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Abstract

We study long-term incentives for regulated polluting firms to invest in advanced abatement
technologies when some new technology is available but even better technology is expected for the
future. Firms can invest only once. We find that, depending on the cost of adoption, all possible
investment patterns can occur in social optimum. Further, a regulator who anticipates the arrival
of the new technology can decentralize the socially optimal allocations by announcing either a
Pigouvian tax or tradable permits and by setting ex post optimal policy levels after firms have
invested.
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1 Introduction

In the last decade the impact of environmental policy instruments on both the
adoption and the development of advanced abatement technology has been a
major issue in environmental economics. Since the early papers by Malueg
[1989], Milliman and Prince [1989], Jung et al. [1996] and others, more recent
studies by researchers such as Kennedy and Laplante [1999], Deniccolo [1999],
Montero [2002a, 2002b], Parry [1995, 1998, 2003], Petrakis and Xepapadeas
[1999], Requate and Unold [2001, 2003], and Requate [2005] have investigated
how different policy instruments and also different timing and commitment
structures influence incentives to adopt advanced abatement technology. In
all these models, except van Soest [2005] and Bulte and van Soest [2001], the
investment decision is a once-and-for-all decision in a certain environment. In
reality, however, the development of even better technologies is to be expected.
Hence firms have an option value to postpone their investment decision and
wait until an even better technology is available. Dixit and Pindyck [1994]
have developed an analytical tool-box for analyzing problems like these.

This paper extends the model of Requate and Unold [2003] who investigate
a situation where ex ante identical polluting firms can decide to make a fixed
investment to adopt some advanced abatement technology. The new technol-
ogy induces a downward shift both of total abatement cost and of marginal
abatement cost curves. The authors characterize the socially optimal invest-
ment pattern and show that if the investment cost is sufficiently small (large),
all firms (no firm) should adopt the new technology; for intermediate levels,
partial adoption is socially optimal. The authors also investigate decentral-
ization of the social optimum and demonstrate that ex post optimal policy
adjustment according to the Pigouvian rule leads to ex ante optimal invest-
ment. By contrast, ex ante commitment to policy levels that ignore the new
technology induces over-investment if the regulator uses emission taxes and
under-investment if he employs a system of tradable emission permits. Re-
quate and Unold [2003] also investigate optimal ex ante setting of emission
taxes and issuance of tradable permits. They show that, while the ex ante op-
timal permit policy also leads to the first-best allocation, the ex ante optimal
tax policy fails to do so because multiple equilibria exist.

In this paper we study the robustness of these findings by assuming that
while some advanced abatement technology can be adopted immediately by
the polluting firms, an even better technology will be available in the future,
albeit with uncertainty about the date of arrival. To simplify the analysis,
we adopt some modeling features from endogenous growth theory (see Aghion
and Howitt, 1998), assuming that the future technology is exogenous and the
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uncertain arrival date is distributed according to a Poisson process.
In a first step we characterize the socially optimal investment pattern. We

assume that all firms are endowed with some conventional technology 0 and
that, while some advanced technology a is available immediately, even better
technology b is coming up in the future. We find that the optimal allocation
of these three different technologies depends crucially on the (relative) size of
the fixed investment costs. Surprisingly, almost every possible combination of
the different technologies may occur. Obviously, no firm should invest in any
technology if the fixed investment costs of both technologies are sufficiently
high. All firms should immediately adopt the available technology a if the
investment cost of that technology is sufficiently low whereas the investment
cost of the future technology b is relatively high. By contrast, if the investment
cost of technology b is sufficiently low, all firms should bypass technology a
and adopt technology b as soon as it is available. For intermediate levels of
investment costs for the advanced technologies, it may be optimal for some
firms to adopt technology a, some to retain the conventional technology 0,
and no firm to adopt technology b. For other combinations of fixed investment
costs it may be optimal for some firms to stick to the conventional technology
0 and for all remaining firms to wait and adopt the future technology b as soon
as it is available. Finally, it may be optimal for all three technologies to be
employed at the same time.

In a second step we investigate decentralized decision-making by firms un-
der different policy instruments, notably Pigouvian taxes and tradable permits.
In particular, we ask what policy instrument and what timing and commitment
structure is necessary to decentralize the social optimum. If a regulator makes
long-term commitments to certain levels of his policy instrument without tak-
ing into account the arrival of future technology, the structure of investment
will clearly not be optimal. Such long-term commitments can be found in
many European countries employing emission taxes and in the US under Title
IV of the Clean Air Act Amendments 1990 for the case of tradable permits.

Therefore we concentrate here on the case where the regulator anticipates
the arrival of the new technology and is able to respond optimally by adjusting
his policy instrument. We discuss ex ante commitment, ex ante contingent
commitment, and ex post optimal policies. Under ex ante commitment, the
regulator commits himself to adjusting the level of his policy instrument, e.g.
tax rate or supply of permits respectively, on the expected arrival date of the
most advanced technology b. Clearly, such a policy will not be optimal in
general terms since the actual arrival date may differ from the expected one.
By contrast, ex ante contingent commitment means that the regulator commits
to implementing a particular tax rate or issuing a particular number of permits
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as soon as the advanced technology b is available and before the firms have
adopted that technology. Finally, we refer to ex post optimal policy if the
regulator not only observes the arrival date of the new technology b but also
the number of firms that have invested in technology a or technology b, and
then sets the ex post optimal level for his tax rate or the corresponding amount
of permits, respectively. Not surprisingly, as this is in line with Requate and
Unold [2003], we can show that this policy always induces the social optimum.
The reason is that the firms anticipate the behavior of the regulator but are
too small to be able to act strategically.

Under optimal ex ante contingent commitment, the first-best allocation
can be implemented by auctioning off tradable permits, whereas under the tax
policy multiple equilibria occur, only one of which is optimal.

It is worth noting that throughout this paper we follow the bulk of the
literature by assuming increasing marginal damage. This assumption drives
the need for non-trivial tax adjustment. If marginal damage were constant, as
is often assumed in the empirical literature on the marginal damage of CO2,
a long-term commitment to the (constant) Pigouvian tax level would work
perfectly well, while a permit policy of the kind currently implemented by the
European Union would also require permanent adjustment of the total permit
supply to new technology developments.

Thus the bottom line of this paper is that, even if we add more realism
to the models suggested by Milliman and Prince [1989], Jung et al. [1996],
Requate and Unold [2003, 2001], and many others by assuming that in the
future more and better technologies will arrive at an uncertain date, this does
not cause any further distortion. In order to implement the socially optimal
pattern of investment, the regulator can always adjust the level of his policy
instrument according to the Pigouvian rule. Although our results are in line
with the findings of Requate and Unold [2003] in connection with the case
where only one advanced technology is available, one new insight of this paper
is that both for the social planner and the profit-maximizing firm it may
be optimal to bypass certain advanced technologies involving less pollution.
A further interesting insight is that it may be optimal for many different
technologies to prevail at the same time: conventional technologies, slightly
advanced technologies, and the most advanced technologies. An important
policy conclusion is that, if firms are sufficiently small, the Pigouvian rule
works well, and the market decides how many firms will adopt (or bypass) one
of these technologies. In other words, ambitious policy-makers have no need to
overregulate the market by prescribing the adoption of particular technologies.
We guess that this result is much more general and will also hold for more than
three different technologies, as well as for the case of asymmetric firms.
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The paper is organized as follows: In the next section we present the model.
In section 3 we characterize socially optimal allocations. In section 4.1 we
investigate the firms’ investment decisions under different policy instruments,
while in section 4.2 we investigate how the socially optimal allocations can be
decentralized. The final section concludes. The proofs of the main results are
given in the additional appendix which can be downloaded separately from
http://www.bepress.com/bejeap/vol8/iss1/. In that file we also present the
comparative statics effects of an increase of both the tax rate and the supply
of permits in cases where the regulator has made a long-term commitment
to the level of his policy instrument. We also characterize the equilibria that
occur for the issue of an arbitrary amount of permits.

2 The Model

We consider a competitive industry consisting of a continuum of ex ante identi-
cal firms with unity mass. For convenience the set of firms can be represented
by the interval [0, 1].2 All firms emit a homogenous pollutant that can be
abated. The opportunity cost of abatement is represented by a cost function
C(e, θ) depending on the emission level e chosen by the firm, and a technology
parameter θ. We make the following assumptions about C:

Assumption 2.1. i) For each θ, a unique laissez-faire abatement level
emax(θ) exists characterized by ∂C

∂e
(emax(θ), θ) = 0. For each emission

level e < emax(θ) we have C(e, θ) > 0, −∂C
∂e

> 0 and ∂2C

(∂e)2
> 0, i.e. both

abatement and marginal abatement costs are positive in the relevant
range, while marginal abatement costs increase with abatement.

ii) A higher technology parameter leads to a decrease of both the total
variable abatement cost and the marginal abatement costs , i.e. ∂C

∂θ
< 0

and − ∂2C
∂e∂θ

< 0 for e ≤ emax(θ). Moreover, costs fall at a decreasing rate

i.e. ∂2C

(∂θ)2
> 0.

In the following, we assume three exogenously given technologies 0, a and
b, represented by their corresponding technology parameters θ0, θa, and θb

where θ0 < θa < θb. To simplify notation, we write Ci(·) instead of C(·, θi) for
i = 0, a, b.

Initially all firms start with technology 0, referred to as the conventional
technology. Advanced technology a is available and can in principle be adopted

2Note that the location of the firm - e.g. being close to 0 or to 1 - has no particular
meaning.
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immediately. Buying and installing this technology causes a fixed cost Fa > 0.
The even better technology b will be available in the future with some proba-
bility. Its arrival time is Poisson-distributed with exogenous arrival parameter
λ. Buying and installing that technology costs Fb > 0. Investment in either
one of these technologies is irreversible. Moreover, we assume that if a firm
invests in technology a, it is prohibitively expensive to adopt technology b if
technology a has already been installed. In other words, investment in both
technologies is not feasible. This assumption generates an option value of
postponing the decision to adopt advanced technology a at time t = 0.

Further, we denote the total emissions of industry by E =
∫ 1

0
e(x)dx, where

e(x) is the emission level of firm x ∈ [0, 1]. Damage from pollution depends on
aggregate emissions only and is evaluated by a social damage function D(E)
that is increasing and convex in E, i.e. D′(E) > 0 and D′′(E) > 0. Finally,
we assume that both the social planner and the firms discount the future at
a constant discount rate r. Moreover, we refer to the ”first stage” as the time
interval where only technologies 0 and a are available, while the time interval
when the advanced technology b is available is referred to as the ”second stage”.

3 The Social Optimum

Before considering regulation and the behavior of the regulated firms it is
useful to study the socially optimal investment pattern. The social planner’s
problem is to minimize the expected social costs by balancing industry’s total
abatement costs against the damage caused by pollution.

The socially optimal allocation is characterized by the optimal shares of
firms that either adopt technology a, technology b, or neither, on the one hand,
and by the corresponding emission levels, on the other. Note that when several
firms switch their technologies, a particular firm’s emission level at the first
stage may differ from its emission level at the second one even if that firm does
not switch technology. Hence we denote the emission level of a firm i = 0, a
at the first stage by e1

i , and the level of a firm using technology i = 0, a, b
at the second stage by e2

i . Moreover, we denote by na the share of firms
adopting technology a immediately, and by nb the share of firms retaining the
conventional technology 0 at the first stage and adopting technology b at the
second one. Then clearly (1 − na − nb) represents the number of firms that
neither adopt technology a nor b.

We can now set up the social planner’s minimization problem:
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min
{e0,ea,e2

0,e2
a,e2

b
,na,nb}

{naFa +

∫ ∞

0

(

∫ t

0

[(1 − na)C0(e
1
0) + naCa(e

1
a)

+D((1 − na)e
1
0 + nae

1
a)] · e

−rs ds

+

∫ ∞

t

[(1 − na − nb)C0(e
2
0) + naCa(e

2
a) + nbCb(e

2
b)

+D((1 − na)e
1
0 + nae

1
a)] · e

−rs ds

+nbFb · e
−rt)λe−λt dt}

= min
{e0,ea,e2

0,e2
a,e2

b
,na,nb}

{naFa +
1

λ + r
[(1 − na)C0(e

1
0) + naCa(e

1
a)

+D((1 − na)e
1
0 + nae

1
a)]

+
λ

λ + r
[
1

r
[(1 − na − nb)C0(e

2
0) + naCa(e

2
a) + nbCb(e

2
b)

+D((1 − na − nb)e
2
0 + nae

2
a + nbe

2
b) + nbFb]} (1)

In the following, we characterize the optimal pattern of technology adop-
tion as contingent on the size of adoption costs Fa and Fb. Before formally
stating our results, it is useful to illustrate them with the help of Figure 1
which displays the different patterns of investment for all combinations of
fixed investment costs.

Line AA′ is the locus of all pairs (Fa, Fb) such that na = 1, i.e. all firms
adopt technology a, but the social planner is indifferent between whether the
last firm should adopt technology a or should wait for the arrival of technology
b. The part AC of AA′ is increasing since a greater value of Fa requires a larger
value of Fb to keep nb equal to zero. In the area bounded by ACHBA, na is
strictly smaller than 1, but all the remaining 1 − na firms adopt technology
b as soon as that technology is available. In the area bounded by A′CGB′,
by contrast, we also have na < 1, but the remaining firms do not adopt any
of the new technologies (because Fb is too large). Therefore the curve CA′ is
vertical.

Similarly, the line BB′ represents the locus of all pairs (Fa, Fb) where no
firm should adopt technology a at the first stage but the social planner is
indifferent between whether or not the marginal firm should adopt technology
a. Below the dotted line to the right of F b, the adoption cost of technology
b is low enough such that at the second stage for any given na the remaining
1 − na firms should always adopt technology b. To the left of the branch AJ ,
however, also Fa is so low that all of the firms immediately adopt technology
a. Between the branches AJ and BH , we have na < 1, i.e. partial adoption
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of technology a is optimal at the first stage, but all the remaining 1−na firms
should adopt technology b at the second stage, while to the right of BH all
firms wait for technology b at the first stage, and all of them adopt technology
b at the second one. Above the dotted line to the right of F b, no firm should
ever wait for technology b, no matter how large Fa is, because Fb is too large.
In the area to the left of GH some firms should adopt technology a, while
to the right of GH none of the two advanced technologies should ever be
adopted because the costs of both technologies are too large. Finally, along
the branch GH some firms should always wait for technology b. Again GH is
increasing since a greater value of Fb has to be compensated for by a greater
Fa to leave it unattractive for the social planner to allow some firms to adopt
technology a. Branch CH is the boundary where some firms adopt technology
a and the remaining firms wait for technology b. Note that a greater value
of Fa makes technology a less attractive. Instead of adopting technology a,
two alternatives establish: wait for technology b or do not invest in any new
technology at all. To wait for technology b, a greater Fa requires a lower Fb.
The opposite holds for CG. Along that branch, some but not all firms adopt
technology a, while no firm is waiting for technology b on and above CG. A
greater Fa requires a greater Fb to keep it unattractive for the social planner
to ever employ technology b.

We now state our result formally. For this purpose, we start with the second
stage. For a given number of firms na that have adopted the new technology at
the first stage, we determine both the optimal number of firms nb that should
adopt the latest technology and the optimal emission levels e2

0, e
2
a, and e2

b for
each technology.3 Thus at the second stage, the social planner’s problem can
be written as

min
{nb,e2

0,e2
a,e2

b
}
{
1

r
[(1 − na − nb)C0(e

2
0) + naCa(e

2
a) + nbCb(e

2
b)

+D((1 − na − nb)e
2
0 + nae

2
a + nbe

2
b)] + nbFb} (2)

The following result characterizes the optimal adoption rate for technology b
given that a share of na has already adopted technology a.

Proposition 3.1. Let the share of firms na that have adopted technology a be
given. Then we find an interval of fixed costs [F b(na), F b(na)] for technology
b such that

1. For Fb ≥ F b(na), no firm should adopt technology b.

3Recall that superscripts refer to the different stages.
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b

a
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J

Figure 1: Socially optimal allocation with respect to (Fa, Fb).

2. For Fb ≤ F b(na), all firms should adopt technology b.

3. For Fb ∈ (F b(na), F b(na) ) partial adoption of technology b is optimal.
The optimal number of firms adopting technology b is decreasing in Fb,
while the optimal marginal damage at the second stage is increasing in
Fb.

4. If na increases, the lower bound F b(na) also increases, while the upper
bound F b(na) decreases and both converge to a cost level FM as na goes
to 1. Moreover, the optimal number of firms n∗

b(na) adopting technology
b is decreasing in na.

5. For all Fb for which we find an na such that Fb ∈ (F b(na), F b(na) ),
both the socially optimal emission levels e2

i of a firm using technology
i = 0, a, b and the socially optimal marginal damage are independent of
na.

Note that parts 1. - 3. above generalize the results obtained by Requate
and Unold [2003]. For na = 0, their result follows as a special case. Result 4
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says that the interval of investment costs for which partial adoption of tech-
nology b is optimal shrinks as na increases. The intuition is that the more
firms are around that have already adopted technology a, the fewer firms are
necessary to adopt the even better technology b. The upper bound of fixed
costs F b(na) for which partial adoption is optimal is decreasing. The reason is
similar. The more firms have already adopted technology a, the less it pays for
the remaining firms to adopt the latest technology b. Therefore the threshold
of adoption costs falls for which no further firm should adopt the latest tech-
nology b. By contrast, it may be surprising at first glance that the lower bound
F b(na), for which partial adoption is optimal, is increasing with na. However,
the more firms have already adopted the less advanced technology a, the fewer
firms should adopt the latest technology at a given fixed cost. This in turn
implies that the threshold F b(na) for which all firms should adopt the latest
technology increases. The intuition for result 5 is that, in the optimum, each
firm operates at its minimal average cost, including social damage. Therefore
a change in na can be offset by merely adjusting nb, the optimal number of
firms investing in technology b, without affecting the firms’ optimal emissions
and the socially optimal marginal damage.

Having established which investment pattern for the latest technology is
optimal for given na, we now investigate what number of firms na is optimal to
adopt technology a at time zero when technology a is available but technology
b is not. Following the same argument as above, we can identify an interval of
investment costs for which partial adoption of the first technology is optimal.

Proposition 3.2. Let the fixed investment cost for the latest technology Fb be
given. Then we find an interval [F a(Fb), F a(Fb)] of investment costs required
to adopt technology a such that:

1. For Fa ≥ F a(Fb) no firm should adopt technology a, implying that for
Fb ≥ F b(0) no adoption of any technology is optimal, and for Fb ≤ F b(0)
full adoption of technology b is optimal.

2. For Fa ≤ F a(Fb) all firms should adopt technology a.

3. For Fa ∈ (F a(Fb), F a(Fb) ) a share 0 < n∗
a < 1 of firms should adopt

technology a. Moreover, n∗
a falls and optimal marginal damage at the

first stage increases as Fa increases.

4. For all values Fa ∈ (F a, F a), where for the corresponding na partial
or full adoption at the second stage is optimal, we have ∂n∗

a

∂λ
< 0 and

∂n∗

a

∂Fb

> 0.
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5. For Fb < F b(0) we obtain
∂F

a

∂Fb

= ∂Fa

∂Fb

> 0, while for F b(0) < Fb < FM

we obtain
∂F

a

∂Fb

> ∂Fa

∂Fb

> 0. In the case of FM < Fb < F b(0) we obtain
∂F

a

∂Fb

= 0 and ∂F a

∂Fb

> 0. Finally, for F b(0) < Fb we have ∂F
a

∂Fb

= ∂Fa

∂Fb

= 0.

In words the result states the following: If the adoption cost for technology
a is sufficiently low compared to that for technology b, it is optimal for all firms
to immediately adopt technology a. This is intuitive (part 1). If, conversely,
the adoption cost of technology a is sufficiently high, it is optimal for all firms
to wait for the arrival of technology b (part 2). For intermediate values of
technology a’s adoption cost, some firms should immediately adopt technology
a, while some should wait for the arrival of technology b. In that case, the lower
the adoption cost for technology a is, the more firms should adopt technology a
(part 3). In part 4 and 5 we look at the comparative statics effects of increasing
either λ or Fb on both the optimal number of firms n∗

a adopting technology a
and the boundaries F a(Fb) and F a(Fb). The situation is as we would expect.
If the mean arrival time becomes shorter (i.e. λ rises), we will want fewer
firms to invest in the available technology a and the others wait for the even
better technology b. If, by contrast, technology b becomes more expensive, we
will want more firms to invest in the less advanced technology a. This also
implies a shift to the right for the interval of costs where partial adoption of
technology a is optimal.4

By the first proposition we can find a value Fb for a given na such that the
share of firms adopting technology b equals a given nb. Now we can consider
this Fb as given. The second proposition then allows us to find an Fa for which
a share of na firms adopts the first technology. This leads us to the following
result:

Corollary 3.3. For all na, nb with na + nb ≤ 1, we find Fa, Fb so that na and
nb are the corresponding socially optimal shares.

For an illustration of corollary 3.3 see also Figure 1.

4A more general version of this comparative static result, which also considers the effects
of λ (together with its proof) and Fb on the boundary values F

a
and F a, can be found in

the extended version of this paper (von Döllen & Requate [2007]).
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4 Decentralized Decision Making and Regula-

tion

4.1 The Firms’ Investment Decisions

Before studying regulation and decentralization of the first best allocations we
first study the firms’ investment decisions under different policy instruments,
in particular emission taxes and tradable permits. We derive some general
decision rules that are in common to both policies. Each regime in principle
has two policy levels, resulting at first stage and second stage emissions prices,
denoted by σ1 and σ2, where σ1 = σ2 is a special case. Since the arrival time
of the new technology b is stochastic, the length of the time period where the
firms face σ1 is uncertain. A firm’s emission level in period i = 1, 2, where the
firm uses technology 0 or a at the first stage and 0, a, or b at the second, is
given by the following first-order condition:

∂C

∂e
(θj , e) = σi (3)

the solution being denoted by e(θj , σ
i).

For short we will again write e1
i for a firm’s emission level at the first

stage when technology i = 0, a is used and e2
i for the firm’s emission level at

the second stage when technology i = 0, a, or b is used. Given the different
technologies and their (uncertain) availability, the firms have a choice between
three strategies:

• strategy 0: retain technology 0 forever;

• strategy 0a: adopt technology a immediately;

• strategy 0b: stay with technology 0 at stage 1 and adopt technology b as
soon as it is available.

For each strategy we now calculate the expected net present cost value at
the first stage, given by:

1

r + λ
[Cj(e

1
j ) + σ1e1

j ] + δjaFa +
λ

r + λ

1

r
[Ck(e

2
k) + σ2e2

k] + δkb

λ

λ + r
Fb (4)

where j = 0, a; k = 0, a, b; δlm = 1 if l = m and δlm = 0 otherwise. Note that
j = k = 0 corresponds to strategy 0, while j = k = 1 corresponds to strategy
0a and j = 0; k = b corresponds to strategy 0b.
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At the beginning of the second stage, the net present cost of the relevant
strategies is determined by

1

r
[Ck(e

2
k) + σ2e2

k] + δkbFb, (5)

where k = 0, b; δlb = 1 if l = b and δlb = 0 otherwise. For k = 0, or k = b,
we obtain the net present cost values of strategy 0, or 0b respectively, at the
second stage.

To figure out the best strategy, the firms look at the cost difference ∆Cij

resulting from any two strategies i and j. The term

∆C0b(σ
2) =

1

r
[Cb(e

2
b) − C0(e

2
0) + σ2(e2

b − e2
0)] + Fb (6)

compares the two feasible strategies at the second stage. If ∆C0b(σ
2) is nega-

tive, the firm decides to adopt technology b.
The next term represents the cost difference between strategies 0a and 0b

at stage 1:

∆Cab(σ
1, σ2) =

1

r + λ
[Ca(e

1
a) − C0(e

1
0) + σ1(e1

a − e1
0)] + Fa + (7)

λ

r + λ

1

r
[Ca(e

2
a) − Cb(e

2
b) + σ2(e2

a − e2
b)] +

λ

r + λ
Fb,

Finally, at stage 1 the cost difference between strategy 0 and strategy 0a is
given by

∆C0a(σ
1, σ2) =

1

r + λ
[Ca(e

1
a) − C0(e

1
0) + σ1(e1

a − e1
0)] + (8)

λ

r + λ

1

r
[Ca(e

2
a) − C0(e

2
0) + σ2(e2

a − e2
0)] + Fa.

For both terms a negative sign induces the firm to adopt technology a.
In the appendix file we derive some comparative statics results, on how

a change of the tax rates (the amounts of permits) will influence the firms’
decisions to adopt one or the other technology.

4.2 Regulation

We are now ready to study different regimes of regulation. We envisage at least
four different scenarios: a) myopic regulation, where the regulator ignores the
arrival of new technology, and three scenarios where the regulator anticipates
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the arrival of new technology. Among the latter we differentiate between b) ex
ante commitment, c) ex ante contingent commitment, and d) ex post regulation,
to be discussed below. We will now discuss these scenarios in more detail.

a) Under myopic regulation, the regulator only takes into account the avail-
able technologies and makes a long-term commitment to a policy level that is
optimal with respect to the existing technologies. Clearly, such a policy is not
optimal in the long run. Since increasing marginal damage requires lower tax
rates and a cut down on emission caps as abatement gets less expensive, long-
term commitment to an overly high a tax rate will typically cause excessive
levels of adoption of the latest technology. Under permits, by contrast, decreas-
ing permit prices will discourage adoption of advanced abatement technologies.
Full characterization of the regions of fixed investment costs for which over-
and under-investment can happen would result in a tedious discrimination of
cases, so we will refrain from doing this here.

b) Under ex ante commitment, the regulator anticipates the expected ar-
rival time of the latest technology, denoted by say t̄2, and makes an ex ante
commitment to setting the tax rate at τ = τ 2∗ (or L = E2∗) for t ≥ t̄2. The
tax rate τ 2∗ corresponds to optimal marginal damage if the optimal number of
firms have adopted technology b. Alternatively, he may issue the correspond-
ing optimal number of permits L = E2∗ . In general, however, this policy will
not be optimal either, since the realization of the arrival time is stochastic and
may be smaller or larger than t̄2. Therefore we will not investigate second-best
optimal policies of this kind any further.

c) Ex ante contingent commitment refers to a scenario where the regulator
knows the technologies 0 and a and anticipates the arrival of technology b.
However, he accounts for the fact that he does not know the exact arrival date
t2. He therefore makes a contingent commitment to optimal levels of his policy
instruments τ 1 or L1 (in the case of taxes or permits, respectively) for t < t2
when only technologies 0 and a are available and to implement the optimal
levels of his policy instruments τ 2 or L2 for t ≥ t2 when all three technologies
are available. Then some firms may adopt technology a immediately at time
t1 = 0, while other firms may decide to adopt technology b as soon as it is
available. The timing of this game is depicted in Figure 2 for a tax policy.
Note that the points of time t1 and t2 are artificially split up into further vir-
tual points of time t10, t11, and t12, where the new technology a is available
at t10, the regulator makes his commitment at time t11, and finally the firms
make their decision at time t12. The time intervals t12 − t11 and t11 − t10 are
assumed to be infinitesimally small. The case of t20, t21, and t22 is similar
except that at t21 the regulator implements his policy τ 2 or L2 in accordance
with his commitment. This virtual timing structure can be considered as a
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proxy of the real world if the time lag t2 − t1 is large compared to the lags
t12 − t11 and t11 − t10.
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Figure 2: Ex ante regulation.

d) Finally, under ex post regulation the firms move first by deciding whether
or not to adopt technology a at the (virtual) point of time t11. The regulator
observes how many firms have adopted technology a and then sets his tax
rate τ 1 or issues his number of permits L1 at the virtual point in time t12. As
soon as the more advanced technology b becomes available at time t2 (more
exactly at the virtual point of time t20), those firms that have not adopted
technology a at time t1 will now decide whether or not to adopt technology
b at the virtual point in time t21. Then the regulator again observes how
many firms have adopted the latest technology b and sets the optimal level
of his policy instrument at the virtual point of time t22. The timing of this
game is depicted in Figure 3 for a tax policy. Note our assumption that the
regulator maximizes welfare and that, knowing this, the firms will anticipate
the investment equilibrium and thus the level of the policy instrument in the
time intervals [t1, t2) and [t2,∞).

The policy of ex ante contingent commitment is analyzed in the extended
version of this paper (von Döllen and Requate, [2007]). We show that, under
that setting, permits outperform taxes because under permits the efficient
allocation can always be implemented through a unique equilibrium, while
under taxes multiple equilibria occur, only one of which is efficient.
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Figure 3: Ex post regulation.

Since optimal ex post regulation induces the social optimum with both
taxes and permits, we restrict our analysis to ex post regulation in this paper.
The next proposition establishes the main result on decentralization of the
first-best allocation.

Proposition 4.1 (Ex post optimal policy). Let Fa, Fb be given, and assume
that a welfare-maximizing regulator observes the proportion of investing firms
at each stage. Then both regimes, taxes and permits, have a unique subgame
perfect equilibrium where at each stage the optimal number of firms invest and
the regulator sets the tax rates τ 1 and τ 2 equal to the corresponding socially
marginal damage or issues the corresponding number of permits, respectively.

Note that this result generalizes a similar result in Requate and Unold
[2003] for the case where only technologies 0 and a exist. The appealing thing
about Proposition 4.1 is that, despite the uncertainty about the future, it is
sufficient for the regulator to stick to the Pigouvian rule. Thus the regulator
does not have to solve complex commitment problems and problems of time-
(in-)consistency. However, the optimality of ex post regulation will only work
if the firms are small and cannot influence the regulator’s decision by their
investment decision. In other words, their impact on marginal damage must
be sufficiently small.

The proof of Proposition 4.1 can be found in the appendix file.
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5 Conclusion

The aim of this paper is to investigate incentives for adopting new technology
when some new technology is available and some even better (but exogenously
given) technology will be available in the future but the arrival time is un-
certain. This creates an option value to postpone the decision on adopting
new technology. Our analysis draws on Requate and Unold [2003], who con-
sider a deterministic framework where one new technology is available with
certainty. We have shown that, depending on the fixed investment cost of
both technology a and technology b, all constellations are possible, i.e. all
firms adopt technology a but none adopts technology b, and vice versa; or
some firms adopt technology a, but some firms wait and adopt technology b
when it becomes available. It may even be optimal for all three technologies
- conventional technology 0, technology a, and technology b - to be employed
simultaneously. Moreover we have shown that the socially optimal outcome
can be decentralized by ex post optimal policy. This means that the firms
move first by deciding whether to adopt technology a immediately or to wait
for technology b, while in a second step the regulator implements the ex post
optimal level of his policy instrument. The reason why this policy is socially
optimal is that we have many firms being unable to influence the regulator’s
decision strategically. With only a few of them, the optimality result would,
of course, not hold. Ex ante contingent commitment, by contrast, will only
lead to the first-best outcome in the case of tradable emission permits. The
tax instrument fails under this time scheme because multiple equilibria occur.

In this paper we have assumed that firms are symmetric ex ante. Despite
optimality of equilibrium, firms would have to solve a coordination problem
because ex ante symmetric firms may be different ex post. The coordination
problem can be solved by introducing an exogenously given order of invest-
ment. It may also be solved by introducing some asymmetry among the firms
along the lines of Requate and Unold [2001]. This issue must be left to further
research. A further research issue will be to endogenize the new technology as
the analysis becomes more complicated if technology advances are endogenous.
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