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Abstract

This paper studies dynamic environmental regulation with endogenous choice of emissions
abatement technology by regulated firms and exogenous learning about environmental dam-
ages from emissions by a regulator. Investments in abatement technology by one firm that
lower abatement costs for the firm, may also lower abatement costs of other firms (technology
spillovers). There are two issues facing environmental regulators: i) setting regulation to achieve
optimal abatement given available information, and ii) setting regulations to achieve optimal
investment given possible strategic investment and technology spillovers. We compare taxes,
standards and marketable permits, under flexibility, in which policy is updated upon learning
new information, versus under commitment, in which policy is not updated. Flexible policy al-
lows regulation to reflect the most up to date information. However, under flexible policy firms
can invest strategically to influence future regulation. We find that an optimal solution for both
investment and abatement decisions can be achieved under a flexible marketable permit scheme
in which the permit allocation to a firm is increasing in the firm’s investment. No other policy
scheme, taxes, auctioned permits, or standards, under either flexibility or commitment, will
guarantee achieving an optimal solution. These results run counter to prior literature that find
price-based mechanisms are superior to quantity-based mechanisms, or that such comparisons
depend on conditions.



1 Introduction

Much of the environmental economics literature concerns optimal regulation of externalities using a

static model. But many environmental regulatory issues have important dynamic elements. Stock

pollutants, such as greenhouse gases, PCBs, and nuclear waste have persistent environmental effects

that can last for decades, or millennia in the case of nuclear wastes. Even in the case of flow

pollutants, where the biophysical effect of emissions in the environment dissipates quickly, there

are important temporal dimensions to many decisions. Investment in capital, including abatement

equipment, is typically long-lived. Environmental regulations themselves typically are adjusted

only periodically to reflect new realities.

In addition to dynamics, environmental issues also often are subject to considerable uncer-

tainty. How damaging are emissions? How costly will it be to reduce emissions? Scientific advances

over time change our understanding of the severity of various environmental threats. For example,

it was not known until the 1970s that chlorofluorocarbons (CFCs) posed a threat the earth’s ozone

layer that shields living organisms from harmful ultraviolet radiation. In other cases, environmental

threats have faded with further scientific understanding. On the cost side, investments by firms in

R&D and abatement technology change the costs associated with emissions reductions. DuPont’s

success in finding substitutes for CFCs made phasing out CFC production under the Montreal

Protocol a relatively inexpensive proposition.

The acquisition of new information about either benefits or costs of environmental improve-

ment would seem to call for flexible environmental policy that can be updating to reflect new

information. Flexible policy, though, opens the door for possible strategic behavior by firms. In

making an investment decision, a rational firm would take account of the direct investment cost

and the direct benefit from reduction in abatement cost, and in addition, would take account of

indirect effects on costs through impacts on investment choices of other firms and impacts on future

regulatory policy. Of course, to have any impact on other firms or the regulator, a firm must be

of sufficient size relative to the market. Here we are thinking of firms such as large automobile

manufacturers (e.g., Ford, GM, Toyota), chemical companies (e.g. DuPont), or oil companies (e.g.,

ExxonMobil, Chevron) that are major players in the environmental arena as well as in their re-

spective markets. Such firms have government relations staffs and clearly think about how their

actions will play in the market and in policy arenas.

Each firm’s investment may influence future regulations not only directly but also indirectly

through the influence on the other firms’ investment and emission choice via strategic interactions

and technology spillovers. Technology change in one firm not only reduces its own abatement

costs but may reduce other firms’ abatement costs through technology spillovers. Such technology

spillovers are observed in environmental and energy R&D (Margolis and Kammen 1999, Popp 2005)

as well as in other areas (Jaffe 1986, Bloom et al. 2005). Competition among firms in environmental

R&D can take several different forms. On the one hand, firms may invest in abatement technol-

ogy to get tougher environmental rules in an attempt to raise rivals’ costs (Salop and Scheffman

1983). After ARCO discovered a way to produce cleaner reformulated gasoline, the California Air
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Resources Board mandated that all oil companies sell gasoline causing fewer emissions.1 Because

ARCO had an advantage in producing such gasoline, the regulatory shift gave ARCO a competi-

tive advantage. DuPont’s discovery of substitutes for CFCs was major factor in strengthening the

Montreal Protocol from a 50% reduction in CFC production by 1999 to a complete production ban.

DuPont profited by shifting demand from CFCs to substitutes where DuPont held patents (Lyons

and Maxwell 2004). On the other hand, firms sometimes collaborate in environmental R&D. The

California Fuel Cell Partnership, a collaborative of auto makers and energy companies to develop

hybrid cars, is one such example.

In setting regulatory policy, the regulator should also think strategically. Not only will

regulation affect abatement choices by firms but will also affect investment decisions. Over the long-

run, the effect on investment choices may be of far greater significance than short-run abatement

decisions (Jaffe et al. 2003). The regulator faces a difficult challenge in trying to set optimal

dynamic environmental regulation. A regulator whose goal is to maximize social welfare will need

to set regulatory policy with an eye on how policy affects abatement decisions as well as investment

decisions. Ideally, the regulator would like to equate expected marginal benefits and marginal costs

of abatement given current technology and information about damages as well as provide proper

incentives for investment in new abatement technology. Finding an optimal regulatory scheme

is complicated by the fact that: i) the regulator will gain information about the degree to which

emissions cause environmental damages through time so that environmental targets may change, ii)

firms may act strategically vis-à-vis the regulator, and iii) there are technology spillovers between

firms from investment in abatement technology.

In this paper, we analyze a dynamic model of environmental regulation with endogenous

choice of emissions abatement technology by regulated firms and exogenous learning about envi-

ronmental damages from emissions by a regulator. We compare the efficacy of various regulatory

policy mechanisms. We consider “flexible policy” in which the regulator can adjust policy to reflect

new conditions, and “commitment policy” in which the regulator fixes policy and does not change

it. For both flexible and commitment policies, we compare outcomes with taxes, standards, trad-

able permits that are auctioned, and tradable permits that are distributed at no charge to firms. In

general, it is difficult to find optimal solutions to the dynamic regulatory problem because correct

incentives need to be provided for both emissions abatement and investment decisions. Optimal

solutions typically require at least as many policy instruments and problems to be addressed. We

show that taxes, standards, and auctioned tradable permits will not achieve an optimal solution

(except by chance). These policies fail to achieve an optimal solution because they are single in-

struments addressing two problems. However, a flexible tradable permit scheme where the total

number of permits allocated is set to the point where marginal benefits of abatement equals mar-

ginal cost given conditions, and where permits are allocated to firms based on their investment,

can guarantee achieving an optimal solution. Decisions on the total number of permits and the

allocation of permits among firms gives the regulator two instruments by which to address both

1Cited from http://www.aqmd.gov/monthly/aprilcov.html.
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investment and abatement decisions. The result that freely distributing tradable permits yields an

efficient outcome while auctioning permits contrasts with previous studies that find that auctioning

permits is preferable or the same as free distribution (Milliman and Prince 1989, Jung, et al. 1996)

or that price mechanisms (taxes) are preferable to quantity mechanisms (Tarui and Polasky 2005).

When uncertainty about environmental damages from emissions is relatively small, there is

little loss from the regulator committing to policy. In this case, commitment policy is preferred

to flexible policy because avoiding distorting investment incentives is more important than adjust-

ing policy in light of new information. We also find that commitment is preferable to flexibility

under damage uncertainty if the slope of marginal abatement costs is large and if the marginal

contribution of investment to lowering marginal abatement costs is large relative to the slope of

marginal damages. In such cases, correcting investment incentives by choosing fixed targets will

generate smaller welfare losses than flexible policies, which induce ex post optimal emissions but

distort investments.

Under commitment policy, taxes and standards yield exactly the same outcome. The reg-

ulator sets regulation such that expected marginal benefits of abatement equal expected marginal

costs (post investment). Freely distributed tradable permits also yield the same outcome as a tax or

a standard as long as the regulator chooses firms’ initial endowment of permits such that no permit

trading occurs in equilibrium. When permits are auctioned, however, each firm has an incentive

to over-invest in abatement technology in order to lower abatement costs, which results in a lower

equilibrium permit price. When technology spillovers are large, auctioning permits is preferred to

the other commitment policy instruments because firms choose larger investments.

With flexible policies, taxes and auctioned permits generate the same outcome but this

outcome differs from the outcome with standards or freely distributed tradable permits. Knowing

that regulations will be changed to reflect future conditions, regulated firms can invest strategically

to change future regulation.2 With flexible standards, each firm has a strategic incentive to reduce

investment in order to get looser emissions standards. With flexible taxes or auctioned permits,

each firm has a strategic incentive to increase investment in order to get a lower tax rate or permit

price. Whether freely distributed permit trading is preferred to auctioned permit trading depends

on the regulator’s rule for distributing permits.

Our results also illustrate the possibility that firms may have an incentive to lower rivals’

abatement costs under environmental regulation. With auctioned permits under commitment and

auctioned permits and taxes under flexibility, a firm gains by lowering rivals’ costs. In the presence

of technology spillovers, letting other firms use better technology lowers their abatement cost curves,

which in turn leads to a lower tax rate or permit price. Though spillovers imply that each firm may

free ride on the other firms’ investments, we find that the equilibrium investment can be increasing

in the degree of technology spillovers. The result that firms may wish to lower rival’s costs runs

counter to the incentive to raise rival’s cost that often operates in strategic competition models

2This point about strategic investment is analyzed in Biglaiser et al. (1995), Kennedy and Laplante (1999), Karp
and Zhang (2001), Moledina et al. (2003), Requate (2005b), and Tarui and Polasky (2005).
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(Salop and Scheffman 1983).

Prior literature on dynamic environmental regulation (see Jaffe et al. 2003 and Requate

2005a for recent surveys) has analyzed incentives to adopt new technology assuming that regu-

lation is fixed, as in our paper with commitment (e.g., Downing and White 1986, Milliman and

Prince 1989), and assuming that regulation changes with technology adoption, as in our paper with

flexibility (e.g., Kennedy and Laplante 1999). Biglaiser et al. (1995) and Requate (2005b) consider

both commitment and flexibility in analyzing incentives for technology adoption. Other recent

studies characterize optimal policy with learning and irreversibility (Kolstad 1996, Ulph and Ulph

1997, Kelly and Kolstad 1999, Pindyck 2000 and Saphores 2002). The most closely related papers

to the current paper analyze equilibrium in a game where the regulator learns about the damage

function or the cost function through time (Benford 1998, Hoel and Karp 2002, Karp and Zhang

2001, 2002, Kennedy 1999, Moledina et al. 2003, Newell and Pizer 2003, Tarui and Polasky 2005).

Most prior literature has found that taxes are superior to standards. Karp and Zhang (2002) find

that the relative efficiency of taxes over standards increases as the regulator has more opportunities

for learning in a model with a stock pollutant and non-strategic firms. Tarui and Polasky (2005)

find that taxes are preferred to standards with quadratic costs and damages in a game with a single

regulated firm. This paper extends their analysis by considering a game of a regulator and multiple

firms in the presence of technology spillovers across firms. The extension to multiple firms allows

us to analyze tradable permits as well as taxes and standards.

Section 2 describes the game with investment in R&D, technology spillovers and learning

about the damage function. We compare equilibrium outcomes under taxes, standards, auctioned

tradable permits and freely distributed tradable permits. Section 3 considers these policy in-

struments under commitment while section 4 compares these policies under flexibility. Section 5

compares commitment versus flexibility. Section 6 concludes the paper with comments on potential

future research.

2 A game with investment, learning and technology spillovers

This section introduces a game by a regulator and N ≥ 2 firms. The firms generate emissions

which cause environmental damages. Let ki be firm i’s investment for R&D where the outcome

of innovation is deterministic. Given investment profile k = (k1, . . . , kN ), firm i’s cost of choosing

emission xi ≥ 0 is given by Ci(xi, zi(k)) where

zi(k) = ki + λ
∑

j 6=i

kj

represents the effective emission abatement capital available to firm i. Parameter λ measures

the degree of technology spillovers across firms. This specification of spillovers follows the standard

models of technology innovation in industrial organization (e.g. Spence 1984). Function Ci is convex

with derivatives Cix, Ciz < 0, Cixx, Cizz > 0 and Cixz > 0 for all i. Under the last assumption, the

marginal abatement cost is decreasing in abatement capital zi. Firm i’s cost of investing ki is given
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by Gi(ki) where G′
i > 0 and G′′

i ≥ 0. Total emissions X =
∑

i xi cause environmental damages

D(X; δ) given unknown damage parameter δ where Dx > 0 and Dxx > 0. At the outset of the

game, the regulator knows the distribution of δ.

We assume the following sequence of moves by the players.

1. The regulator chooses regulatory regime: quantity regulations (standards or tradable permits)

or price regulation (tax); commitment or flexibility.

2. Firms simultaneously choose investment k.

3. Uncertainty about damage function is resolved, and the regulator learns the realization of δ.

4. Given (k, δ), the regulator sets flexible policy (if flexibility was chosen in the first stage).

5. Firms choose emissions.

6. Players receive their payoffs.

The number of firms N is fixed and there is no entry or exit of firms. The regulator has complete

information about the firms’ technology, investment and emissions.

The first-best investment and emissions plan minimizes the expected cost of investment,

abatement and damages:

min
k,x

∑

i

[Gi(ki) + E {Ci(xi(δ), zi(k))}] + ED(X(δ); δ)

An interior solution equates the marginal abatement cost of each firm with the marginal damages:

−Cix(x∗
i (δ), zi(k

∗)) = Dx(X∗(δ); δ)

for all i and δ where X∗(δ) ≡
∑

i x∗
i (δ). The solution also satisfies

G′
i(k

∗
i ) + E

[
Ciz(x

∗
i (δ), zi(k

∗)) +
∑

j 6=iλCjz(x
∗
j(δ), zj(k

∗))
]

= 0 (1)

for all i. The marginal cost of investment by firm i, G′
i(k

∗
i ), equals the marginal benefit of investment

which is the sum of the marginal benefit of reducing firm i’s abatement cost −Ciz and the spillover

effects −
∑

j 6=i λCjz.

We solve for the subgame perfect equilibrium of the subgames corresponding to different

regulatory choice by the regulator, and compare the equilibrium outcomes with the first best

outcome. First we compare policies under commitment.

3 Policies under commitment

3.1 Committed standards

The regulator sets emissions standards q = (q1, . . . , qN ) at the outset of the game. Given standards

q, firm i chooses emission and investment to solve

min
xi,ki≥0

Gi(ki) + Ci(xi, zi(k))
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subject to xi ≤ qi. The cost-minimizing emission is xi = qi. The cost-minimizing investment profile

k(q) = {ki(q)} satisfies

G′
i(ki(q)) + Ciz(qi, zi(k(q))) = 0. (2)

for all i. In the first stage, the regulator chooses standards to minimize the social cost:

min
q≥0

∑

i

[Gi(ki(q)) + Ci(qi, zi(k(q)))] + ED(Q; δ)

where Q =
∑

i qi. The first order condition is

∑
j G′

j(kj)
∂kj

∂qi
+ Cix +

∑
j Cjz

[
∂kj

∂qi
+

∑
l 6=jλ

∂kl

∂qi

]
+ EDx(Q; δ) = 0

for all i. Using equation (2), we have

Cix +
∑

j Cjz

∑
l 6=jλ

∂kl

∂qi
+ EDx(Q; δ) = 0 (3)

for all i. Under committed standards, the expected marginal damage does not equal the marginal

abatement cost of each firm. It equals the sum of the marginal abatement cost and the marginal

spillover effects induced by a change in investment which is caused by a change in the standards

for each firm.

3.2 Committed tax

The regulator sets an emission tax rate τ at the outset of the game. Given τ and k−i, firm i chooses

emission and investment to solve

min
xi,ki≥0

Gi(ki) + Ci(xi, zi(k)) + τxi.

The first order condition is

Cix(xi, zi(k)) + τ = 0, (4)

G′
i(ki) + Ciz(xi, zi(k)) = 0 (5)

for all i. Let {xi(τ), ki(τ)} be the Nash equilibrium given tax τ . The regulator chooses τ to

minimize the social cost:

min
τ≥0

∑

i

[Gi(ki(τ)) + Ci(xi(τ), zi(k(τ)))] + ED(X(τ); δ)

where X(τ) ≡
∑

i xi(τ). The first order condition is

∑

i

[
G′

i(ki)k
′
i(τ) + Cixx′

i(τ) + Ciz

[
k′

i(τ) +
∑

j 6=iλk′
j(τ)

]]
+ E

[∑
iDx(X; δ)x′

i(τ)
]

= 0.

Using equation (5), we have

∑

i

[
Cixx′

i(τ) + Cizλ
∑

j 6=ik
′
j(τ)

]
+ E

[∑
iDx(X; δ)x′

i(τ)
]

= 0 (6)

as the condition for a subgame perfect equilibrium of a committed-tax subgame.

Under commitment, tax and standard are equivalent.
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Proposition 1 Under commitment, the equilibrium standards and taxes achieve the same outcome.

See the appendix for the proof. Tarui and Polasky (2005) showed this result with N = 1 (a

single firm). Because the regulator has committed to a policy (tax or standard), the firm faces

no uncertainty when it makes its choice of investment and emissions level. Further, note that

the firms’ investments will satisfy G′
i(ki) + Ciz(xi, zi(k)) = 0 for all i under both the tax and the

standard. As long as the emissions level is equal under tax and standard, the investment will be

equal. As in conditions (3) and (6), the regulator sets the tax or the standard such that the expected

marginal damage equals the sum of the marginal abatement cost and the marginal spillover effects.

Therefore, the regulator can induce the firms to choose the same levels of investment and emissions

via either a standard or a tax. Note that this outcome is not ex post optimal because in fact the

firms’ emissions choice should reflect the true state of damages rather than expected damages and

the firms’ investment choice should reflect the spillover effects of investments. In the presence of

spillovers, the equilibrium tax rate exceeds the expected marginal damage.

Corollary 1 If λ > 0, the equilibrium committed tax rate exceeds the expected marginal damage.

This result is analogous to the findings in Requate (2005b) where the optimal tax rate exceeds the

marginal damages in the presence of a monopolistic innovator. The optimal committed tax exceeds

the expected marginal damage in order to mitigate investment disincentives due to spillover effects.

3.3 Committed permit auction

Under auctioned permits, the regulator sets the total amount of allowed emissions at the outset of

the game prior to the firms’ investment decisions. We assume that the equilibrium price equates

the marginal abatement costs of N firms.3 Let {xi(Q, k)} and p(Q, k) be the emissions outcome

and the permit price upon Nash bargaining given total permit Q and investment profile k. They

satisfy
∑N

i=1 xi(Q, k) = Q and

Cix(xi(Q, k), zi(k)) + p(Q, k) = 0 (7)

for all i. In the investment stage, firm i chooses investment to minimize the cost of abatement:

Gi(ki) + Ci(xi(Q, k), zi(k)) + p(Q, k)xi(Q, k).

The first order condition is

G′(ki) + Cix
∂xi

∂ki
+ Ciz + p(Q, k)

∂xi

∂ki
+

∂p

∂ki
xi(Q, k) = 0

which reduces to

Gi(ki) + Ciz +
∂p

∂ki
xi(Q, k) = 0 (8)

3Montero (2002) used the same assumption for an analysis of permit trading with investments in abatement
technology.
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because of condition (7). In the above condition, the third term on the left-hand side implies that

each firm chooses investment taking into account how its investment influences the equilibrium

permit price. Let {ki(Q)} be the equilibrium investment profile given permits Q. The regulator

chooses the total permits Q to minimize the social cost:

min
Q≥0

∑

i

[
Gi(ki(Q)) + Ci

(
xi(Q, k(Q)), zi(k(Q))

)]
+ ED(Q; δ).

The first order condition is

∑

i


G′

i(ki)k
′
i(Q) + Cix





∂xi

∂Q
+

∑

j

∂xi

∂kj

k′
j(Q)



 + Ciz

[
k′

i(Q) +
∑

j 6=iλk′
j(Q)

]
 + EDx(Q; δ) = 0.

3.4 Committed free permit trading

Under committed free permit trading, the regulator sets the total permits Q and distributes them

to the firms. Suppose that the rule of distributing Q is given: firm i’s allocation is qi = αiQ for

some 0 ≤ α ≤ 1 where
∑

αi = 1. In the investment stage, firm i chooses investment to minimize

the cost of abatement

Gi(ki) + Ci(xi(Q, k), zi(k)) + p(Q, k)[xi(Q, k) − qi].

The first order condition is

G′
i(ki) + Cix

∂xi

∂ki
+ Ciz + P (Q, z)

∂xi

∂ki
+

∂p

∂ki
[xi(Q, k) − qi] = 0

which reduces to

Gi(ki) + Ciz +
∂p

∂ki

[xi(Q, k) − qi] = 0 (9)

because of condition (7). Given the firms’ best investment response functions k(Q), the regulator

chooses the distribution of permits to minimize the expected social cost of emission reduction.

min
Q≥0

∑

i

[
Gi(ki(Q)) + Ci

(
xi(Q, k(Q)), zi(k(Q))

)]
+ ED(Q; δ).

The first order condition is

∑
j G′

j(kj)
dkj

dQ
+

∑
j Cjx

dxj

dQ
+

∑
j Cjz

[
dkj

dQ
+

∑
l 6=jλ

dkl

dQ

]
+ EDx(Q; δ) = 0 (10)

for all i.

With a correctly specified permit allocation, free permit trading induces the same equilibrium

outcome as tax and standard under commitment.

Proposition 2 Suppose qi = xi(Q, k(Q)) for all i. Then the equilibrium outcomes under committed

standards and committed free permit trading are equivalent.
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This result holds because condition (9) for free permit trading is equivalent to conditions (3) for

standards and (6) for tax when no permit trading occurs in equilibrium. In the absence of technology

spillovers and damage uncertainty, these three policy instruments induce the first-best outcome.

Proposition 3 If λ = V ar(δ) = 0, then the equilibrium outcomes under committed tax, subsidy

and free permit trading are efficient while committed auctioned permit trading does not yield an

efficient outcome.

If a firm is a buyer of permits, then the firm prefers a lower permit price. Given Dxx > 0,

the permit price is lower when any firm’s marginal abatement cost is lower. In the presence of

technology spillovers, investment by firm i not only reduces i’s marginal abatement costs but also

the other firms’ marginal abatement cost. Hence, investment results in lowering rivals’ costs, which

in turn benefits the investing firm. While all firms are buyers of permits under permit auction, not

all firms are under free permits. Hence, each firm’s incentive to lower rivals’ costs is larger under

auctioned permits than the other committed policies.

Proposition 4 Given the same total emissions target, the firms’ investments under auctioned

permits are larger than the investments under free permits.

Hence, auctioned permits may be more preferred to the other policy instruments when the degree

of technology spillovers is large.

3.5 Example

With tax or standard, there is no room for the firms’ strategic moves. With permit trading,

however, the firms’ investment may influence the equilibrium permit price. To compare different

policy instruments under commitment, consider the following example. Suppose

Gi(k) =
r

2
k2, Ci(xi, zi) =

(ēi − xi − azi)
2

2θ
, i = 1, . . . , N. (11)

Parameter ēi > 0 represents firm i’s emission under no regulation on emissions. A larger value of

θ implies a lower marginal abatement cost. The damage function is given by

D(X; δ) =
δX2

2
. (12)

Based on this example, Figure 1 describes the equilibrium welfare loss under alternative schemes

under commitment. As in Propositions 1 and 2, committed tax, standards and free permit trading

are equivalent. Permit auction tends to be preferred to the other instruments when the degree

of technology spillovers is large. Over-investment incentives to lower rivals’ costs reduce the gap

between the first-best investment level and the equilibrium investment level. Such effects are present

under permit auction while they are not under other policy instruments.
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Note: a = 10, P (δ = 150) = P (δ = 50) = 1/2, N = 2, ē1 = ē2 = 5000, r = 10, 000.

Figure 1: Policies under commitment.
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Table 1: Policy instruments under commitment.

Auctioned permits Free permits Taxes Standards
(AP) (FP) (T) (S)

No spillovers
No damage uncertainty Inefficient FP ⇔ T ⇔ S, efficient
Damage uncertain FP ⇔ T ⇔ S, preferred to AP

Positive spillovers FP ⇔ T ⇔ S
AP preferred to others if λ is large

and marginal abatement costs are large.

3.6 Commitment: summary

Table 1 summarizes the findings regarding commitment policies.

Under commitment, there are two sources of distortions: one due to policies not incor-

porating learning by the regulator, and the other due to spillover effects of investments. Under

auctioned permits, there is another distortion due to strategic investments by the firms. Figure 1

demonstrates that the third effect may reduce the negative spillover effects and hence auctioned

permits may be preferred to the other instruments when λ is large. The third effect disappears

as the number of firms increases, and all commitment policies remain inefficient when N becomes

larger. When auctioned permit outperforms the other instruments under a small λ, the advantage

of auctioned permits disappears for a large N .

4 Policies under flexibility

4.1 Flexible permit auction

Under flexible auctioned permits, the regulator determines the total amount of emission permits

based on technology chosen by firms and learning about damages. In the permit trading stage,

firm i minimizes the cost of abatement plus the cost of purchasing permits given investment k,

Ci(xi, ki) + pxi, where p is the price of permit. The equilibrium price p satisfies

Cix(xi, zi(k)) + p = 0 (13)

for all i given k. Let Q(z(k), δ) be the regulator’s equilibrium choice of total permits given k and

state δ, which satisfies

Cix(qi(z(k), δ), zi) + Dx(Q(z(k), δ); δ) = 0

for all i, z and all δ. The following lemma proves useful for the succeeding analysis.

Lemma 1 Let Q(z(k), δ) be the optimal total emission given z(k) and δ. Let p(z(k), δ) be the

equilibrium permit price given z(k) and δ. Then ∂X(z(k),δ)
∂ki

< 0 for all k, s and all i given any λ ≥ 0

and ∂p(z(k),δ)
∂ki

< 0 for all i.
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Hence, both the total permits and the permit price are decreasing in firms’ investment. This fact

implies firms’ strategic incentives for investment under flexibility.

Proposition 5 With flexible auctioned permits, suppose λ = 0. Then the equilibrium results in

over-investment.

The logic of this result is described in Kennedy and Laplante (1999) and Moledina et al. (2001).

Because the equilibrium permit price is lower if higher investment is observed, each firm will have an

incentive to increase investment in order to manipulate the regulator into setting a lower emissions

target which in turns implies lower permit price.

With auctioned permits and λ > 0, both under-investments and over-investments are possi-

ble because of spillover effects. In the quadratic example, we can find a threshold value of λ below

which auctioned permits induce over-investment.

Proposition 6 Suppose the functions {Gi, Ci},D are given by equations (11) and (12). With

auctioned permits, the total equilibrium investment KDAP satisfies the following.

1. KDAP (λ) > K∗ for any λ ∈ [0, λ̂) where λ̂ satisfies

λ̂ ≡
B

(NA − B)(N − 1)

where A ≡ E
[

δ
1+Nθδ

]
and B ≡ E

[
δ

(1+Nθδ)2

]
;

2. KDAP (λ) < K∗ for any λ > λ̂;

3. KDAP (λ) = K∗ if λ = λ̂.

Hence, larger spillovers cause each firm to choose lower investment in R&D, and this effect

overcomes the firms’ incentive to over-invest if spillovers are large enough. Under a deterministic

case (Eδ = d and σ2 = 0), we have

λ̂ ≡
1

N(N − 2) + N2θd(N − 1) + 1
.

The threshold λ̂ is decreasing in the number of firms N , productivity of emission abatement θ and

the slope of the marginal damage function d. If the firms are identical and λ = λ̂, then flexible

auctioned permits support the first best outcome.

4.2 Flexible free permit trading

Given investment and a realization of δ, the regulator sets the total permits Q(k, δ) in the same way

as under permit auction. The regulator also specifies distribution of permits to the firms {qi(k, δ)}

where
∑

i qi(k, δ) = Q(k, δ) for all (k, δ). Given qi, expectation of permit price P and other firm’s

investment k−i, firm i solves

min
ki≥0

Gi(ki) + E[Ci(xi(k, δ), zi(k)) + P (z, δ)(xi(k, δ) − qi(k, δ))].

12



After applying the envelope theorem, we have the following first order condition for all i:

G′
i(ki) + E

[
Ciz(xi(k, δ), zi(k)) +

∂P (z, δ)

∂ki

[xi(k, δ) − qi(k, δ)] − P (z, δ)

(
∂qi(k, δ)

∂ki

)]
= 0.

The term ∂P (z,δ)
∂ki

[xi(k, δ) − qi(k, δ)] represents the emissions payment effect (Fischer et al. 2003).

Note that ∂P/∂ki < 0 for all i by Lemma 1. The sign of the emissions payment effect depends

on whether firm i is a seller or a buyer of permits. A seller (a buyer) has an incentive to invest

less (more) so that permit price stays high (low). (Under permit auction, all firms are buyers of

permits.) The last term −P ∂qi

∂ki
represents the permit allocation effect: firms consider how their

investments influence the permit allocation. To evaluate the total investment, consider the following

assumption on functions {Ci}.

If Cix = Cjx for all i, j, then
∑

j Cix(xj , zj(k)) = Cix(
∑

j xj,
∑

j zj(k)) for all i. (14)

The example with equation (11) satisfies this condition. Under condition (14), we have ∂P/∂ki =

∂P/∂kj for all i, j. Hence, summation of both sides of individual firms’ first order conditions yieldsP
i G′

i(ki)+E

�
Ciz(X(k,δ),

P
j zj(k))+

∂P (z,δ)
∂ki

P
j [xj(k,δ)−qj(k,δ)]−P (z,δ)

�P
j

∂qj (k,δ)

∂kj

��
=0.

Note that
∑

j[xj(k, δ) − qj(k, δ)] = X(K, δ) − Q(K, δ) = 0: at the industry level, the emissions

payment effect disappears. Hence, whether there is over-investment at the industry level depends

on the sign of the permit allocation effect
∑

i
∂qi(k)
∂ki

.

We now present the main result of this paper. Unlike other policies, flexible free permit

trading may support the first best outcome under technology spillovers and damage uncertainty.

Proposition 7 Let {k∗, x∗(·)} be the first best investment and emission plan. Flexible free permit

trading supports the first best outcome under a permit distribution rule q∗ ≡ {q∗i (k, δ)} which

satisfies

∂q∗i (k
∗; δ)

∂ki
=

λ
∑

j 6=i

∣∣∣Cjz(x
∗
j (δ), zj(k

∗))
∣∣∣

Dx(X∗(δ); δ)
, (15)

∑

i

q∗i (k; δ) =
∑

i

xi(k; δ) and q∗i (k
∗; δ) = x∗

i (δ) (16)

for all i, k. δ.

Proof. Under the specified permit allocation rule, the first best plan {k∗, x∗(·)} satisfies the neces-

sary and sufficient condition of each firm’s payoff maximization:

Cix(xi(δ), zi(k
∗) = p(z(k∗), δ),

G′
i(k

∗
i ) + E


Ciz(x

∗
i (δ), zi(k

∗)) − p(z(k∗), δ)
λ

∑
j 6=i

∣∣∣Cjz(x
∗
j (δ), zj(k

∗))
∣∣∣

Dx(X∗; δ)


 = 0 for all i,

where p(z(k∗), δ) = Dx(X∗(δ); δ).

Under the permit distribution rule (15) and (16), the regulator sets the total emission cap at the

13



ex-post optimal level given the firms’ investment and exogenous learning. Permit distribution to

each firm is increasing in its own investment and decreasing in investment by the other firms—the

regulator rewards a firm conducting a larger investment for the contribution to reduce the other

firms’ abatement costs. Given q∗, the emissions payment effect is zero for all firms if the firms choose

k∗. The formula for the permit allocation rule (15) specifies that the marginal increase in the permit

allocation for firm i equals the marginal contribution of firm i’s investment on the decreases in the

other firms’ marginal abatement costs through technology spillovers discounted by the marginal

damages of emissions. If λ = 0, then firm i’s permit allocation should be independent of firm i’s

investment. If λ > 0, then the allocation should be increasing in the firm’s investment. The above

permit allocation rule solves the discrepancy between private and social returns of investment. In

contrast, flexible permit auction or taxes do not solve this discrepancy (unless λ = λ̂ by chance).

Flexible standards exacerbates this discrepancy even further.

For the quadratic example (equations 11 and 12), the first best permit allocation rule q∗ is

given by

q∗i (k; δ) = αi(δ) + βki − γ(δ)
∑

j 6=i

kj

where

αi(δ) =
ēi + Nθδ

(
ēi −

Ē
N

)

1 + Nθδ
, β = λa(N − 1), γ(δ) =

1

N − 1

(
β +

af(λ)

1 + Nθδ

)
.

In the above specification, β satisfies condition (15) and induce the firms to choose the first best

investments. Specification of αi’s ensures that the total distribution
∑

i q
∗
i (k, δ) equals that the

optimal total emissions X(k, δ) for all (k, δ) and that q∗i ’s satisfy condition (16).

There are many other ways for the regulator to determine permit distribution.4 The fol-

lowing proposition describes the effects of alternative permit distribution rules on the equilibrium

investment.

Proposition 8 Suppose the functions {Gi, Ci},D are given by equations (11) and (12). Let qi(k)

be the permits distributed to firm i given investment profile k.

1. Suppose ∂qi(k)
∂ki

= 0 for all i (that is, each firm’s permit endowment is independent of its own

investment decision). If λ > 0, then the equilibrium total investment is lower than the first

best level.

2. Alternatively, suppose permits distributed to each firm is a function of total investment K.

Then flexible permit trading results in under-investment given any λ ≥ 0.

The permit allocation rules specified in Proposition 8 do not provide the correct investment incen-

tives to firms. Grandfathering of permits practiced in the US Acid Rain Program and EU Emissions

Trading Scheme corresponds to the first rule in the proposition. If the rule specified in Proposition

7 is not feasible, then flexible taxes and permit auction may be preferred to free permit trading.

4Ellerman et al. 2000 discuss that the initial distribution of permits for the SO2 market was influenced by interest
group politics (though not significantly according to their statistical analysis and though allocation was based on
past levels of emissions).
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4.3 Flexible taxes

The equilibrium permit prices under auctioned permits and the equilibrium flexible taxes depend

on the firms’ investment profile in the same way. Because they are equivalent from the firms’ point

of view, the equilibria under the two policy instruments support the same outcome.

Proposition 9 Under flexibility, the equilibrium under taxes and auctioned permits are equivalent.

Each firms’ incentive to free-ride on other firms’ investments increases when spillovers are

larger. However, the equilibrium investment may be increasing in the degree of technology spillovers

λ under some circumstances.

Proposition 10 Suppose the functions {Gi, Ci},D are given by equations (11) and (12). Under

flexible taxes and auctioned permits, the equilibrium investment of each firm is increasing in λ when

r is large and when a and all realizations of δ are small.

The above proposition shows that each firm’s investment is increasing in λ if the marginal invest-

ment cost is large, the marginal contribution of investment on reducing abatement costs is small,

and the slope of the marginal damages is small. Under oligopolistic competition or monopoly with

threats of entry, incumbents conduct investment to raise the rivals’ costs (Salop and Scheffman

1983, Lyon and Maxwell 2004). In the context of environmental regulation with flexible policy

update, however, lowering the other firms’ costs may result in less stringent regulation. Because

the tax rate and the equilibrium price of auctioned permits are decreasing in every firm’s marginal

abatement cost, it may be of each firm’s interest to choose a larger investment level when spillovers

are larger.

4.4 Flexible standards

Under emissions standards, the regulator sets the upper limit of emissions for each firm. The

regulator can choose the distribution of total emissions across firms in many ways. For example,

under uniform concentration standards (uniform standards on emission per outputs or inputs),

qi(k; δ) is equal to ēi ·
Q(k;δ)

Ē
if ēi is proportional to firm i’s outputs/inputs for all i. Alternatively,

the regulator can set firm i’s standard at αiQ(k; δ) for some given share αi where αi ≥ 0 and
∑

i αi = 1.5 We consider standards where firm i’s emissions standard is the optimal emissions

given (k, δ). Let Q(k; δ) be the optimal total emissions given investment profile k. Let q(k; δ) =

(q1(k; δ), q2(k; δ), . . . , qN (k; δ)) be the standard for the firms such that
∑

i qi(k) = Q(k).

Lemma 2 If the firms are identical or if {Gi, Ci} and D are quadratic as in equations (11) and

(12), then the equilibrium total investment under flexible emissions taxes is larger than the equilib-

rium total investment under flexible emissions standards.

5Montero (2002) compares permit trading with concentration standards where regulated firms compete in output
markets.
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The logic behind this result is explained in Kennedy and Laplante (1999) and Tarui and Polasky

(2005). The regulator sets larger emissions standards given lower investments. Hence, each firm

has an incentive to choose lower investment in order to induce the regulator to choose less stringent

standards. With a quadratic example, the flexible taxes are preferred to flexible standards regardless

of the degree of technology spillovers.

Proposition 11 Suppose the functions {Gi, Ci},D are given by equations (11) and (12). Under

a flexible policy regime, the expected social costs are lower in equilibrium with emissions taxes than

in equilibrium with emissions standards.

This result extends the finding in Tarui and Polasky (2005) to the case of multiple firms. Let

K∗,KT ,KS be the total investment under the first best, flexible taxes and standards. We have

KT > K∗ > KS when technology spillovers are small. With a quadratic example, distortions due to

over-investment under taxes are smaller than distortions due to under-investment under standards.

For larger spillovers, we have KS < KT < K∗ and distortions due to under-investment are larger

under standards.

4.5 Flexibility: summary

Table 2 summarizes the findings regarding flexible policies. Flexible auctioned permits and flexible

taxes generate the same equilibrium outcome and may result in over-investment when technology

spillovers are small. With free permits, the permit allocation rule matters. In particular, the

equilibrium supports the first best outcome if the permit allocation for a firm is increasing in the

firm’s investment.

Under flexibility, there are two sources of distortions: one due to strategic investments by

the firms and the other due to spillover effects of investments. In the absence of spillovers (λ = 0),

the former effect disappears as the number of firms increases. Hence, any flexible policy can achieve

the first-best outcome if λ = 0 and N tends to infinity. When λ > 0, the spillover effect does not

disappear even if N is large. Given λ, the cost-reducing effect of firm i’s investment on the other

firms’ costs diminishes as N increases. Hence, each firm cannot strategically lower rivals’ costs

under flexible taxes or standards with a large number of firms. Using the permit allocation rule in

proposition 7, the regulator can achieve the first best outcome with free permit trading regardless

of the number of firms.

5 Commitment versus flexibility

We compare the equilibrium total costs under commitment policies and flexible policies. Figures

2-4 compare the percentage excess social costs under each policy instrument under different degrees

of technology spillovers λ using the example with equations (11) and (12). As in Proposition 11,

flexible taxes are always preferred to flexible standards. Figure 2 implies that commitment is

preferred to flexibility even under damage uncertainty when the marginal cost of investment is

relatively smaller. The figure also implies that the ranking of commitment versus flexibility may
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Table 2: Policy instruments under flexibility.

Auctioned permits Free permits Taxes Standards
(AP) (FP) (T) (S)

No spillovers
Total investment KAP > K∗ KFP ≤ K∗ KAP > K∗ KS < K∗

Total emission XAP < X∗ XFP ≥ X∗ XAP < X∗ XS > X∗

Welfare

Positive spillovers
Total investment KAP < (>)K∗ for KFP ≤ K∗ KT < (>)K∗ for KS < K∗

large (small) spillovers large (small) spillovers

Total emission XAP > (<)X∗ for XFP ≥ X∗ XT > (<)X∗ for XS > X∗

large (small) spillovers large (small) spillovers

Welfare AP ⇔ T First best T preferred to S
possible

Note: K and X denote the equilibrium total investment and emissions. Superscript ∗ denotes the first

best level.

differ depending on the degree of technology spillovers. In Figure 3(a), committed free permits

outperform the other instruments when spillovers are small, but are less preferred when spillovers

are large.6 For a smaller slope of marginal abatement costs (i.e. large θ), flexible taxes and

committed auctioned permits are the most preferred instruments (Figure 3b). When the marginal

abatement costs are relatively larger, it becomes more important for the regulator to correct the

firms’ investment incentives than to update policy stringency based on learning about damage.

Figure 4 illustrates that committed policies are less preferred when θ is larger , i.e. when the

slope of the marginal abatement cost is smaller. For a sufficiently small θ, committed auctioned

permits are more preferred to flexible standards even under damage uncertainty. Figure 4 assumes

N = 10; the figure implies that distortions due to strategic investments can be large even when the

number of firms is large.

6 Discussion

In this paper we studied environmental regulation given exogenous learning about environmental

damages from emissions by a regulator, endogenous choice of emissions abatement technology by

regulated firms, and technology spillovers across firms. We compared emissions control policies

and under flexibility, in which policy is updated upon learning new information, versus under

commitment, in which policy is not updated. In order to achieve the first best outcome, the

regulator needs to provide firms with correct incentives for investments and emissions abatement.

Our main finding is that a flexible permit trading with freely distributed permits works to solve

6In Figure 3(a) the percentage welfare loss under flexible standards exceeds 10% at any level of λ and is not shown
in the figure.
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Figure 2: Commitment versus flexibility (1)
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Figure 3: Commitment versus flexibility (2)
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Figure 4: Commitment versus flexibility (3)
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both of these incentive problems. Flexibility allows the regulator to set the total emission cap

at the ex-post optimal level upon learning. With a correctly specified permit distribution rule,

the regulator rewards a firm which generates more advanced abatement technology with a larger

amount of emission permits. This extra reward of permits for R&D internalizes the externality due

to technology spillovers.

We also found that no other policy scheme—taxes, auctioned permits, or standards, under

either flexibility or commitment—will guarantee achieving an optimal solution. Comparing subop-

timal policies, whether flexibility is preferred to commitment depends on the relative magnitudes

of the marginal cost of investment, marginal abatement costs, and marginal damages as well as

the degree of damage uncertainty (and hence the value of learning). Under commitment, taxes

and standards are equivalent. Free permit trading is also equivalent to taxes and standards if

the permit distribution is specified so that no permit trading occurs in equilibrium. Committed

auctioned permits tend to be preferred to the other commitment policies when the degree of tech-

nology spillovers and the slope of the marginal abatement costs are larger. With flexible policy

and quadratic benefits and costs, this paper finds that taxes are always superior to standards.

This result contrasts with other findings in the literature where the superiority of price or quantity

mechanisms depends upon circumstances, such as the cost of innovation, the slope and level of

marginal benefits of abatement (Fischer et al. 2003) or the slopes of marginal benefit and marginal

cost (Weitzman 1974).

Strategic investments under other flexible policies occur only when the number of firms is

small. In the presence of technology spillovers, flexible free permit trading can achieve the first

best outcome regardless of the number of firms while the other policies do not when the number of

firms is large.

The inefficiency of environmental policy under both commitment and flexibility is caused by

the fact that investment occurs prior to the resolution of uncertainty. If it were possible to reverse

the order so that all uncertainty were resolved prior to investment, the regulator could make policy

dependent on actual conditions but not dependent upon investment. This would avoid distorting

investment incentives while still allowing regulation to reflect actual conditions. This order is not

likely to be reversed in practice because investments for technology adoption tend to be long-lived

while new information is learned on a fairly frequent basis. Further, spillover effects will not be

externalized even with the reversed timing of learning and investment.

The result that free permit trading can support the first best outcome is appealing. Unlike

flexible taxes, standards and permit auction, free permit trading with a specific permit distribution

rule induces the firms to choose the socially optimal investments without additional environmental

technology policies (unlike flexible taxes and standards). The specific permit distribution rule

requires the regulator to reward the firm with larger technology improvement with larger permit

distributions. However, existing permit distribution rules do not have such characteristics. For

example, SO2 allowances under the US Acid Rain Program were distributed mostly according

to historical emissions of electric utilities, and hence independent of investments or technologies
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adopted by the utilities (Ellerman et al. 2000). Our analysis demonstrated that the welfare loss

under flexible free permit trading may be larger than those under other flexible policies if the

first-best permit distribution rule is not available.

The analysis did not consider the possibility of oligopoly competition in output markets

(see Fischer et al. 2003 and Montero 2002 for analysis of these issues). The effects of emissions

regulation on innovation may differ depending on whether innovation reduces the marginal cost of

output or it only reduces the emission per output.

We considered a model in which the firm chooses a technology from a menu of available ex-

isting technologies. In the model, larger investment leads to lower abatement costs with certainty.

In practice, the return to investment on technology is stochastic. Firms choose expenditures on

research and development for technology innovation, where greater investment results in a larger

probability of finding a new technology with lower abatement costs. Stochastic returns to invest-

ment in R&D add another source of uncertainty to the model and make flexibility preferable to

commitment.7

In this model we focused on symmetric uncertainty about damages in the model. An al-

ternative formulation of the model would be to assume that the results of technology adoption or

innovation are private information to the firm, which would then make the model one of regulation

under asymmetric information. In addition to firms’ private information about costs, the regula-

tor’s type may be another source of asymmetric information. For example, perhaps commitment

is somewhat less than categorical. The firm may be uncertain whether a regulator really can or

cannot commit to the initially announced regulatory stringency. The firm will form a belief on the

regulator’s type (the ability of the regulator to commit) and the firm’s response will depend on

such beliefs. We leave analysis of asymmetric information models for future research.

Appendix

First best outcome

The first-best investment emission and allocation (k∗, x∗) minimizes the expected social cost of

emissions C(k, x) where C(k, x) ≡
∑

i [Gi(ki) + ECi(xi(δ), zi(k))]+ED(X(δ)). With Gi, {Ci} and

D given by equations (11) and (12), the first order condition is

∂C(k,x)
∂ki

= rki − E
[

a(ēi−a(ki+λ
P

j 6=i kj)−xi(δ))

θ
+ aλ

θ

∑
j 6=i

{
ēj − a

(
kj + λ

∑
l 6=j kl

)
− xj(δ)

}]
= 0,

(17)
∂C(k,x)
∂xi(δ)

= − ēi−xi(δ)−azi(k)
θ

+ δX(δ) = 0 (18)

for all i and all s. Summing up condition (17) for all i, we have

rθK − E
[
a(Ē − X(δ) − a(K + λ(N − 1)K)) + aλ

∑
i

∑
j 6=i

{
ēj − a

(
kj + λ

∑
l 6=j kl

)
− xj(δ)

}]

= rθK − E
[
a(Ē − X(δ) − a(K + λ(N − 1)K)) + aλ((N − 1)Ē − (N − 1)X(δ))

]

7Requate (2005b) analyzes such cases assuming a single innovator, competitive technology adopters and deter-
ministic damages.
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−aλ[(N − 1)K + λ
∑

i[(N − 1)ki + (N − 2)
∑

j 6=i kj ]]

= rθK − E
[
a(Ē − X(δ) − a(K + λ(N − 1)K)) − aλ((N − 1)Ē − (N − 1)X(δ))

]

−aλ[(N − 1)K + λ[(N − 1)K + (N − 2)(N − 1)K]]

where Ē ≡
∑

i ēi and K ≡
∑

i ki.
8 Hence,

rθK = Ea(1 + λ(N − 1))(Ē − X(δ) − a(1 + λ(N − 1))K). (19)

Similarly, from condition (18) we have

Ē − X(δ) − aK(1 + λ(N − 1)) = NθδX(δ). (20)

From (20) we have

X(δ) =
Ē − af(λ)K

1 + Nθδ

where f(λ) ≡ 1 + λ(N − 1). Substitute it into (19) and we have

rK = Aaf(λ)N(Ē − af(λ)K)

where A ≡ E δ
1+Nθδ

. Hence,

K∗ =
ANaf(λ)Ē

r + AN(af(λ))2
and X∗(δ) =

rĒ

(1 + Nθδ)[r + AN(af(λ))2]
.

To compute individual firms’ equilibrium choice, note from (18) that ēi −xi(δ)− azi(k) = θδX∗(δ)

for all i. It then follows from (17) that

θrki − E[aθδX∗(δ) + aλ(N − 1)θδX∗(δ)] = 0

and hence

k∗
i =

Aaf(λ)Ē

r + AN(af(λ))2

for all i. (So k∗
i = K∗/N for all i.) Substitute this into (18) and we obtain x∗

i (δ) = ēi − azi(k
∗) −

θδX∗(δ) for all i.

Proof of Proposition 1

Multiply condition (3) by x′
i(τ) and sum up the resulting expression over all i to obtain

∑
i

[
Cixx′

i(τ) +
∑

j Cjz

∑
l 6=jλ

∂kl

∂qi
x′

i(τ)
]

+
∑

i EDx(Q; δ)x′
i(τ) = 0

where

∑

i

∑

j

Cjz

∑

l 6=j

λ
∂kl

∂qi

x′
i(τ) =

∑

j

Cjzλ
∑

l 6=j

∑

i

∂kl

∂qi

x′
i(τ) =

∑

i

Cizλ
∑

j 6=i

∑

l

∂kj

∂ql

e′l(τ)

8Note that
PN

i=1(ki + λ
P

j 6=i
kj) =

PN

i=1 ki + λ
PN

i=1

P
j 6=i

kj = K + λ
PN

j=1(N − 1)kj = (1 + λ(N − 1))K.
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We will show that the same emission and investment plan (e, k) satisfies both the above condition

and the condition (6). We can solve N conditions (5) for k1, . . . , kN as functions of emissions x.

Then substitute these functions {ki(x)} into N conditions (4) and solve x as functions of τ . Because

(2) and (5) are identical when qi = xi(τ) and ki(q) = ki(τ), we have

k′
j(τ) =

∑

l

∂kj

∂ql

e′l(τ)

for all j. Hence, the same investment and emissions plan satisfies the conditions for both the stan-

dards and the tax.

Proof of Corollary 1

It follows from conditions (4) and (6) that

τ = EDx(X, δ) + λ

∑
i Ciz

∑
j 6=i k

′
j(τ)

∑
i x′

i(τ)
< EDx(X, δ) if λ > 0.

Proof of Proposition 2

In condition (10) we have Cjx(xj(Q, k(q)), zj(k)) = Cix(xi(Q, k(q)), zi(k)) for all i, j because the

marginal abatement costs are equalized under permit trading. Hence,

∑

j

Cjx
dxj

dQ
= Clx

∑

j

dxj

dQ
= Clx

d
∑

j qj

dQ
= Clx

for all i, j, l. Under the condition qi = xi(Q, k(Q)), condition (9) implies

Cix +
∑

j Cjz

∑
l 6=jλ

dkl

dQ
+ EDx(Q; δ) = 0

for all i, which is identical to the condition for the equilibrium under committed tax (3).

Proof of Proposition 3

When λ = 0, the necessary and sufficient conditions of the first best outcome and the equilibrium

outcomes under committed tax, standards and free permit trading are equivalent.

Proof of Proposition 4

Condition (8) for auctioned permits and condition (9) with xi(Q, k) = qi for free permits imply

that each firm chooses a larger investment given the same total emissions Q.
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Proof of Lemma 1

Suppose not. Suppose k and k′ differ only in the ith element where ki < k′
i. Let z = (z1(k), . . . , zN (k))

and z′ = (z1(k
′), . . . , zN (k′)). Note that zj(k) ≤ zj(k

′) for all j. Suppose X(z, δ) ≤ X(z′, δ). Be-

cause Dx is increasing in emissions, we have

Dx(X(z, δ); δ) ≤ Dx(X(z′, δ); δ). (21)

By the definition of xi(·, ·) and X(·, ·), we have

Cix(xi(z, δ), zi(k)) + Dx(X(z, δ); δ) = 0 and Cix(xi(z
′, δ), zi(k

′)) + Dx(X(z′, δ); δ) = 0. (22)

(21) and (22) implies

Cix(xi(z, δ), zi(k)) ≥ Cix(xi(z
′, δ), zi(k

′)).

Because Cix is increasing in investment, we also have

Cix(xi(z, δ), zi(k)) < Cix(xi(z, δ), zi(k
′)).

The last two inequalities imply Cix(xi(z
′, δ), zi(k

′)) < Cix(xi(z, δ), zi(k
′)), i.e. xi(z

′, δ) < xi(z, δ)

because Cixx > 0. So xj(z
′, δ) > xj(z, δ) must hold for some j 6= i in order for X(z, δ) ≤ X(z′, δ)

to hold. Hence,

Cjx(xj(z, δ), zj (k)) < Cjx(xj(z
′, δ), zj(k)) ≤ Cjx(xj(z

′, δ), zj(k
′))

where the last inequality follows from Cjez > 0. However, this implies

0 = Cjx(xj(z, δ), zj (k)) + Dx(X(z, δ); δ) < Cjx(xj(z
′, δ), zj(k

′)) + Dx(X(z′, δ); δ) = 0,

a contradiction. Hence, ∂X(k,δ)
∂ki

< 0 for all k, s and all i. Because p satisfies p(z, δ) = Dx(X(z, δ); δ),

we have ∂p
∂zi

= Dxx · ∂X(z,δ)
∂ki

< 0. for all k, δ, i.

Proof of Proposition 5

Equilibrium emissions profile given z(k), δ satisfies Cix(xi(z, δ), zi(k)) + Dx(Q(z, δ); δ) = 0 for all i

where
∑

i xi(z, δ) = Q(z, δ). In the investment stage, firm i solves

min
ki

Gi(ki) + E[Ci(xi(z, δ), zi(k)) + p(z, δ)xi(z, δ)].

The first order condition is

G′
i(ki)+E

�
Cix

�
∂xi
∂zi

+λ
P

j 6=i
∂xi
∂zj

�
+Ciz +p(z,δ)

�
∂xi
∂zi

+λ
P

j 6=i
∂xi
∂zj

�
+

�
∂p
∂zi

+λ
P

j 6=i
∂p
∂zj

�
xi(z,δ)

�
=0.

By equation (13) we have

G′
i(ki) + E


Ciz +





∂p

∂zi
+ λ

∑

j 6=i

∂p

∂zj



 xi(z, δ)


 = 0.
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With λ = 0, the first best investments k∗ satisfy

G′
i(k

∗
i ) + ECiz(x

∗
i (z(k∗), δ), zi(k

∗)) = 0

for all i and the equilibrium investments k̃ satisfy

G′
i(k̃i) + E

[
Ciz(x

∗
i (z(k̃), δ), zi(k̃)) +

∂p

∂zi
x∗

i (z(k̃), δ)

]
= 0.

for all i where ∂p
∂zi

is negative by Lemma 1. Hence, the equilibrium investment is larger than the

first best level.

Proof of Proposition 6

The regulator’s choice of total permits given k and a realization of δ satisfies

Q(K, δ) =
Ē − af(λ)K

1 + Nθδ
.

where Ē ≡
∑

i ēi. The equilibrium price of permits P satisfies

P (K, δ) =
δ(Ē − af(λ)K)

1 + Nθδ
.

Firm i’s emission is given by

xi(k, δ) = ēi − azi(k) −
θδ(Ē − af(λ)K)

1 + Nθδ
.

Given k−i and function P (·), firm i chooses investment to minimize the total cost of emission

reduction:

min
ki

Gi(ki) + E[Ci(xi(k, δ), zi(k)) + P (K, δ)xi(k, δ)].

Using the envelope theorem, the first order condition is given by

rki − E

[
a(ēi − xi(k, δ) − azi(k))

θ

]
+ E

[
∂P (K, δ)

∂ki

xi(k, δ)

]
= 0.

Sum this up for all firms and have

rK − ANa(Ē − af(λ)K) − Baf(λ)[Ē − af(λ)K] = 0.

where A ≡ E
[

δ
1+Nθδ

]
and B ≡ E

[
δ

(1+Nθδ)2

]
. Rearrange the terms and we have

KDAP (λ) =
ANaĒ + Baf(λ)Ē

r + ANa2f(λ) + B(af(λ))2
.

We know from the previous example that KDAP (λ) > K∗ if λ = 0. With this example, we have

KDAP (λ) > K∗ when λ is small and KDAP (λ) < K∗ when λ is large. The difference between

KDAP and K∗ is given by

∆ ≡ KDAP − K∗ =
rĒ[ANa2f(λ)(1 − f(λ)) + B(af(λ))2]]

af(λ)(r + AN(af(λ))2 + B(af(λ))2)(r + AN(af(λ))2))
.

It follows that ∂∆/∂λ < 0 and ∆ < (>)0 if λ > (<)λ̂.
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Proof of Proposition 8

1. If ∂qi(k)
∂ki

= 0 for all k and all i, we have

KDFP =
ANaĒ

r + ANa2f(λ)
=

ANaf(λ)Ē

f(λ)r + AN(af(λ))2
<

ANaf(λ)Ē

r + AN(af(λ))2
= K∗

if λ > 0. We have KDFP = K∗ if λ = 0. Hence, we have under-investment at the industry

level.

2. If qi(k) = qi(K) for all k and all i, then we have further under-investment. In this case,

investment K satisfies

rK − E

[
a

θ
(Ē − af(λ)K − X(K, δ)) −

δ(Ē − af(λ)K)

1 + Nθδ

af(λ)

1 + Nθδ

]
= 0.

K satisfying the above equation is given by

KDFP ′

=
ANaĒ − Baf(λ)Ē

r + ANa2f(λ) − B(af(λ))2
,

which is smaller than KDFP in case 1. Both spillovers and the permit allocation effect work

to lower the equilibrium industry investment compared to the first-best level.

Proof of Proposition 9

Under flexible auctioned permits, the total permits given (z, δ) satisfies

Cix(xi(z, δ), zi(k)) + Dx(Q(z, δ); δ) = 0

for all i where
∑

i xi(z, δ) = Q(z, δ) and the equilibrium permit price p(z, δ) satisfies

p(z, δ) = Dx(Q(z, δ); δ).

In the investment stage, firm i solves

min
ki

G(ki) + E[Ci(xi(z, δ), zi(k)) + p(z, δ)xi(z, δ)].

The first order condition is

G′
i(ki) + E


Ciz +





∂p

∂zi

+ λ
∑

j 6=i

∂p

∂zj



 xi(z, δ)


 = 0. (23)

Under flexible taxes, the tax rate (z, δ) satisfies

τ(z, δ) = Dx(Q(z, δ); δ) = 0.

27



In the investment stage, firm i solves

min
ki

Gi(ki) + E[Ci(xi(z, δ), zi(k)) + τ(z, δ)xi(z, δ)].

G′
i(ki) + E


Ciz +





∂τ

∂zi

+ λ
∑

j 6=i

∂τ

∂zj



 xi(z, δ)


 = 0. (24)

Because τ(z, δ) = p(z, δ) for all (z, δ), conditions (23) and (24) are equivalent. Therefore, the equi-

librium outcomes under flexible auctioned permits and taxes are the same.

Proof of Lemma 10

The derivative of the equilibrium investment with respect to λ is proportional to

E

[
r(1 + Nθδ)2 − δa2 {f(λ) + N(1 + Nθδ)}2

δ(1 + Nθδ)4

]
.

This expression is positive if r is large and if a and the realizations of δ are small enough.

Proof of Lemma 2

Suppose the firms are identical and Gi = G, Ci = C for all i. Under flexible taxes, the equilibrium

investment kD satisfies

G′(kD) + E

[
Cz +

∂τ(kD, δ)

∂k
x(kD, δ)

]
= 0.

The equilibrium investment kS under standards satisfies

G′(kS) + E

[
Cz + Cx

∂x(kS , δ)

∂k

]
= 0.

Because ∂τ
∂k

x(k, δ) < 0 < Cx
∂x(k,δ)

∂k
for all k and δ, we have kT > kS .

With a quadratic example, the equilibrium total investment is given by

KT =
ANaĒ + Baf(λ)Ē

r + ANa2f(λ) + B(af(λ))2

under flexible taxes where A ≡ E
[

δ
1+Nθδ

]
and B ≡ E

[
δ

(1+Nθδ)2

]
. Under flexible standards, the

equilibrium total investment is given by

KS =
CNaf(λ)θĒ

r + CNθ(af(λ))2

where C ≡ E
[

δ2

(1+Nθδ)2

]
. We have

KS − KT =
E

[
Nθδ2[f(λ)−N ]−Nδ−f(λ)δ

(1+Nθδ)2

]
raĒ

(r + CNθ(af(λ))2)(r + ANa2f(λ) + B(af(λ))2)
< 0.
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Proof of Proposition 11

We solve for the equilibrium total investments under taxes and standards (KT and KS), express

the equilibrium social costs under both instruments as functions of KT and KS , and show that the

equilibrium social cost is larger under standards.

Under either policy instrument, the equilibrium social cost as a function of equilibrium

investment is given by

TC =
∑

i

r

2
k2

i + E
∑

i

1

2θ
(ēi − xi(k; δ) − azi(k))2 + E

δ

2

(
Ē − af(λ)K

1 + Nθδ

)2

.

The equilibrium emissions and investments equate the firms’ marginal abatement costs and the

marginal damages under each state:

ēi − xi(z; δ) − azi(k)

θ
= δX(K; δ)

for all i,K, δ where X(K) is the equilibrium total emissions given (K; δ). Hence,

TC =
Nr

2

(
K

N

)2

+
N

2θ
E

(
θδ

Ē − af(λ)K

1 + Nθδ

)2

+ E
δ

2

(
Ē − af(λ)K

1 + Nθδ

)2

=
r

2N
K2 +

Nθ

2
C

(
Ē − af(λ)K

)2
+

B

2

(
Ē − af(λ)K

)2

=
r

2N
K2 +

NθC + B

2

(
Ē − af(λ)K

)2
=

r

2N
K2 +

A

2

(
Ē − af(λ)K

)2

where the last equality follows from

NθC + B = E
Nθδ2 + δ

(1 + Nθδ)2
= E

δ(1 + Nθδ)

(1 + Nθδ)2
= E

δ

1 + Nθδ
≡ A.

Hence, the difference between the total costs under flexible taxes and standards is

TCS − TCT =
r

2N

(
(KS)2 − (KT )2

)
+

A

2

[(
Ē − af(λ)KS

)2
−

(
Ē − af(λ)KT

)2
]

=
r

2N

(
KS + KT

) (
KS − KT

)
+

A

2

[
−2Ēaf(λ)(KS − KT ) + (af(λ))2

(
KS + KT

) (
KS − KT

)]

=
aĒ(KS − KT )

2N

[(
r + NA(af(λ))2

)(
KS + KT

aĒ

)
− 2NAf(λ)

]

︸ ︷︷ ︸
(∗)

.

Because KS < KT , it remains to show that the expression inside the square brackets (∗) is negative

for TCS − TCT > 0. It follows that

(∗) =
(r + NA(af(λ))2)(2AN2θC(af(λ))2 + 2BNf(λ)θC(af(λ))2 + rA(N + f(λ))) − 2NAf(λ)

(r + CNθ(af(λ))2)(r + ANa2f(λ) + B(af(λ))2)

and the numerator is equal to

r2A(N + f(λ) − 2Nf(λ)) + 2rAN2θC(af(λ))2(1 − f(λ))

+rNA2(af(λ))2(f(λ) − N) + 2rf(λ)BN(af(λ))2E

(
−1 + (1 − N)θδ2

(1 + Nθδ)2

)
< 0.

Therefore, TCS − TCT > 0.
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