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Abstract

This paper proposes a model where both regulator and industry behave stra-
tegically to endogenously choose the optimal market instrument. The regula-
tor payoff function includes political gains from investment in abatement and
improvement in the provision of the environmental good in addition to the
efficient choice of the instrument level. Whereas the industry’s objective is to
minimize abatement costs. Under plausible conditions, the model suggests
that quantity instrument is favorable to the regulator. Also, industry with high
cost of abatement has a better incentive to invest in clean technology. Regula-
tor gains from increasing the provision of environmental good and from in-
dustry investing in abatement.
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1. Introduction

The discussions on regulating carbon emissions are still ongoing and have
gained momentum recently especially after the publication of important inter-
national reports such as the Stern report. One aspect of these discussions is an
assessment of the tradable permits system [1]. Another aspect is the comparison
between the two distinct alternatives of market instruments to curb emissions:
the carbon tax and the cap-and-trade market [2] [3]. The first alternative has
been almost absent from political platforms in North America. Even though
there have been several policies of taxing carbon emissions within the European
Union, carbon trading seems to be the preferred policy.' Several theoretical con-
tributions suggest that price instruments have an advantage over quantity ones.

We, however, observe that regulator and industry alike tend to prefer a quantity

"The European Emissions Trading Scheme was established in 2005. It is the first and the biggest
carbon market worldwide. Prior to that, SO, market was established in the US under the Acid Rain
Program in 1995.
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regime. There is also evidence which suggests that the choice of instrument has
possible implications on technological innovation [4] [5] [6].> This suggests that
the regulator may incur a political gain if the choice of instrument increases the
incentives for industry to invest in cleaner technology. Additionally, firms may
prefer carbon markets.” One potential explanation is that quantity instruments
allow industry to keep revenues within the industry rather than transferring
them to the government through a price instrument. The research question that
this paper addresses is why quantity systems are the outcome of the dynamic
process of regulation between regulator and industry. This is relevant research
question given the ongoing debate on environmental policy and the corre-
sponding market instrument.

The model builds on the assumption of asymmetric information between the
regulator and industry such that the regulator does not know the industry’s cost
of abatement; whether it has a low or high marginal cost of abatement. It also
builds on the dynamic nature of environmental regulation as the regulator up-
dates her information set based on the observed actions of firms. If the regulator
observes an investment in abatement, she would use a lower marginal cost
schedule to choose the level of regulation. Meanwhile, industry can substitute
current gains for future ones in order to minimize the total cost of abatement.
Knowing that the regulator may update the regulation in the second period, in-
dustry may find an incentive to invest in cleaner technology if this reduces its
overall cost of abatement. The regulator’s choices are determined by three fac-
tors, one economic and two political. The economic payoff is to minimize wel-
fare loss due to under abatement or over abatement. She is also motivated by the
political gain if industry engages in investment in abatement. Lastly, regulator
payoffs are constrained by the levels of abatement resulting from previous pe-
riod instruments. The level of abatement in the second period can not be lower
than the level of abatement of the first period’s instrument.

The model suggests that the interaction between the regulator and industry
would result in a separating equilibrium where only the high cost industry in-
vests in abatement and the regulator chooses a quantity system. The main reason
behind this result is that abatement investment has many benefits. It reduces the
cost of abatement in the second period. It also generates political gains for the
regulator and reduces the uncertainty she may have regarding the industry cost
of abatement. Also, the intuition is that investment in the first period eliminates
welfare loss due to uncertainty. Additionally, the political constraint on the
regulator choices increases policy stringency in the case of a price instrument
but not in the case of quantity.

This paper complements the literature on dynamic games between regulator

and industry in three ways. First, both regulator and industry behave strategi-

?Additionally, quantity regimes may generate less volatility on the macro level [7].

*Examples of permits or quantity markets in North America are based on firms or industries engag-
ing in trading are such as Chicago Climate Exchange, Montreal Climate Exchange, Regional Green-
house Gas Initiative and Western Climate Initiative.
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cally; a notion that is absent in the literature.* The regulator acts strategically by
influencing the industry performance and at the same time is influenced by its
choices. In other words, the regulator’s payoffs are not exclusively determined by
the traditional welfare analysis. Her payoff function also depends on the actions
of the industry. For instance, it is quite plausible that regulator receives a politi-
cal gain if firms invest in abatement technologies. It is also plausible that regula-
tor loses politically if she appears to be relaxing regulations vis-a-vis industry.
This is particularly true if the updated level of the instrument produces lower
level of abatement than if the original level was kept as is.

Second, prior literature used industry previous abatement performance as a
means for updating the regulator’s information about industry cost of abatement.
This model uses actual investment as an observable action that is easier to
monitor. The conjecture is that regulator is able of observing investment projects
in cleaner or newer technologies that reduce the cost of abatement or the cost of
providing environmental goods. Also, observing this type of action would reduce
the uncertainty with regards to the cost functions of industry. The optimal
choice of market instrument in a dynamic setting is therefore dependent on the
changing nature of the cost functions [8] [9] [10].

Lastly, the model presented in this paper is the first model where the choice of
instrument is endogenous. Previous literature has compared welfare implica-
tions of both market instruments without translating this into an endogenous
choice of instrument. This is useful in addressing the main question of this paper
which is what makes the choice of quantity or quantity instruments favorable by
both regulator and industry?

The comparison between price and quantity instruments has been the subject
of several contributions which can be roughly classified into two strings of lit-
erature: static and dynamic models.” In a static setting, both instruments are
theoretically equivalent in the absence of uncertainty in the cost and benefit
functions of abatement. However, under strong assumptions, the uncertainty in
the cost function increases the superiority of the price instrument [11].° Using
different assumptions, others have suggested that there is no instrument strictly
better than the other and that the policy application should be “time-dependent”
[12]. Similarly, the advantage of one instrument over the other depends on how
correlated the uncertainty in the benefits and costs function [13].

Not only static models lack a consensus, they also lack the strategic and dy-
namic aspect of the process of regulation. In dynamic models, regulated firms
can act strategically to affect future regulations. Regulator may well use current
improved performance as a gauge for more demanding performance in the fu-

ture (what is referred to as the “ratchet effect”). Industry would clearly have the

*The closest model is a model by Weitzman where there is a negotiating process between the regula-
tor and industry [14].

°For a comprehensive survey of seminal papers refer to [15] and more recent see [16].

These assumptions are the additive error term, uncertainty in benefits is independent from uncer-
tainty in cost function and quadratic differentiable functional forms of costs and benefits functions.
Other papers such as [17] and [18] found similar results when using comparable assumptions.
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incentive to under perform in order to ensure more flexibility in the future [19].

Other dynamic models consider the impact of stock pollution rather than flow
pollutants [].

The starting point in dynamic models is also the presence of uncertainty in
cost of abatement. However, the dynamic nature of the model allows the regula-
tor to observe the industry’s performance. She can update her belief on the in-
dustry’s cost of abatement accordingly. This reduces the uncertainty about the
cost of abatement. From the standpoint of firms, there would be an incentive to
use the performance in the first period to lower the implied regulation in the
second period. If they were faced by a permit system, they would have an incen-
tive to under perform, to be granted more permits in the future. The welfare im-
plications would depend on the distribution of high cost firms within the indus-
try [20]. The ability of the regulator to update the quantity instrument could
possibly affect its time consistency. As firms learn that regulator would change
regulation, regulating through quantity loses its purpose leading to price instru-
ment being a superior instrument [21].

The paper is organized as follows: the following section describes model and
its main assumptions. The derivation of the optimal choices of the regulator and
industry are in Section 3 and Section 4 respectively. Section 5 entails the optimal

choice of instrument. The last section concludes.

2. Model
2.1. Basic Assumptions

The regulator does not know ahead of time whether industry has a high or low
cost of abatement. She does not know whether industry would invest in a new
clean technology or would continue with the existing one. She postulates that
industry could be represented by two types of firms, a type that has a high mar-
ginal cost or another type that has low marginal cost of producing a desirable

environmental good such as abatement, Q:

MC = MC, (q)
where j=h,l such that:
oMC, . oMC, 20
aq aq

The regulator’s expectation of the marginal cost of producing ( is therefore:

E(MC) =z MC, (q)+(1-7)MC, (q) (1)

where 7 is the probability that the industry has a high marginal cost of pro-
ducing (such that 0 <7z <1. The social benefit of producing such good has a
marginal benefit function that is decreasingin q:

MB =MB(q)

such that:

’Other dynamic models such as [22] and [23] consider the impact of stock pollution rather than flow
pollutants.
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The potential uncertainty in social benefit function is assumed to be very
small or non-existent since the model focuses on how industry and regulator
behave strategically. This assumption is sensible given that the previous litera-
ture suggests that uncertainty in the benefit function does not affect the “com-
parative advantage” of one instrument over the other [11]. Other standard as-
sumptions in the literature are also adopted to guarantee an interior solution.
There is always an incentive to produce the desired good such that MB(0) > MC (0).
Also, there is an incentive to reduce the amount produced MB(q) <MC (q) at
high levels of (.

The game starts with the regulator choosing the type of instrument based on
her payoffs in the game. Then, regulator sets optimal levels based on her belief of
the industry cost of abatement. At the end of the first period, industry may de-
cide to invest in abatement technology that would reduce its marginal cost func-
tion for every level of ¢ from a high cost function to a low cost function. If the
industry is already a low cost industry, investment does not alter its cost func-
tion. Investment adds C(I) to its total cost of abatement where C(I) is the
level of investment it undertakes and is an increasing function of | such that
c(0)=0.

At the beginning of the second period, the regulator observes whether an in-
vestment in abatement took place or not. In the absence of investment, the
regulator uses the same marginal cost function that she used in the first period.
Alternatively, if an investment is carried out, the regulator uses the lower mar-
ginal cost MC =MC,(q) for every level of . Accordingly, she decides
whether to update or to maintain the regulatory levels. Also, the regulator ob-
tains a political gain G(I) where G(I) is an increasing function in | with
G(0)=0. Finally, industry produces the regulated amount either in a quantity
or price system.

2.2. Flow of Game

e At the beginning of the first period, regulator has a belief of the cost function
of industry based on an expected distribution;

¢ She chooses whether to impose a price or a quantity instrument;

¢ Regulator sets the optimal level of regulation;

¢ Industry observe level of regulation either through price or quantity instru-
ment and decides to invest in abatement technology or not;

e At the beginning of the second period, regulator observes whether industry
has undergone an abatement investment or not;

e Regulator decides whether to update or keep optimal levels of previous period.
Using backward induction, the flow of the analysis will be as follows: first,

solving for the optimal choices of the regulator under each type of instrument in

the two periods, then for the industry’s optimal choices of abatement and finally

for the optimal choice of instrument of the regulator.
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3. Regulator Optimal Choices

The regulator’s objective is to maximize her welfare function from both periods:
W' =W, +6W, +G (1)

such that i=p,q where p and ( denote price and quantity respectively;
the subscripts denote periods 1 and 2 respectively; and J is the discount factor.
The last term is the political gain if the industry undertakes an investment in
abatement. At the beginning of the game, the regulator chooses a quantity in-
strument if W, >W, and the converse if true. The optimal choice of instru-
ment will be determined using backward induction after analyzing the optimal
choices of the regulator and industry (Section 5). In this section, the optimal
choices of the regulator are derived under each scenario (price and quantity).
The analysis starts by the optimal choice in the first period followed by the op-

timal choice in the second period.

3.1. First Period Optimal Choices

Given the uncertainty about the cost functions of industry, the regulator sets the
value of instruments according to her belief 7. Accordingly, at the beginning of
the first period, the regulator objective function is to maximize social welfare.

Formally, in a quantity system, the regulator problem is:
%
W' = Max, [(MB(q)-MC,(q))dq )
0

Such that MC,(q)=E( MC ). Similarly, in the case of a price instrument,

Equation (2) becomes:
4
W,? = Max,, [(MB(q)-MC,(q))dq st.q=MC;*(p) (3)
0

Given the uncertainty about industry’s cost function, the regulator uses the
expected marginal cost function such that MC,(q)=E(MC). The solution to
the above equation is equivalent to equating the marginal social benefit to the

expected marginal cost:
MB(q)=E(MC(q))=2MC, (q)+(1-7)MC,(q) (4)

The solution to the above is the optimal levels of regulations p, and ¢, for
a price and quantity instrument respectively. These levels are depicted graphi-
cally by the intersection of both MB(q) and E(MC(q)) in Figure 1.°

3.2. Second Period Optimal Choices

The regulator observes the industry investment decision which reveals informa-
tion about the industry’s marginal cost function in the second period. If industry
invests, regulator uses the low marginal cost schedule. In the absence of invest-

ment, she uses the expected marginal cost function. Formally:

SFigure 1 is an adaptation of a similar model by [12].
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p
P, MC,
p,
p
b(Pl) 4q, q, q, I(Pl) q
Figure 1. Social welfare and choice of instruments.
E (MC) if =0
MC = 5
-(9) {MC, if 1>0 ®

such that MC, (q) is the marginal cost function that the regulator uses in the
second period.

The choice of the regulator is more complicated in the second period than in
the first period. Her choice is either keeping the first period’s instrument level
and its corresponding level of abatement or increasing it. Her first objective is to
minimize the welfare loss due to over or under abatement. However, this objec-
tive is constrained by a second objective: level of abatement implied by the sec-
ond period’s instrument can not be lower than the level implied by the first pe-

riod’s instrument.

3.2.1. Optimal Choices under Quantity Instrument

Let ¢, be the solution of the unconstrained optimization of Equation (2) and
g, be the actual quantity set by the regulator. In other words, §, would be the
choice of the regulator if she was not constrained by the level of abatement in the

first period. Formally:

qz
Max,, _[(MB(q)— MC, (q))dg  such that q, =4, if q, > q,
0

W, =4 —o0 ifg, <q (6)
Ll

| (MB(q)-MC, (q))da ifq, =q,

G2

The first line in the above equation represents the case where the optimal
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choice of Equation (2) does not violate the political constraint. The second line
captures the negative payoff due to the political constraint. The last line captures
the welfare loss due to over or under abatement resulting from choosing a quan-
tity level that is not optimal to avoid the political constraint.

In the case where industry invests, the unconstrained optimal choice where
MB(q)=MC,(q) is §,=gq, (Figure 1).Since @, > 0, the actual choice of the
regulator would be 0, =90, .

If industry does not invest, the unconstrained optimal choice would the solu-
tion of MB(q)=E(MC(q)) whichis g, in Figure 1.

Regulator strategy in the case of a quantity system is as follows:

= if =0
s9 = 0 =G ! )
q,=q, ifl>0
The corresponding welfare loss would be zero either way:
W = 0 if1=0 )
200 if1>0

3.2.2. Optimal Choices under Price Instrument

The regulator updates her information in the price system as in the quantity sys-
tem by using Equation (5). She also has the same choices and faces the same
constraints. Denoting p, as the actual choice of price and pA2 as the solution

of the unconstrained optimization in Equation (3), the regulator problem is:

g2

Max,, [ (MB(q)-MC,(a))dq p,=p, if MC;*(p,)>MC;*(p,)

0

W, =< —o0 if MC,*(p,)<MC,*(p,)
MC3%(py)

j (MB(q)-MC,(q))dg  if MC,*(p,)=MC,*(p,)
MC;(p2)

)

Such that q=MC,"(p). The reasoning behind each of the above lines is
identical to that of Equation (6).

If the firm does not invest, the unconstrained solution to Equation (3) would
be:

P, = p, such that MB(q,) = EMC(q,)
Since MB(q,) = EMC(q, ), the welfare loss would be zero.
If the firm does invest, the unconstrained optimal choice would be:

P, = p, such that MB(MCl’l(pI ))z MC, (MCl’l(pI )) if 1 >0
In this case, however, the quantity of abatement resulting from p, is lower
than that resulting keeping the instrument level at p,:
MC™ () <MC* (p,)

Consequently, the regulator can not modify the level of the price instrument

and would continue with the previous price instrument p,. The resulting wel-

fare loss due to over abatementis PWL, in Figure 1.
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Proposition 1. In a price system, regulator would keep the level of the price
instrument at its P, level whether industry invests or not.

Proof. When | =0, the expected welfare loss is zero:
W,f =0

Alternatively, if 1 >0 :

_IEFI(MB(q)_MCI (9))da if p,=p,

—%0 if p,=p

W, =

1t is therefore optimal for the regulator to choose keeping p, when |>0.

Therefore, the regulator strategy in the case of a price system is as follows:

S =p=p (10)
The corresponding payoffs are:
0 if =0
WP = MCi(py) 11
|- | (MB(q)-MC (q))dq if 1>0 (a

MCi(py)

It is very important to note here that even though the level of the price in-
strument is the same in both cases, the welfare implications are different. This is
due to the difference in the information set of the regulator. If no investment is
observed, the regulator uses the expected marginal cost since she does not have
enough information about the type of industry. In the other case, there is an ac-
tual investment that reveals the type of industry. However, the regulator is
bound by the political constraint (second line in Equation (9)). The welfare loss

due to over abatement is preferred to violating the political constraint.

4. Industry Optimal Choices

The industry’s objective function is to minimize the total cost of producing the
good (:

¢, =c +oc, +c(l)

such that such that i=p,q where p and ( the type of instrument; j=h,l
where N and | denote the type of industry; the subscripts denote the time pe-
riods; and Jis the discount factor. It is assumed that industry abides to the regula-
tor’s regulations in both periods. The industry’s cost of abatement depends on
regulator’s decision whether to keep the first period optimal values or to adjust
them. The last term is cost of investment in abatement which is the industry’s
choice variable. The total cost will differ depending on the type of industry. The
analysis starts with the high cost industry followed by the low cost industry.

4.1. High Cost Industry

4.1.1. Industry Costs with a Quantity Instrument

Given that the second period regulation is ¢, if the firm does not invest or g,
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if the firm does invest (Equation (7)). It follows that total cost of abatement

would be:
G Ll .
- [*MC, (a)dq+4[,"MC, (q)dg if 1=0 )
[*MC, (q)dg+5["MC, (q)dg+c(1) if 1>0
Industry would invest in abatement under the following condition:
e(1)<5([;Mc, (a)da- [ Mc (a)da) (13)

4.1.2. Industry Costs with a Price Instrument
Recalling proposition (1), the second period regulation is p, regardless of the
industry’s action (Equation (10)). It follows that total cost of abatement would
be:
h(py) h(py) .
[, MC, (a)da+5[ " MC, (q)dq if 1=0

G = h(p1) I(p1) (14)
[;MC, (a)da+5[ "' MC, (q)dg+c(l) if 1>0

where h(p)=MC,*(p) and I(p)=MC*(p).Industry would invest if:

c(l)<5(j;(”)Mch(q)dq—j;(pl)Mc, (q)dq) (15)

4.1.3. High Costs Industry Optimal Choices

From the preceding analysis, the benefit of investing in a cleaner technology is to
reduce the marginal cost of abatement. However, moving to a lower marginal
cost curve requires producing a higher quantity q. The trade off in Equations
(13) and (15) is identical. The right-hand side in each equation is the difference
between producing a lower quantity at a higher cost or producing a higher
quantity at a lower cost. If this difference is greater than the cost of investment,
investment becomes viable. If not, industry is better off producing at the higher
cost schedule.

Proposition 2. For a given cost of investment, a high cost industry has a bet-
ter incentive to invest in a quantity system than in a price system.

Proof. The condition for investment under quantity is easier met than the
corresponding condition under price if the right hand side of Equation (13) is
unambiguously greater than the right hand side of Equation (15). This condition
can be expressed as follows:

qul MC, (q)dq —j;' MC, (q)dq > J';(M)Mch (9)dq —J';(M)MC, (9)dq
or

[j:‘ MC, (a)da - [’ Mmc, (q)dq}+[ﬁ(m MC, (a)da— [ MC, (q)dq] >0

Proof. The first part of the above inequality is the difference of costs of abate-
ment in the first period under the price instrument and a quantity system. Given
that MC, (q) is an increasing function in (. Using Equation (1) and the as-

sumptions stated before:
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EMC(q)<MC,(q) Vq=0andVO<z <1

Then:
EMC™(p)>MC,;*(p) Vp>MC,(0)

Since g, =EMC™(p,) then q,>MC;*(p,) or o >h(p,). The first part
is unambiguously greater than zero since O, >h(p,). Similarly, and using the
same approach, | ( pl) >0, . This makes the second part of the above inequality
also greater than zero.

The condition in Equation (13) is easier met than condition in Equation (15)
for the same parameters and cost of investment because the cost savings under a
quantity system are higher than the cost savings under a price system. Either
way, the high cost firm would invest in abatement given the strategy of the regu-
lator under the conditions in Equations (13) and (15). The high cost firm strat-

egy is:
I >0 under price system
h :{ price sy: 16)

I >0 under quantity system

4.2. Low Cost Industry

Following the same methodology of analysis as in Equation (12), the corre-

sponding cost is:

i1 G R
. jo MC, (q)dq+5j0 MC, (q)dg if 1=0

| 17)

J:lMC. (q)dq+5f§' MC, (q)dg+c(1) if 1>0

Since @, >0, the cost of abatement with investment in unambiguously
higher than the cost of abatement without investment.
Similarly, under a price system, investment only increases cost of abatement.
1(py) 1(p) ;
jo MC, (q)o|q+5j0 MC, (q)dg if 1=0

=1 i i(p) (18)
| "'Mc, (a)dg+ 5], P'MC, (q)dg+c(1) if1>0

0

Proposition 3. A low cost industry would not invest regardless of the type of
instrument.

Proof. It is clear from Equation (17) and Equation (18), that investment not
only adds the cost of investment but also adds cost of abatement.

The intuition behind the above result is that a low cost industry does not
benefit from investment in any manner. It does not reduce its marginal cost of
abatement since it is already a low cost industry. But more importantly, it does
not benefit from lower level of regulation since the regulator does not reduce it

in the second period.

5. Regulator Optimal Choice of Instrument

The choice of instrument for the regulator is done at the beginning of the first
period. Since the game starts by the regulator moving first, she can make her

choice based on the choices and actions of industry using backward induction.
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The regulator will therefore compare her payoffs under both systems of regula-
tions and would choose the system that generates the higher payoffs. The first
period payoffs are equal since the regulator equates the expected marginal cost

function with the marginal benefit function (Equation (4)):
WP =W=0

The equilibrium is a separating equilibrium where high cost industry’s strat-
egy is to invest under a quantity and under a price system (Equation (16)) and
where the low cost firm does not invest under any system. Recalling that the
regulator payoffs under a quantity instrument are W,' =0 regardless of the
type of instrument (Equation (8)); and the payoffs under price instrument are
(from Equation (11)): W, =0 when |1 =0,and,if |>0:

-1
ey (MB (@) -MC, (q))dg

P__
W," = J.MCfl( m)
It follows that the regulator expected payoffs are:

Wi =0

W =z, " (MB(q) - MC, (a))dg

Mci(py

Additionally, there is an expected political gain with a probability n in both
cases. The total payoff of the regulator is:

W?=7zG(1)>0 under quantity instrument

W = -1
WP = n(G(I )—ch' (M)(MB(q)— MC, (q))dqj under price instrument

Mci(py)

The regulator would therefore choose to apply a quantity system since
W% >WP. The equilibrium is such as the regulator chooses a quantity system
and the high cost industry invests in abatement while the low cost industry does

not.

6. Conclusions

The model detailed in this paper adds to the literature on the choice of market
instrument using a dynamic game between regulator and industry. Using as-
sumptions about the regulator’s payoffs such as her gains from investment
abatement and constraints on the choice of regulation in the second period, the
model suggests that regulator optimally chooses a quantity instrument rather
than a price instrument. In equilibrium, high cost industry invests in abatement
to benefit from lower abatement costs. On the other hand, the low cost industry
does not since there is no cost savings associated with this decision.

The findings of the model and the paper are limited to the assumptions used,
particularly, the shape of the cost function of investment and the political gain

function.
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