which may entail a loss of social welfare. The so-
cial welfare gains from a higher price on emissions (reduced emissions and potentially
more innovation) are therefore traded-off with the losses from restricted output (Oates
and Strassman, 1984). Interestingly, our discussion of process innovations shows that
reducing the price of emissions may in some cases actually increase the incentive for
innovation. In such circumstances, a lower emissions price provides the dual benefits of
increased incentives for innovation and reduced welfare losses from restrictions of output.
The practical importance of these cases, however, remains an empirical matter.

It is also important to acknowledge that, although our discussion assumed a profit
maximising firm, incentives for minimising costs are present in a number of differ-
ent managerial models, including Williamson’s model of utility-maximising managers
(Williamson, 1963) and Niskanen’s model of bureaucracies (Niskanen, 1977).14 There-
fore, even if our algebraic expressions do not reflect all of the forces at work, they are
still likely to capture some of the key determinants of the incentives to invest.

Another important feature of our analysis was to represent the firm’s problem as
one of technology choice. Most of the literature cited in this paper considers the firm’s
problem as one of deciding whether or how much to invest in a given technology—
a single alternative technology or a one-dimensional continuum of technologies. Our
framework allows us to consider the choice between technologies that can vary along
several dimensions. This is a much more faithful representation of the firm’s actual

decision problem, and emphasizes that a changing price of emissions alters the relative

14See Oates and Strassman, 1984 for a discussion.

27



incentives for adopting different types of abatement technologies. This point must be
considered very carefully when designing economy-wide emissions regulations, such as
in the case of climate policy, since there are different technological opportunities for
abatement in different sectors of the economy. The technology choice formulation is more
flexible and yields a much richer understanding how the price on emissions influences
the firm’s innovation and investment decisions, yet remains a tractable alternative for
modeling.

Section 3 introduced several extensions of the analysis. When the analysis is extended
in these directions, the form of the price (tax or permits), the allocation of emissions
rights, the ability to protect innovations from imitation, and the regulator’s objectives
all become important factors in the firm’s technology choice problem. From the policy
maker’s perspective, this means that any price on emissions invariably favours some
abatement technologies over others, or some firms over others, however the price is
set. There is no such thing as setting the price and leaving market forces completely
at liberty to choose the best abatement technologies. All emissions regulations affect
the direction of technological progress. This should not discourage policy makers, but
instead emphasises that the technological side of emissions abatement must always be

considered in tandem with the design of the market-based instrument itself.
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