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Abstract
In this paper I compare a pollution tax to an intensity standard and show that the standard may be social
surplus maximizing in the presence of market power. In addition, I show that the standard distorts
production less than the tax. This last point may offer some insight as to why policy makers seem to
prefer the use of environmental standards to market based instruments in regulating pollution and
other environmental externalities.
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Introduction
From a political and social perspective pollution and pollution abatement issues have received
significant attention in recent years. As a result, there has been much government policy attempting to
address pollution concerns and much debate over what policies serve to best address these issues. For
example, concern over ozone depletion lead to the signing of the Montreal Protocol in 1987 – an
international effort to agree on specific abatement targets for ozone depleting pollutants and to
coordinate policy to reach these targets (EPA, 2007). In the United States, the 1990 Clean Air Act
resulted in the creation of a formal market for sulphur dioxide pollution permits in an attempt to reduce
acid rain causing sulphur dioxide (Joskow, Schmalensee, & Bailey, 1998). In more recent years there has
been much discussion regarding Climate Change policy, with a number of different policies being
considered at the international and domestic levels.
In addition, there is a large and growing literature on the economics of pollution abatement. Within this
literature significant effort has been focused on comparing the efficiency of various pollution abatement
policies in an attempt to aid policy makers in their decisions. The literature tends to view market based
policies (such as tradable pollution permits and taxes) as more efficient1 than, and therefore superior to,
command and control policies (such as pollution standards)2 (Holland, 2009). However, significant work
has yet to be done on the impact these policies have with respect to other potentially important
determinants of policy choice, such as the policy’s impact on production and wages. In addition, there
has been little research done comparing the efficiency of pollution abatement policies under imperfect
competition in the production sector.

1

Efficiency in this case being a reference to economic efficiency: achieving a given level of abatement at the lowest
cost to society.
2
Further discussion on the difference between market based and command and control based policies is given in
section 2.

Nouri Najjar 5
Pollution Abatement Policy
Shortcomings in the literature aside, there is an apparent discrepancy between the economic theory of
pollution abatement and the actual policies implemented to address pollution problems. Theory dictates
that market based policies are superior to command and control policies, but in practice standards and
other command and control policies are at least as common as taxes and other market policies
(Damania, 2001; Lazaro-Touza, 2008). For example, until recently the Canadian government was
proposing an intensity standard as its primary policy instrument for controlling greenhouse gas
emissions (Zimonjic, 2009). In addition, the California Low Carbon Fuel Standard is an intensity standard
intended to regulate carbon emissions from transportation (Holland, Hughes, & Knittel, 2009).
It is because of this and similar policy dilemmas that Hahn and Stavins (1992) call for greater
development of "positive theor[ies] of environmental instrument choice" (p. 466). Therefore, in this
paper I attempt to address this discrepancy and offer insight into environmental policy choice by asking
the question:
Why do policy makers appear to favour environmental standards over market based instruments
to control pollution and other environmental problems?
I argue two potential answers to this question, both of which stem from omissions in the economics of
pollution abatement literature. At a general level these answers are:
1. Considering market structure and competition changes the relative efficiency of pollution
abatement policies.
2. The impacts of each policy on production, labour demand, and wages may differ, and
these impacts are of considerable importance to policy makers.
To bring some structure to my analysis I compare two policies: a pollution tax (a market based
instrument) and an intensity standard (a command and control instrument). I find that the tax is more
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efficient3 than the standard when market power is not an issue. However, the standard is actually more
efficient than the tax when there is a significant concentration of market power (modeled as a small
number of firms). In addition, I find that a tax has a negative impact on production, labour demand, and
wages, whereas a standard has a positive impact on these factors.
The intuition for these results is actually relatively straightforward. I first describe the intuition for the
second set of findings (the policy impacts on production) and then for the first set (the comparison of
these policies under market power). In general, both of these policies rely on two components to
pollution reduction: a scale effect (the impact on production) and a technique effect (the impact on the
use of the polluting input). Under a tax, both the scale and technique effects are negative. Therefore,
the overall result of a tax is to lead to a decline in pollution by reducing both production and the use of
the polluting input. Under an intensity standard, the scale effect is positive and the technique effect
negative. Therefore, the overall result of an intensity standard is to lead to a decline in pollution by
increasing production and reducing the use of the polluting input. So, turning to the second result, it is
the scale effects that explain the impact on production. In addition, I argue a policy that has a positive
impact on production will have a positive impact on labour demand and wages, and a policy that has a
negative impact on production will have a negative impact on labour demand and wages.
From this basic description of the mechanics of the two policies I’ve shown that a tax controls pollution
by negatively impacting production and a standard by positively impacting production. Introducing
market power into the analysis essentially introduces a second market failure – a sub-optimal level of
production. Therefore, there is a trade-off between the two policies: the tax better controls pollution
but further reduces production, whereas the standard alleviates the sub-optimal level of production

3

In this case, the efficient policy refers to that which results in the highest level of social surplus.

Nouri Najjar 7
Pollution Abatement Policy
induced by market power while reducing pollution. Provided market power is a significant enough
concern the standard is actually the optimal policy as it directly addresses both market failures.
The remainder of this paper is organized as follows. In the second section I review the relevant literature
on the economics of pollution abatement. Next, I present the model used to compare the policies under
question. The fourth section contains solutions to the model and an in-depth analysis of the model’s
results. In the fifth section I present a brief discussion of some of the shortcomings of the model. Finally,
I conclude by briefly summarizing the results and describing how they serve to answer my research
question.
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Section 2: Literature Review
In this section I briefly review the literature most relevant to my research question. In an effort to be
concise I cover only seminal works or research that is of particular importance to my own work. In the
discussion section I briefly review some empirical works that support my findings, but were not
instrumental in the derivation of these results.
2.1: Pollution Abatement Policy
On the topic of pollution abatement instruments, economists tend to consider two types of policies:
market or incentive based instruments and command and control based instruments (Hahn & Stavins,
1992). A pollution tax is a clear-cut form of a market based policy instrument. By charging firms a tax on
effluent and allowing the firm to choose its optimal response, this policy provides a large amount of
flexibility to the firm. However, a-priori, a pollution tax will not achieve a set level of pollution reduction
in cases where the firm’s true abatement cost is unknown. Alternatively, intensity targets, which fix the
amount of pollution per unit of output, are a type of command and control instrument. However,
intensity targets are not entirely restrictive, as each firm may meet their target by either reducing
pollution or increasing total production. What is most important in distinguishing these two policies is
that an intensity target does not rely on any market interaction to determine the firm’s optimal
pollution level (Helfand, 1991). In other words, an intensity standard does not provide an incentive for
producers to internalize their external costs at the margin. In sum, a pollution tax causes the level of
pollution to fall, but by a potentially unknown quantity, and an intensity standard has an ambiguous
impact on equilibrium pollution, indeed as Helfand (1991) notes, pollution may actually increase.
2.2: Methods of Instrument Comparison
According to Hahn and Stavins (1992), comparisons of various pollution policies are most commonly
done in a static framework, often analyzing each policy in terms of its cost-effectiveness. In her seminal
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article on the comparison of pollution control instruments, Helfand (1991) compares the impact several
command and control instruments have on firm profits, input use, and pollution reduction, ranking the
instruments in terms of their overall cost-effectiveness. Although Helfand’s analysis is quite detailed, the
methodology underlying her analysis is incomplete. Helfand chooses firm profits as the welfare measure
by which to compare the efficiency of each policy, thereby ignoring the impacts on consumer surplus
and external damages. To see the impact this methodological choice has on the comparison results
consider one of her key findings: intensity standards (defined as units of pollution per unit of output) are
likely to achieve a given reduction in pollution at a higher cost to firm profits than a standard that fixes
the firm's allowed pollution level. Given a broader welfare analysis, this same comparison may not find
pollution standards to be more efficient than intensity standards. In addition, Helfand fixes the amount
of abatement achieved by each policy and then performs her comparison. Although this provides an
interesting comparison, a more robust approach does not compare instruments while restricting the
equilibrium results of the instrument. According to Helfand, pollution will not unambiguously decline
with the imposition of an intensity standard; therefore, it is necessary to develop a framework for
comparison that considers this possibility. Analyzing policies in their optimal incarnations enables a
broader comparison of efficiency. For these reasons, the framework I have chosen for instrument
comparison includes a broad measure of social welfare and does not restrict the equilibrium results of
each instrument.
2.3: Imperfect Competition and Market Power
Holland (2009) produced the first attempt at directly comparing an intensity standard to a pollution tax
under imperfect competition. Holland’s analysis is of particular importance to my research as our two
papers reach similar conclusions with different analytical methods. Holland’s main result is that an
intensity standard may be superior to a tax under imperfect competition, which is a direct corollary to
the results found in this paper. In addition, the intuition Holland gives for his result is similar to that
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which I provide: in essence, an intensity standard “taxes pollution while implicitly subsidizing
production” (Holland, 2009, p. 13). However, Holland’s approach differs from mine in two important
ways:
1.

Holland assumes monopolistic competition, whereas I generalize this result to
oligopolistic competition. This is important as an oligopolistic model explicitly allows
strategic interaction amongst firms, which has the potential to impact the model’s
results. Although the main results and intuition are unlikely to change (indeed, as this
paper shows they do not change), there may be further intuition derived from a model
with oligopolistic competition. For example, I am able to determine the impact market
competition has on the regulator and firms’ choice variables (for example, the intensity
standard and output). In addition, the conditions under which the standard is optimal will
depend on the degree of competition in the market. Therefore, by explicitly including
market power I am able to show that the likelihood of a standard being superior to a tax
is declining in market power.

2.

Holland assumes it is costless for firms to adapt to a new intensity standard. In essence,
Holland assumes firms respond to a standard by substituting from the polluting input to
the clean input rather than by simply reducing the amount of the polluting input used. A
result of this assumption is that the options available to a firm facing a policy change
differ depending on the policy. In my model I do not make this stark assumption, and I
allow firms to adopt a new, more costly but less energy intensive production technology
when faced with a policy change. Thus the mechanisms available for a firm to respond to
a policy change are the same regardless of the policy.
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Holland was not the first to model pollution abatement policies under imperfect competition. Barnett
(1980) models the optimal pollution tax under monopolistic competition and concludes that the optimal
tax in this situation is below the standard Pigouvian pollution tax. Barnett's conclusion arises because
the inclusion of a monopolist in a standard externality problem introduces a second market failure to
the analysis. As Barnett describes, except under rare circumstances, one instrument (i.e., a tax) cannot
optimally correct two market failures. So, this scenario involves a "second best trade-off" (Barnett, 1980,
p. 1037) between correcting for the underproduction caused by monopolistic competition and
controlling for pollution caused by production. A standard Pigouvian tax (where the tax equals marginal
pollution damages) would lead to too little production; therefore, the optimal tax in this scenario must
be less than marginal damages of pollution.
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Section 3: Model
In this section I develop a model of production in which a regulator chooses a policy to correct for a
production externality. I first outline the regulator’s role before defining the regulatory regimes and the
production sector.
3.1: The Regulatory Game
The existence of an externality in the production sector (the nature of which will be defined shortly)
leaves a viable role for a regulator in this model. As with most papers in this literature, I assume the
regulator is both benevolent and effective. That is, the regulator will impose a policy that maximizes
social surplus, and firms are unable to avoid regulation once it is imposed. Therefore, the regulator's
problem takes the form:
𝑀𝑎𝑥 𝑆𝑆 = 𝑃𝑆 + 𝐶𝑆 + 𝐺𝑅 − 𝐸𝐷
Where:
𝑆𝑆 = 𝑆𝑜𝑐𝑖𝑎𝑙 𝑆𝑢𝑟𝑝𝑙𝑢𝑠
𝑃𝑆 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟 𝑆𝑢𝑟𝑝𝑙𝑢𝑠
𝐶𝑆 = 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑟 𝑆𝑢𝑟𝑝𝑙𝑢𝑠
𝐺𝑅 = 𝐺𝑜𝑣𝑒𝑟𝑛𝑚𝑒𝑛𝑡 𝑅𝑒𝑣𝑒𝑛𝑢𝑒
𝐸𝐷 = 𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝐷𝑎𝑚𝑚𝑎𝑔𝑒𝑠
Given this criterion function, the regulator compares several market correcting policies and implements
the socially optimal regime. Here I consider two regulatory policies: a pollution tax and an intensity
standard. Both regimes can be thought of as a regulatory game in which the regulator moves first,
deciding the optimal form of the policy to implement, followed by the firms, which simultaneously
determine how to maximize profits. In both regimes I assume perfect and complete information on the
part of both regulator and firms.
3.1.1: Tax Regime
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Under a pollution tax the regulator imposes a tax on each unit of pollution emitted by the firm. As
pollution (in this model) is only a by-product of energy use, this is equivalent to taxing firm energy
consumption. Once the regulator sets the tax the firms respond by determining their optimal
production quantity and choice of energy intensiveness (which can be thought of as production
technology).
3.1.2: Standard Regime
Under an intensity standard the regulator specifies the maximum amount of pollution per unit of
production each firm can produce. In this model, the intensity standard effectively involves the
regulator choosing the firm’s energy intensiveness of production. So, once the regulator has determined
the socially optimal intensity standard the firms respond by determining their optimal production
quantity given the regulator's choice of production technology.
The following subsections outline the nature of production, the externality (i.e., pollution), and the
demand for labour.
3.2: Production
I assume there is only one form of output (𝑞) and that there are two required inputs to production,
labour (𝐿) and energy (𝑒). There are n identical firms in the sector. A firm may purchase one unit of
labour at the market wage-rate (w) and one unit of energy at the market energy price (p). In this model
I take both the price of energy and the market wage as exogenous. In addition, I assume that the
production process is characterized by fixed proportion production technology, in which the production
of one unit of output requires phi (𝜑) units of energy and one unit of labour. In this case, the production
function for firm i is given by:
𝑒

𝑞𝑖 = min 𝐿𝑖 , 𝜑𝑖

(1)
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In the discussion section I justify my assumption of a fixed proportion production function. I argue that
most of the results will hold with a more general production function with the exception of each policies
impact on labour demand, which will depend on the elasticity of substitution between labour and
energy. A full justification along with a brief empirical review is given in the discussion section.
One important note to make with regards to the firm's production function is the interpretation of the
variable 𝜑. As a firm requires 𝜑 units of energy to produce one unit of output, we can think of 𝜑 as the
firm's unit energy requirement. Or in other words, 𝜑 is a measure of the firm's energy intensiveness of
production. In addition, to measure the production technology available to the firm we can take the
𝐿/𝑞

ratio of the two input unit requirements, which is given by 𝜏 = 𝑒/𝑞 . As the firm's unit labour requirement
is fixed at one (i.e., 𝐿/𝑞 = 1) and the unit energy requirement equals 𝜑 (i.e., 𝑒/𝑞 = 𝜑), then the
production technology function becomes 𝜏 = 1/𝜑. So, 𝜑 is the only determinant of the firm's
production technology. As production technology is endogenous in this model, firm's have the ability to
set 𝜑 (except in the case of an intensity standard, which is discussed later). As is mentioned in the
literature review section, this is one of the key differences between this paper and the Holland paper.
To determine the firm’s optimal production decision I solve this problem in two stages. First, I minimize
firm costs, subject to a given amount of output and level of technology. This enables me to determine
the firm’s conditional input demands and minimized cost function. Second, I solve the firm’s profit
maximization problem given its minimized cost function.
3.2.1: Cost Minimization
If the firm faces a linear cost function, given by 𝐶𝑖 = 𝑤𝐿𝑖 + 𝑝𝑒𝑖 , the firm’s cost minimization problem for
a given technology becomes:
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𝑀𝑖𝑛 𝑤𝐿𝑖 + 𝑝𝑒𝑖 𝑠. 𝑡. 𝑞𝑖 = min(𝐿𝑖 , 𝑒𝑖 /𝜑)

(2)

Li, ei
The solution to this problem is trivial: it is always cost minimizing to use as little of each input as possible
to produce a given amount of output. As the firm is constrained by the technology available to it (i.e., its
production function), to produce a set amount of output 𝑞 requires at least 𝐿 units of labour and 𝑒/𝜑
units of energy. Therefore, the conditional input demands for this problem are given by:
𝐿𝑖 ∗ = 𝑞𝑖 𝑎𝑛𝑑 𝑒𝑖 ∗ = 𝜑𝑞𝑖

(3)

Another way to think about this problem is by explicitly graphing the available technology for a firm. As
there are only two inputs for this problem, labour and energy, the labour-energy ratio provides a
measure of the technology available to the firm. Figure 3.1 below shows the labour-energy ratio, given
by the line 𝜏 = 𝐿/𝑒, and the production function for a set quantity, given by the line 𝑞𝑖 = 𝑞 . As the
graph shows, the labour-energy ratio intersects the production function at the minimum input point. In
other words, the available technology is fully utilized to produce a set amount of output where 𝜏 = 𝑞𝑖 .
Li

𝜏 = 𝐿/𝑒

qi

Li*=qi

𝑒𝑖 ∗ = 𝜑𝑞𝑖 *

ei

Figure 3.1: Cost minimization for fixed proportion production function

Taking the conditional input demands and substituting them into the cost function gives the firm’s
minimized cost function:
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𝐶𝑖 ∗ 𝑤, 𝑝, 𝑞𝑖 , φi = 𝑤𝐿𝑖 ∗ + 𝑝𝑒𝑖 ∗ = (𝑤 + 𝑝𝜑𝑖 )𝑞𝑖

(4)

Given the firm's minimized cost function I now turn to the second part of the firm’s optimization
problem: profit maximization.
3.2.2: Profit Maximization
I allow for imperfect competition by specifying a linear demand function and solving the firm’s profit
maximization problem as a Cournot Oligopoly problem. In addition, as firms are able to change
production technologies, I explicitly include the cost of switching technologies in the firm’s profit
function. Therefore, the profit function for firm i is given by:
𝜋𝑖 = 𝑃 𝑄 𝑞𝑖 − 𝐶𝑖 ∗ 𝑤, 𝑝, 𝑞𝑖 − 𝑇𝐶𝑖

(5)

Where P(Q) is the market demand function, 𝐶𝑖 ∗ 𝑤, 𝑝, 𝑞𝑖 , 𝜑𝑖 is the firm's minimized cost function, and
TCi is the firm's technological change cost function. Specifying the market demand function as:
P(Q)=𝛼 − 𝛿𝑄, where Q = total market supply
And the technological change cost function as:
𝑇𝐶𝑖 = 𝑐(1 − 𝜑𝑖 )2

(6)

The firm’s profit maximization problem then becomes:
𝑀𝑎𝑥 (𝛼 − 𝛿𝑄)𝑞𝑖 − 𝑤 + 𝑝𝜑𝑖 𝑞𝑖 − 𝑐(1 − 𝜑𝑖 )2
𝑞𝑖 , 𝜑𝑖

Given the nature of production I now turn to the link between production and pollution.

(7)
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3.3: Pollution
For simplicity in both modeling and analysis I assume only the use of energy produces pollution, and that
the consumption of one unit of energy creates one unit of pollution. So, once the equilibrium demand
for energy is determined it is very straightforward to calculate the equilibrium pollution level. Market
pollution is merely the sum of each firm’s energy consumption. In addition, I take environmental
damages to be linear in the overall level of pollution. Therefore, the total environmental damage
function is given by:
𝑇𝐷 = 𝑔𝐸 = 𝑔

𝑛
𝑖=1 𝑒𝑖

= 𝑔𝑛𝑒𝑖 = 𝑔𝑒

(8)

Where E is the total level of pollution, e is the total amount of energy required for market production,
and g is the marginal damage of pollution. I also assume pollution to be costly; hence, I restrict g>0.
Clearly, as energy is a required input into production (I assume 𝜑 cannot equal zero), production must
result in some costly pollution. However, firms do not account for pollution in their quantity and
technology decisions, so there is a clear externality in the model. As described above, the role of the
regulator is to correct for this externality in the most efficient way possible.
In the following sub-section I describe the link between production and labour demand and discuss how
labour demand impacts labour migration.
3.4: Labour Demand
Given the specified production function, solving for the firm’s minimized cost function produces
minimum input requirements for both labour and energy. As the firms are profit maximizing, they will
never use more inputs than their minimum input requirements dictate. Therefore, firm i’s final input
demands will be given by:
𝐿𝑖 ∗ = 𝑞𝑖 and 𝑒𝑖 ∗ = 𝜑𝑖 𝑞𝑖

(9)
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So, labour demand is directly determined by the level of production. As there are n identical firms in the
model, total market labour demand is simply given by total market production:
𝐿∗ = 𝑛𝐿𝑖 ∗ = 𝑛𝑞𝑖∗ = 𝑄 ∗

(10)

A change in production must be accompanied by an equiproportionate change in labour demand.
Therefore, translating the impact of a policy change on labour demand only requires calculating the net
impact that policy has on production.
Next, I solve the model for each of the three policy regimes. For each regime I present a detailed,
although not exhaustive, set of comparative static results. I then compare the three regimes to
determine the regulator’s optimal policy.
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Section 4: Analysis and Results
There are three scenarios of interest in this model: the unregulated scenario in which the regulator
chooses not to implement a regulatory policy (benchmark regime); the regulated scenario in which the
regulator implements an intensity standard (standard regime); and the regulated scenario in which the
regulator implements a pollution tax (tax regime). In this section I provide and analyze the results of the
model in each of the three scenarios. I then compare the two regulation regimes, using the unregulated
scenario as the benchmark for comparison. As I discuss further in this section, the results of the model
under the tax regime are non-analytic. Therefore, I turn to simulations as my main tool for comparison
between the three regimes.
4.1: Unregulated Scenario – Benchmark Regime
In section 3 I derived the firm’s benchmark profit maximization problem, which is given by:
𝑀𝑎𝑥 (𝛼 − 𝛿𝑄)𝑞𝑖 − 𝑤 + 𝑝𝜑𝑖 𝑞𝑖 − 𝑐(1 − 𝜑𝑖 )2

(11)

𝑞𝑖 , 𝜑𝑖
The n identical firms solve this problem as a Cournot Oligopoly game; however, both quantity and
energy intensiveness (i.e., production technology) are firm choices, so this Cournot game involves two
endogenous variables.
4.1.1: The N-Firm, Two Endogenous-Variable Cournot Oligopoly
Solving the individual firm’s profit maximization problem yields two best response functions, one for
quantity and one for technology, which are given below as:

𝑞𝑖 𝐵𝑅 =

2𝑐(𝛼− 𝑝+𝑤+𝛿𝑄𝑗 )

where 𝑄𝑗 =

4𝑐𝛿 −𝑝 2

𝑛
𝑗 ≠𝑖 𝑞𝑗

and 𝜑𝑖 𝐵𝑅 =

= 𝑛 − 1 𝑞𝑖

4𝑐𝛿 −𝑝(𝛼−𝑤−𝛿𝑄𝑗 )
4𝑐𝛿 −𝑝 2

(12)
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Solving these best response functions for the case of identical firms gives the following profit maximizing
firm choice variables:
2𝑐(𝛼− 𝑝+𝑤 )
𝑛+1 −𝑝 2

𝑞𝑖 ∗ = 2𝑐𝛿

and 𝜑𝑖 ∗ =

2𝑐𝛿 𝑛+1 −𝑝(𝛼−𝑤)
2𝑐𝛿 𝑛+1 −𝑝 2

(13)

Substituting these two analytical solutions for the firm choice variables into the firm’s profit function
yields the following solution for equilibrium firm profits:

𝜋𝑖 ∗ =

𝑐 4𝑐𝛿 −𝑝 2 (𝛼− 𝑝+𝑤 )2

(14)

(2𝑐𝛿 𝑛+1 −𝑝 2 )2

4.1.2: Measuring Social Surplus
Without government revenue, social surplus is the sum of producer and consumer surplus less total
environmental damages. As firms do not have any fixed cost of production, individual producer surplus
is simply equal to firm profits. Again, with n identical firms producing, total market producer surplus is n
times individual firm profits, given by:

𝑃𝑆 = 𝑛𝜋𝑖 ∗ = 𝑛

𝑐 4𝑐𝛿 −𝑝 2 (𝛼− 𝑝+𝑤 )2

(15)

(2𝑐𝛿 𝑛+1 −𝑝 2 )2

Equilibrium consumer surplus is calculated by taking the integral of market demand at the equilibrium
market price. Given a linear demand function as described in section 3, consumer surplus is given by:

𝐶𝑆 =

𝑃𝑚𝑎𝑥
𝑃𝑚𝑘𝑡

𝐷 𝑃 𝑑𝑃 , where 𝐷 𝑃 =

𝛼 −𝑃
𝛿

and 𝑃𝑚𝑎𝑥 = 𝛼

(16)

Calculating the above integral and substituting in the equilibrium market price gives the total market
consumer surplus:

𝐶𝑆 =

2𝛿𝑐 2 𝑛 2 𝛼− 𝑝+𝑤
2𝑐𝛿 𝑛+1 −𝑝 2 2

2

(17)
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As shown in section 3, total environmental damages are linear in the market demand for energy. Taking
the total amount of energy required for production and the equilibrium production quantity and
technology derived above yields the following relationship for environmental damages:

𝑇𝐷 = 𝑔𝑛𝜑𝑖 ∗ 𝑞𝑖 ∗ =

2𝑐𝑔𝑛 𝛼− 𝑝+𝑤 (2𝑐𝛿 𝑛+1 −𝑝 𝛼−𝑤 )
2𝑐𝛿 𝑛+1 −𝑝 2 2

(18)

Substituting these equations into the formula for social surplus gives the equilibrium social surplus:

𝑆𝑆 =

𝑐𝑛 𝛼 − 𝑝+𝑤

𝛼 2𝑐𝛿 𝑛+2 +𝑝 2𝑔−𝑝 +2𝑐𝛿 2𝑔 𝑛+1 + 𝑛+2 𝑝+𝑤 +𝑝 2𝑔𝑤 −𝑝 𝑝+𝑤
2𝑐𝛿 𝑛+1 −𝑝 2 2

(19)

4.1.3: Pollution
Pollution is also a variable of interest in the comparison of the two regulatory regimes as pollution is the
force behind the production externality. Pollution is implicitly solved for in the derivation of total
environmental damages, as 𝑇𝐷 = 𝑔𝐸, where E is total market pollution and g is marginal damage of
pollution. However, explicitly solving for pollution gives,

𝐸 = 𝑛𝜑𝑖 ∗ 𝑞𝑖 ∗ =

2𝑐𝑛 𝛼− 𝑝+𝑤 (2𝑐𝛿 𝑛+1 −𝑝 𝛼−𝑤 )
2𝑐𝛿 𝑛+1 −𝑝 2 2

(20)

4.1.4: Comparative Statics
Here I present the comparative static results of two key variables of interest, market size (n) and wage
(w), on several of the model’s value and choice functions. Namely, I look at the impact these two
variables have on firms’ efficiency of production (𝜑), producer surplus (PS), consumer surplus (CS), social
surplus (SS), and total market pollution (E). In my discussion I assume a positive production quantity,
which allows me to sign the impact of w and n on the various value and choice functions.
First I discuss the comparative statics of the above value and choice functions with respect to the
number of firms, n.
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4.1.4.1: Number of Firms, n
Phi: firm's energy intensiveness of production
𝑑𝜑
𝑑𝑛

=

𝑑2𝜑
𝑑𝑛 2

2𝑐𝛿𝑝 𝛼− 𝑝+𝑤

=

2𝑐𝛿 𝑛+1 −𝑝 2 2

>0

8𝑐 2 𝛿 2 𝑝(𝛼− 𝑝+𝑤 )
2𝑐𝛿 𝑛+1 −𝑝 2 3

<0

(21)

(22)

If we restrict our focus on parameters that ensure a positive production quantity, then the firm's choice
of technology, 𝜑, is increasing at a diminishing rate in the number of producers. Intuitively, this result
says that a larger number of producers in the market for Q will cause firms to choose less energy
efficient technology. This result stems from the typical Cournot oligopoly finding that a greater number
of firms results in a lower market price. The rise in the number of firms lowers the market price but
leaves the firm's marginal cost of adopting new technology unchanged. Therefore, increasing the
number of firms decreases the firm's relative benefit of becoming less energy intensive. From this one
would expect the limiting value of firms' energy intensiveness to be the most energy intensive
technology available (i.e., 𝜑 = 1). Indeed, this is the case, as is shown in figure 4.1 below. At small
values of n, 𝜑 is rapidly increasing in n; at large values of n, phi is gradually increasing in n; and as n
becomes large 𝜑 approaches one.
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Firm's Technology Choice: Phi
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Figure 4.1: Comparative statics of n on phi

Producer Surplus

𝑑𝑃𝑆
𝑑𝑛

=

𝑑 2 𝑃𝑆
𝑑𝑛 2

𝑐 4𝑐𝛿 −𝑝 2 2𝑐𝛿 𝑛−1 +𝑝 2 𝛼− 𝑝+𝑤

=

𝑝 2 −2𝑐𝛿 𝑛+1

2

(23)

3

8𝑐 2 𝛿 4𝑐𝛿 −𝑝 2 𝑐𝛿 𝑛−2 +𝑝 2 𝛼− 𝑝+𝑤

2

(24)

2𝑐𝛿 𝑛+1 +𝑝 2 4

From equation 23 we can see that for 𝑛 ≤ 𝑛𝑚𝑖𝑛 =
of firms and for 𝑛 > 𝑛𝑚𝑖𝑛 =

2𝑐𝛿 −𝑝 2
2𝑐𝛿

2𝑐𝛿 −𝑝 2
2𝑐𝛿

producer surplus is increasing in the number

producer surplus is decreasing in the number of firms. Although it

would seem unnatural for producer surplus to increase with the addition of more firms to the market, as
the market price is decreasing in the number of firms, algebraic manipulation of the nmin term results in
𝑝2

the alternative expression 𝑛𝑚𝑖𝑛 = 1 − 2𝑐𝛿 . Therefore, the maximum value nmin can take is 1. As the
minimum number of firms of interest (indeed possible) is 1, producer surplus is decreasing in the
number of firms. Figure 4.2 shows the comparative statics of the number of firms on producer surplus.
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Producer Surplus
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Figure 4.2: Comparative statics of n on producer surplus

Consumer Surplus

𝑑𝐶𝑆
𝑑𝑛

=

𝑑 2 𝐶𝑆
𝑑𝑛 2

4𝑐 2 𝛿𝑛 2𝑐𝛿 −𝑝 2 𝛼− 𝑝+𝑤

=

2

2𝑐𝛿 𝑛+1 −𝑝 2 3

>0

4𝑐 2 𝛿 2𝑐𝛿 −𝑝 2 2𝑐𝛿 2𝑛−1 +𝑝 2 𝛼− 𝑝+𝑤
2𝑐𝛿 𝑛+1 −𝑝 2 4

(25)

2

<0

(26)

From this result we see that consumer surplus is increasing at a diminishing rate in the number of firms.
This result is intuitively straight forward: increasing the number of producers decreases the market price
and raises the amount of surplus derived by consumers. Figure 4.3 shows the comparative statics of the
number of firms on consumer surplus.
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Figure 4.3: Comparative statics of n on consumer surplus

Pollution
𝑑𝐸
𝑑𝑛

=

𝑑2𝐸
𝑑𝑛 2

2𝑐 𝛼− 𝑝+𝑤 (4𝑐 2 𝛿 2 𝑛+1 +𝑝 2 𝛼−𝑤 −2𝑐𝛿𝑝 (𝛼 𝑛−1 +𝑝 2𝑛+1 +2 𝑛−1 )

=

2𝑐𝛿 𝑛+1 −𝑝 2 2

>0

−8𝑐 2 𝛼− 𝑝+𝑤 (4𝑐 2 𝛿 2 𝑛+1 +𝑝 2 2𝛼− 𝑝+2𝑤 +2𝑐𝛿𝑝 𝛼 𝑛−2 +2𝑤−𝑛 2𝑝+𝑤 ))
2𝑐𝛿 𝑛+1 −𝑝 2 2

(27)

<0

(28)

Pollution is increasing at a decreasing rate in the number of firms. This result is logical as the two
determinants of pollution -- the aggregate level of production and the firm's choice of intensity -- are
also concave in n. The addition of another firm causes aggregate production to increase and the firm's
efficiency to decrease, both of which serve to raise pollution. In figure 4.4 below the comparative statics
of the number of firms on total pollution is shown.
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Figure 4.4: Comparative statics of n on total market pollution

Social Surplus
The resulting comparative static of n on social surplus is not nicely simplified; however, it is quadratic in
n, indicating that social surplus is increasing in n for small n's and decreasing in n for large n's. Solving
𝑑𝑆𝑆
𝑑𝑛

= 0 and rearranging for n gives the cutoff number of firms, 𝑛𝑀𝑎𝑥𝑆𝑆 . For 𝑛 < 𝑛𝑀𝑎𝑥𝑆𝑆 ,

for 𝑛 > 𝑛𝑀𝑎𝑥𝑆𝑆 ,

𝑑𝑆𝑆
𝑑𝑛

𝑑𝑆𝑆
𝑑𝑛

> 0, and

< 0. In other words, with few firms the addition of an extra firm increases social

surplus, as the added consumer surplus gained outweighs the loss of producer surplus and rise in
pollution. With many firms the addition of an extra firm decreases social surplus, as the loss of producer
surplus and rise in pollution outweighs the consumer surplus gain. Figure 4.5 below shows the
comparative statics of the number of firms on social surplus.
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Social Surplus
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Figure 4.5: Comparative statics of n on social surplus

I now describe the comparative statics of these value and choice functions with respect to the wage
rate, w. In each of these comparative statics I show two cases, an imperfectly competitive case (small n)
and the limiting, perfectly competitive case (large n).
4.1.4.2: Wage, w
Phi: firm's energy intensiveness of production
𝑑𝜑
𝑑𝑤

= 2𝑐𝛿

𝑝
𝑛+1 −𝑝 2

>0

(29)

Given a positive quantity then the denominator must be positive and 𝜑 is increasing in w for all positive
prices of energy. In other words, at a higher market wage firms would choose less efficient production
technology. Intuitively, this result says that at a higher wage the cost of one unit of labour is high;
therefore, there is a larger incentive for firms to substitute from labour to energy in their production
process. As an increase in 𝜑 can be thought of as capturing a firm's desire to substitute from labour to
energy, we find 𝜑 to be increasing in wages.

Nouri Najjar 28
Pollution Abatement Policy
Further intuition for this result can be derived by exploring the costs and benefits to firms of adopting a
more energy efficient technology (i.e., reducing 𝜑). As efficiency lowers the firm's energy requirement,
the marginal benefit to the firm of becoming more energy efficient can be thought of as the marginal
reduction in total energy expenditure. Calculating the marginal benefit of increased efficiency as the
derivative of a firm's minimum energy expenditure with respect to 𝜑 gives,

𝑀𝐵𝜑 =

𝑑𝑝𝑒 ∗
𝑑𝜑

2𝑐(𝛼− 𝑝+𝑤 )
𝑝
𝑛+1 −𝑝 2

= 𝑝𝑞𝑖 ∗ = 2𝑐𝛿

(30)

Calculating the impact of a wage increase on the marginal benefit of energy efficiency yields,
𝑑𝑀𝐵𝜑
𝑑𝑤

= 2𝑐𝛿

−2𝑐𝑝
𝑛+1 −𝑝 2

<0

(31)

Therefore, the marginal benefit to a firm of increasing their energy efficiency is decreasing in the wage
rate, as a higher wage leads to less production and a smaller total energy bill.
The marginal cost of increased energy efficiency is simply the marginal technological upgrade cost that
the firm must pay to change their production technology, which is given by

𝑀𝐶𝜑 = −

𝑑𝑇𝐶𝑖
𝑑𝜑

= 2𝑐 1 − 𝜑

(32)

Clearly, the marginal cost of energy efficiency is independent of wages. So, from these two results we
see that as wages increase the net benefit of efficiency falls and firms will choose to produce with less
energy efficient technology. One interesting implication of this is that if firms require more labour to
operate their new, more efficient technology then a firm’s marginal cost of energy efficiency will be
decreasing in wages. This has the potential to change this comparative static result, implying that in a
more general case 𝜑 may not be increasing in w. In figure 4.6 I show the comparative statics of wage on
phi for two cases, imperfect competition (dashed line) and the limiting, perfectly competitive case (solid
line).
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Firm's Technology Choice: Phi
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Figure 4.6: Comparative statics of w on phi

Producer Surplus
𝑑𝑃𝑆
𝑑𝑤

=−

2𝑐𝑛 4𝑐𝛿 −𝑝 2 (𝛼− 𝑝+𝑤 )
2𝑐𝛿 𝑛+1

−𝑝 2 2

=

2𝑐𝑛 (4𝑐𝛿 −𝑝 2 )
2𝑐𝛿 𝑛+1 −𝑝 2 2

≥0

(33)

Provided profits are non-negative, then producer surplus is falling in the wage rate in the imperfectly
competitive case and unchanged (as producer surplus is zero) in the perfectly competitive case. The
intuition for this result is simple: an increase in the wage rate makes production more costly which
reduces firm profits (which is equal to producer surplus in this model). The comparative statics for both
cases of competition are given below in figure 4.7. These results show that producer surplus is positive
only under imperfect competition for a wage above some threshold level.

Nouri Najjar 30
Pollution Abatement Policy

Producer Surplus

4

3

Imperfect Competition

Imperfect Competition
Perfect Competition

2

P erfect Competition

1

w
2

4

6

8

10

12

14

Figure 4.7: Comparative statics of w on producer surplus

Consumer Surplus
𝑑𝐶𝑆
𝑑𝑤

=−

4𝑐 2 𝛿𝑛 2 (𝛼− 𝑝+𝑤 )
2𝑐𝛿 𝑛+1 −𝑝 2 2

< 0 𝑎𝑛𝑑

𝑑 2 𝐶𝑆
𝑑𝑤 2

=

4𝑐 2 𝛿𝑛 2
2𝑐𝛿 𝑛+1 −𝑝 2 2

>0

(34)

From these results we see that consumer surplus is decreasing in the wage rate. The intuition behind
this result is very similar to that of the producer surplus result. A higher wage rate leads to higher cost of
production, which in turn results in a higher market price. At a higher market price consumers are worse
off, which is reflected by the fall in consumer surplus. The comparative statics for w on consumer
surplus are shown in figure 4.8.
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Figure 4.8: Comparative statics of w on consumer surplus

Pollution
𝑑𝐸
𝑑𝑤

=−

2𝑐𝑛 (2𝑐𝛿 𝑛+1 +𝑝(𝑝+2 𝑤−𝛼 )
2𝑐𝛿 𝑛+1 −𝑝 2 2

< 0 𝑎𝑛𝑑

𝑑2𝐸
𝑑𝑤 2

=−

4𝑐𝑛𝑝
2𝑐𝛿 𝑛+1 −𝑝 2 2

<0

(35)

Provided both production quantity and pollution are positive, pollution is decreasing and concave in
wages. The intuition for this result comes from a wage changes impact on production quantity. An
increase in the cost of labour reduces the amount of production, which leads to a decline in the overall
level of pollution. The comparative statics for w on market pollution are shown in figure 4.9 below.
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Figure 4.9: Comparative statics of w on total pollution

Social Surplus

𝑑𝑆𝑆
𝑑𝑤

=

𝑑 2 𝑆𝑆
𝑑𝑤 2

2𝑐𝑛 𝛼 𝑝 𝑝−2𝑔 −2𝑐𝛿 𝑛+2 +2𝑐𝛿 𝑔 𝑛+1 + 2+𝑛 𝑝+𝑤 −𝑝 𝑝 𝑝+𝑤 −𝑔 𝑝+2𝑤

=

(36)

2𝑐𝛿 𝑛+1 −𝑝 2 2

2𝑐𝑛 2𝑐𝛿 𝑛+2 + 2𝑔−𝑝 𝑝
2𝑐𝛿 𝑛+1 −𝑝 2 2

(37)

In order to determine the sign of the above comparative statics I rewrite equation 36 as:

𝑑𝑆𝑆
𝑑𝑤

=

2𝑐𝑛 𝛼 𝑝 𝑝−2𝑔 −2𝑐𝛿 𝑛+2 +2𝑐𝛿 2𝑔 𝑛+1 + 2+𝑛 𝑝+𝑤 −𝑝 𝑝 𝑝+𝑤 −2𝑔𝑤
2𝑐𝛿 𝑛+1

−𝑝 2 2

+

2𝑐𝑛𝑔 𝑝 2 −4𝑐 2 𝛿𝑔 𝑛+1 𝑛
2𝑐𝛿 𝑛+1 −𝑝 2 2

(38)

Substituting in equation 19, equilibrium social surplus, allows me to rewrite this equation as:
𝑑𝑆𝑆
𝑑𝑤

= −2𝑆𝑆 −

2𝑐𝑛𝑔 2𝑐𝛿 𝑛+1 −𝑝 2
2𝑐𝛿 𝑛+1 −𝑝 2 2

= −2(𝑆𝑆 +

𝑐𝑛𝑔
2𝑐𝛿 𝑛+1 −𝑝 2

)<0

(39)

Therefore, social surplus is decreasing in the wage rate. To see the intuition for this result I calculate the
elasticity of a change in wage on producer and consumer surplus and of a change in wage on pollution,
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the three components in social surplus. Summing consumer and producer surplus (which I call market
surplus, or MS), differentiating, and producing an elasticity yields:
2𝑤

∈𝑀𝑆,𝑤 = − 𝛼 − 𝑝+𝑤 < 0

(40)

Similarly, producing the elasticity of pollution with respect to a wage change yields:

∈𝐸,𝑤 =

𝑤 𝑑𝐸
𝐸 𝑑𝑤

=−

𝑤 2𝑐𝛿 𝑛+1 +𝑝 𝑝+2 𝑤−𝛼
𝛼− 𝑝+𝑤

2𝑐𝛿 𝑛+1 +𝑝 𝑤−𝛼

(41)

Taking the limit in n of the elasticity of pollution with respect to a wage change yields the perfectly
competitive wage pollution elasticity:
𝑤

∈𝑃𝐶
𝐸,𝑤 = lim𝑛→∞ ∈𝐸,𝑤 = − 𝛼− 𝑝+𝑤 < 0

(42)

Comparing equations 40 and 42 we can see that the market surplus elasticity is twice the perfectly
competitive wage-pollution elasticity, indicating that a wage change impacts consumer and producer
surplus more than pollution. As a reduction in consumer and producer surplus constitute a welfare loss
and a reduction in pollution a welfare gain, this leads to the result that a wage increase will lead to a
reduction in social surplus. The comparative statics for w on social surplus are shown in figure 4.10
below.
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Figure 4.10: Comparative statics of w on social surplus
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4.2: Regulated Scenario – Standard Regime
𝑒
𝑞𝑖

Under an intensity standard the regulator sets the maximum level of pollution per unit of output, 𝑖 ,
firms can create in their production process. As the firm’s cost minimizing energy input requirement is
𝑒

given by 𝑒𝑖 ∗ = 𝜑𝑞𝑖 *, then 𝑞𝑖 = 𝜑, and the firm’s perspective an intensity standard is equivalent to
𝑖

having a regulator-specified level of energy intensiveness of production. So, in this regime the
regulator’s policy problem is to choose the energy intensiveness of production to maximize social
surplus, or in other words:
Max 𝑃𝑆 + 𝐶𝑆 − 𝑇𝐷

(43)

𝜑
The regulator solves their optimization problem assuming all firm’s have perfect and complete
information. As the regulator is able to calculate the firm's profit maximizing output choice given an
exogenous 𝜑, the regulatory game follows three stages. First, the regulator derives the firm's optimal
choice of output for a given 𝜑 and determines producer surplus, consumer surplus, and total
environmental damages conditional on the regulator's choice of standard, 𝜑. Next, the regulator
chooses 𝜑 to maximize social surplus. Finally, firm's take the regulator's chosen intensity standard as
given and maximize profits. As I've assumed perfect and complete information, step three is essentially
redundant and so I suppress this optimization step. Rather, I simply substitute the socially optimal 𝜑 into
the firm's profit maximizing output choice function and derive the firm's profit function from this.
4.2.1: Conditional Profit Maximization
The firm's profit maximization problem conditional on a given 𝜑 is represented as:
𝑀𝑎𝑥(𝛼 − 𝛿𝑄)𝑞𝑖 − 𝑤 + 𝑝𝜑 𝑞𝑖 − 𝑐(1 − 𝜑)2
𝑞𝑖

(44)
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Solving for which yields one best response function:

𝑞𝑖 𝐵𝑅 =

(𝛼− 𝑝+𝑤+𝛿𝑄𝑗 )
2𝛿

𝑤ℎ𝑒𝑟𝑒 𝑄𝑗 =

𝑛
𝑗 ≠𝑖 𝑞𝑗

= 𝑛 − 1 𝑞𝑖

(45)

Assuming identical firms gives the following conditional (on a given 𝜑) profit maximizing firm quantity
choice:
𝑞𝑖𝑐 =

𝛼− 𝑤+𝜑𝑝
𝛿 𝑛+1

(46)

Taking the firm's optimal quantity choice and substituting back into the profit function yields the firm's
conditional profit function:

𝜋𝑖𝑐 =

(𝛼− 𝑤+𝜑𝑝 )2 −𝑐𝛿 𝑛+1 2 1−𝜑 2
𝛿 𝑛+1 2

(47)

4.2.2: Measuring Conditional Social Surplus
Again, without government revenues social surplus is simply the sum of producer surplus and consumer
surplus less environmental damages. Given n identical firms, producer surplus in this regime is given by:

𝑃𝑆 𝑐 = 𝑛𝜋𝑖𝑐 =

𝑛(𝛼− 𝑤+𝜑𝑝 )2 −𝑐𝛿 𝑛+1 2 1−𝜑 2
𝛿 𝑛+1 2

(48)

Consumer surplus takes the same form as in the benchmark regime, as there is no change to the
demand function. Substituting in the conditional market price gives the conditional consumer surplus
function:

𝐶𝑆 𝑐 =

𝑛 2 (𝛼− 𝑤+𝜎𝑝 )2
2𝛿 𝑛+1 2

(49)

The conditional environmental damage function is derived from the total market production function as:

𝑇𝐷 𝑐 = 𝑔𝜑𝑛𝑞𝑖𝑐 =

𝑔𝑛𝜑 𝛼− 𝑤+𝜑𝑝
𝛿 𝑛+1

(50)
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4.2.3: The Regulator's Problem
The regulator now chooses 𝜑 to maximize social surplus. The regulator's problem given in equation 43
can now be written as:

Max 𝑆𝑆 =

𝑛(2 𝛼− 𝑤+𝜑𝑝 )2 −𝑐𝛿 𝑛+1 2 1−𝜑 2 +𝑛 𝛼− 𝑤+𝜎𝑝
2𝛿 𝑛+1

2

−2 𝑛+1 𝑔𝜑 𝛼 − 𝑤+𝜑𝑝

)

2

(51)

𝜑
Solving for the regulator's optimal intensity standard, 𝜑, yields:

𝜑∗ =

2𝑐𝛿 𝑛+1 2 − 𝑔 𝑛+1 + 𝑛+2 𝑝 𝛼−𝑤
2𝑐𝛿 𝑛+1 2 −𝑝 2𝑔 𝑛+1 + 𝑛+2 𝑝

(52)

Substituting the optimal intensity standard into the above conditional social surplus equations yields the
equilibrium producer surplus, consumer surplus, and environmental damage functions. However, the
resulting functions are too complicated to be of any intuitive use, so I relegate them to the appendix.
4.2.4: Comparative Statics
Like under the benchmark regime, I calculate the comparative statics of only two variables, market size
(n) and wage (w), on the regulator's choice of standard (𝜑), producer surplus (PS), consumer surplus
(CS), social surplus (SS), and total market pollution (E). As was the case for the benchmark regime, I
assume a positive production quantity, which allows me to sign the impact of w and n on the various
value and choice functions.
4.2.4.1: Number of Firms, n
Phi: regulator's intensity standard
𝑑𝜑
𝑑𝑛

=

2𝑐𝛿 𝑛+1

𝛼−𝑤−2𝑝 𝑔 𝑛+1 + 𝛼−𝑤−𝑝 𝑝 𝑛+3 − 𝛼−𝑤 𝑔𝑝 2
2
2𝑐𝛿 𝑛+1 2 −𝑝 2𝑔 𝑛+1 + 𝑛+2 𝑝

(53)
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𝑑𝜑

Unfortunately, from this expression alone we cannot determine the sign of 𝑑𝑛 . However, examining the
analytical solution for the standard, 𝜑, itself allows us to determine the bounds on 𝜑. Given the optimal
standard is

𝜑=

2𝑐𝛿 𝑛+1 2 − 𝑔 𝑛+1 +𝑝 𝑛+2

𝛼−2
2𝑐𝛿 𝑛+1 2 −𝑝 2𝑔 𝑛+1 +𝑝 𝑛+2

(54)

Taking the limit of 𝜑 with respect to n, as n approaches infinity (the maximum value of n) yields 𝜑 = 1,
the maximum value 𝜑 can take. Taking the limit of 𝜑 as n approaches zero (the minimum value n can
take) yields

lim𝑛→∞ 𝜑 =

2𝑐𝛿 − 𝑔+2𝑝 𝛼−𝑤
2𝑐𝛿 −2𝑝 𝑔+𝑝

(55)

Which is less than one when

−

2𝑝
𝑔

<

𝛼−𝑤
𝛼−𝑤 − 𝑝+𝑔

(56)

As I have defined both p and g as positive values, and focusing only on parameters that yield a positive
production quantity ensures 𝛼 − 𝑤 > 0, then the above restriction must hold, which means that 𝜑 is
increasing in n. A graph of this comparative static is shown in figure 4.11.
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Intensity Standard: Phi
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Figure 4.11: Comparative statics of n on phi

The remaining comparative statics are, to be blunt, too ugly to be of any analytical or intuitive use.
Therefore, I turn to graphical representation of the remaining comparative statics.
Producer Surplus
Similar to in the base regime, increasing the number of firms results in a fall in producer surplus. The
mechanism for this result is similar to that of the base regime as well. Raising the number of firms
increases the amount of overall market production, which results in a lower market price and causes
firm profits to fall. This result is shown in figure 4.12.
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Producer Surplus
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Figure 4.12: Comparative statics of n on producer surplus

Consumer Surplus
Figure 4.13 shows a rise in the number of firms results in a rise in consumer surplus. As was the case
with producer surplus, this result is driven by a fall in the market price as the number of firms increases.
Consumer Surplus
30

25

20

15

10

5

n
5

10

15

20

25

Figure 4.13: Comparative statics of n on consumer surplus
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Pollution
Increasing the number of firms increases the amount of pollution generated in the market. The intuition
I provide for this result is the same I give in the base regime. The addition of another firm causes
aggregate production to increase and the firm's efficiency to decrease, both of which serve to raise
pollution. See figure 4.14 below.
M arket Pollution
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Figure 4.14: Comparative statics of n on market pollution

Social Surplus
With few firms, a rise in n leads to a rise in social surplus; however, once the number of firms exceeds a
(relatively small) threshold a rise in n leads to a fall in social surplus. Essentially, at small values of n
increasing the number of firms leads to a greater impact on consumer surplus than on producer surplus
and market pollution, which results in a rise in social surplus. Conversely, when n is large, increasing the
number of firms impacts producer surplus and market pollution more than consumer surplus, which
results in a fall in social surplus. See figure 4.15 for this result.
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Social Surplus
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Figure 4.15: Comparative statics of n on social surplus

I now describe the comparative statics of these value and choice functions with respect to the wage
rate, w. In each of these comparative statics I show two cases, an imperfectly competitive case (small n)
and the limiting, perfectly competitive case (large n).
4.2.4.2: Wage, w
Phi: regulator's intensity standard
𝑑𝜑
𝑑𝑤

= 2𝑐𝛿

𝑔 𝑛+1 +𝑝 𝑛+2
𝑛+1 2 −𝑝 2𝑔 𝑛+1 +𝑝 𝑛+2

>0

(57)

Focusing on parameter values that yield a positive production quantity, increasing the wage rate results
in a reduction in the regulator's choice of intensity standard, 𝜑. The intuition for this result is similar to
that of the base regime. The benefit associated with reducing the energy intensiveness of production
(𝜑) is falling in the cost of a unit of labour, w. However, the costs of reducing 𝜑 are independent of the
wage rate. Therefore, as the wage rate increases the incentive to reduce 𝜑 falls and a higher equilibrium
𝜑 will result. The difference between the base regime and the standard regime is the interpretation of
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𝜑. Under the base regime, 𝜑 is simply determined by firms. Therefore, the costs and benefits of a
change in 𝜑 align with the firm. Under the standard regime, 𝜑 is determined by the regulator in an
attempt to maximize social surplus, which is a necessarily broader criterion than firm profits. Therefore,
the benefits of a reduction in 𝜑 are greater than for the firm, but the costs of a change in 𝜑 are the
same as under the base regime. So, ceteris paribus, there is greater incentive under the standard regime
to reduce 𝜑. Qualitatively, the comparative static results are the same: raising w will lead to an increase
in 𝜑. In figure 4.16 I show the comparative statics of wage on 𝜑 for two cases, imperfect competition
(dashed line) and the limiting, perfectly competitive case (solid line).
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Figure 4.16: Comparative static of w on phi

Again, as the remaining comparative statics are of little analytical or intuitive use, I present them only in
graphical form.
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Producer Surplus
As figure 4.17 shows, under imperfect competition raising the market wage results in a fall in producer
surplus, as production costs rise resulting in lower firm profits. Under perfect competition firm profits
(and producer surplus) are zero, as firms are price takers and the market price is equal to the marginal
cost of production.
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Figure 4.17: Comparative statics of w on producer surplus

Consumer Surplus
Regardless of the number of firms, increasing w decreases consumer surplus. This result occurs because
an increase in the wage rate increases the cost of production, which results in a higher market price. A
higher market price causes consumer surplus to fall. See figure 4.18 below.
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Figure 4.18: Comparative statics of w on consumer surplus

Pollution
A rise in the market wage rate results in a fall in the level of pollution under both perfect and imperfect
competition. At relatively small wages, an increase in w results in a relatively small reduction in
pollution. However, at higher wages the impact of a change in w on pollution increases. This result
stems from the impact of wages on production. A rise in w increases the marginal cost of production,
which leads to a fall in the total amount of production. Although the amount of pollution per unit of
production is increasing in w (as 𝜑 has risen due to a change in w), the impact of higher wages on
production outweighs this change. See figure 4.19 below.
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Figure 4.19: Comparative statics of w on market pollution

Social Surplus
From figure 4.20, we can see that an increase in the wage rate leads to a fall in social surplus under both
perfect and imperfect competition. Similar to the base regime, this result arises because the impact of a
wage increase on producer and consumer surplus (which are negative) outweigh the impact on pollution
(which is positive).
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4.3: Regulated Scenario – Tax Regime
Under a pollution tax the regulator sets a charge per unit of pollution a firm creates. As I've specified a
one to one relationship between energy use and pollution, a pollution tax is equivalent to the regulator
imposing a tax on energy use. Therefore, in this regime the regulator’s policy problem is to choose the
tax to maximize social surplus, or in other words:
𝑀𝑎𝑥 𝑃𝑆 + 𝐶𝑆 + 𝐺𝑅 − 𝑇𝐷

(58)

𝑡
The method for solving this regulatory game is very similar to that employed in the standard regime.
Again, I assume the regulator and all firm’s have perfect and complete information. As the regulator is
able to calculate the firms' profit maximizing output choices given an exogenous t, the regulatory game
follows three stages. First, the regulator derives the firms' optimal output choices for a given tax and
determines producer surplus, consumer surplus, and total environmental damages conditional on the
regulator's choice of tax. Next, the regulator chooses the tax to maximize social surplus. Finally, firm's
take the regulator's chosen tax as given and maximize profits. Unfortunately, there is no analytical
solution for the optimal tax in this regime, so this last step is not possible without first specifying some
or all of the model parameters. Therefore, any of the results and analysis of this regime must be
completed with simulations.
4.3.1: Conditional Profit Maximization
The firm's profit maximization problem conditional on a given tax is very similar to the firm's base
regime profit maximization problem, and is represented as:
Max (𝛼 − 𝛿𝑄)𝑞𝑖 − 𝑤 + (𝑝 + 𝑡)𝜑𝑖 𝑞𝑖 − 𝑐(1 − 𝜑𝑖 )2
𝑞𝑖 , 𝜑𝑖
Solving for which yields two best response functions:

(59)
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𝑞𝑖 𝐵𝑅 =

2𝑐(𝛼− (𝑝+𝑡)+𝑤 +𝛿 𝑛−1 𝑞 𝑖 )
and
4𝑐𝛿 −(𝑝+𝑡)2

𝜑𝑖 𝐵𝑅 =

4𝑐𝛿 −(𝑝+𝑡)(𝛼−𝑤−𝛿 𝑛−1 𝑞 𝑖 )
4𝑐𝛿 −(𝑝+𝑡)2

(60)

Solving these best response functions gives the following conditional (on a given t) Nash equilibrium firm
choice variables:
2𝑐(𝛼− (𝑝+𝑡)+𝑤 )
𝑛+1 −(𝑝+𝑡)2

𝑞𝑖 𝑐 = 2𝑐𝛿

and 𝜑𝑖 𝑐 =

2𝑐𝛿 𝑛+1 −(𝑝+𝑡)(𝛼−𝑤)
2𝑐𝛿 𝑛+1 −(𝑝+𝑡)2

(61)

Taking the firm's conditional quantity and energy intensiveness choices and substituting back into the
profit function yields the firm's conditional profit function:

𝜋𝑖 𝑐 =

𝑐 4𝑐𝛿 −(𝑝+𝑡)2 (𝛼− (𝑝+𝑡)+𝑤 )2

(62)

(2𝑐𝛿 𝑛+1 −(𝑝+𝑡)2 )2

4.3.2: Measuring Conditional Social Surplus
In this regime, social surplus is given by the sum of producer surplus, consumer surplus, and government
tax revenues less environmental damages. Given n identical firms, producer surplus in this regime is
given by:

𝑃𝑆 𝑐 = 𝑛𝜋𝑖𝑐 =

𝑛𝑐 4𝑐𝛿 −(𝑝+𝑡)2 (𝛼− (𝑝+𝑡)+𝑤 )2

(63)

(2𝑐𝛿 𝑛+1 −(𝑝+𝑡)2 )2

The derivation of consumer surplus is the same as in the first two regimes. Substituting in the
conditional market price gives the conditional consumer surplus function:

𝑐

𝐶𝑆 =

2𝛿𝑐 2 𝑛 2 𝛼− 𝑝+𝑡 +𝑤

2

(64)

2𝑐𝛿 𝑛+1 − 𝑝+𝑡 2 2

The conditional environmental damage function is derived from the total market production function
and the conditional energy intensiveness function as:

𝑇𝐷 𝑐 = 𝑔𝜑𝑖𝑐 𝑛𝑞𝑖𝑐 =

2𝑐𝑔𝑛 2𝑐𝛿 𝑛+1 − 𝑝+𝑡 𝛼−𝑤
2𝑐𝛿 𝑛+1 − 𝑝+𝑡

𝛼− 𝑝+𝑡 +𝑤
2 2

(65)
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4.3.3: The Regulator's Problem
The regulator now chooses t to maximize social surplus. The regulator's problem given in equation 58
can now be written as:

𝑀𝑎𝑥 𝑆𝑆𝑐 =

𝑐𝑛(𝛼− 𝑝+𝑡 +𝑤

𝑝+𝑡 3 +𝛼 2𝑐𝛿 𝑛+2 + 2𝑔−𝑝−3𝑡 𝑝+𝑡

− 𝑝+𝑡 2𝑔−𝑝−3𝑡 𝑤−2𝑐𝛿 2𝑔 𝑛+1 +2 𝑝+𝑤 +𝑛 𝑝−𝑡+𝑤

2𝑐𝛿 𝑛+1 − 𝑝+𝑡 2 2

(66)

𝑡
Solving for the social surplus maximizing tax requires taking the first order condition of the above
expression. From this, the optimal tax can be substituted into the conditional choice and value functions
to find the equilibrium choice and value functions. As already mentioned, there is no unique analytical
solution to the first order condition to this optimization problem. However, of the resulting solutions
there is a unique global maximum, which enables the results to be simulated.
4.3.4: Comparative Statics
Like under the first two regimes, I calculate the comparative statics of only two variables, market size (n)
and wage (w), on the firm's energy intensiveness of production (𝜑), producer surplus (PS), consumer
surplus (CS), social surplus (SS), and total market pollution (E). In addition, I also perform comparative
statics of w and n on the regulator's optimal tax, 𝑡 ∗ .
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4.3.4.1: Number of firms, n
Tax
For this comparative static there are two points of interest to mention. The first is that raising the
number of firms increases the regulator's optimal tax. The second is that there is a limiting value for 𝑡 ∗ as
n approaches infinity. Together these results essentially serve as a check on the model. As Barnett
(1980) describes, in a market with both imperfect competition and a pollution externality, the optimal
tax will be less than the marginal damages of pollution. In addition, as the number of firms increase the
tax should become closer to the standard Pigouvian tax (i.e., the marginal damages of pollution). This is
precisely what this comparative static shows. In this simulation the marginal damages of pollution were
set to one. At small values of n the optimal tax is less than one and as n increases so to does the optimal
tax. In addition, the limiting value of the optimal tax as n approaches infinity (or as the market
approaches perfect competition) is one. See figure 4.21 below.
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Phi: firm's energy intensiveness of production
From figure 4.22 we see that the firm's choice of energy intensiveness is increasing in the number of
firms. In other words, a larger number of producers in the market for Q will cause firms to choose more
energy intensive technology. The intuition for this result is similar to that which I offer in the base
regime. A greater number of firms results in a lower market price, but leaves the firm's marginal cost of
reducing its energy intensiveness unchanged. Therefore, increasing the number of firms decreases the
firm's relative benefit of becoming less energy intensive.
Firm's Technology Choice: Phi

0.98
0.96
0.94
0.92
0.90
0.88

n
20

40

60

80

100

Figure 4.22: Comparative statics of n on 𝜑

Producer Surplus
This comparative static shows that an increase in n reduces total producer surplus in the market. This
result occurs because increasing the number of producers increases total production (but decreases
each firm's amount of production), which leads to a decline in market price. A reduction in market price
reduces the mark-up on each unit of production and so reduces total producer surplus. See figure 4.23.
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Producer Surplus

2.5

2.0

1.5

1.0

0.5

n
20

40

60

80

100

Figure 4.23: Comparative statics of n on producer surplus

Consumer Surplus
Raising the number of firms increases consumer surplus to a point, after which it declines to its limiting
value. The general nature of this result, that consumer surplus rises as the number of firms rises, is
intuitive and follows the explanation I give in the base regime. An increase in n results in a lower market
price, which increases the amount of surplus derived by consumers.
However, the fact that consumer surplus actually increases above its limiting value is perplexing. This
occurs because of the impact the tax has on the market price. Raising n leads to a higher tax, as the tax
has to correct for less imperfect competition in the market. At a higher tax the marginal cost of
production rises and so too does the market price. This counters the earlier intuition given that an
increase in n improves competitiveness in the market and so lowers the market price. Therefore, there
are two components at play here: a positive and a negative effect on market price. At relatively small
values of n the negative effect outweighs the positive effect, and so an increase in n reduces the market
price. At relatively large values of n the positive effect outweighs the negative effect, and so an increase
in n increases the market price. The impact of a change in n on consumer surplus follows from this: a
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change in a relatively small n leads to a positive impact on consumer surplus; a change in a relatively
large n leads to a negative impact on consumer surplus. See figure 4.24 for this comparative static.
In addition, to clarify this point I show the comparative statics of n on market price in figure 4.25.
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Figure 4.24: Comparative statics of n on consumer surplus
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Pollution
Increasing the number of producers leads to a rise in the total level of pollution created in the market.
This result occurs because a rise in n leads to an increase in both the total amount of production and the
energy intensiveness of production. See figure 4.26 for this comparative static.
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Figure 4.26: Comparative statics of n on total pollution

Social Surplus
From figure 4.27 we see that an increase in n results in a fall in social surplus. The intuition for this result
is that an increase in the number of producers impacts producer surplus and market pollution more
than consumer surplus, which results in a fall in social surplus. As n increases the sum of producer and
consumer surplus rises, but this is always mitigated by the rise in pollution.
The impact of an increase in n on social surplus differs under the tax regime than the first two regimes.
Under both the base and standard regimes, when there are few firms the net social benefits to
introducing another firm are positive, as the impact on pollution is relatively small. When there are
many firms the net social benefits to introducing another firm are negative, as the impact on pollution is
relatively large.
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Social Surplus
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Figure 4.27: Comparative statics of n on social surplus

I now describe the comparative statics of these value and choice functions with respect to the wage
rate, w. In each of these comparative statics I show two cases, an imperfectly competitive case (small n)
and the limiting, perfectly competitive case (large n).
4.3.4.2: Wage, w
Tax
Under perfect competition raising wages has no impact on the optimal level of tax. As there is no
distortion created by imperfect competition, the optimal tax is always equal to the marginal damages of
pollution (which are one in this simulation). However, under imperfect competition wages have a large
impact on the optimal tax. At small wages the optimal tax is decreasing in w and at high wages the
optimal tax is increasing in w. The reason for this can be seen by exploring the impact of a wage change
on the market price. Under perfect competition an increase in w is passed completely on to the
consumer, as the change in market price is equal to the change in wage. Under imperfect competition
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and relatively small wages an increase in w is not completely passed on to consumers, as the change in
market price is less than the change in wage. However, under imperfect competition and large wages an
increase in w is completely passed on to consumers, as is the case under perfect competition. Figure
4.28 shows the impact of a change in w on the optimal tax and figure 4.29 shows the impact of a change
in w on the market price.

Optimal Tax
1.0

0.8

0.6

Imperfect Competition
0.4

Perfect Competition
0.2

w
2

4

Figure 4.28: Comparative statics of w on 𝑡 ∗

6

8

10

Nouri Najjar 58
Pollution Abatement Policy

M arket Price
10

8

6

Imperfect Competition
Perfect Competition

4

w
2

4

6

8

Figure 4.29: Impact of a wage change on market price

Essentially, at a small wage firms absorb more of the wage increase under imperfect competition than
under perfect competition. In essence, they are self imposing higher marginal production costs than
under the perfectly competitive scenario. Therefore, the tax doesn't need to be as big to reduce
pollution. Furthermore, the tax must actually be smaller to reduce its impact on the second market
failure, imperfect competition (which leads to below optimal production levels). For both of these
reasons, when w is sufficiently small an increase in w will lead to a reduction in the optimal tax.
However, at larger wages firms pass the entirety of the wage increase on to consumers, and so the
market price rises one to one with a wage increase. In this situation the production quantity does not
fall by enough to be socially optimal, so the regulator increases the tax to further reduce the amount
produced.
Phi: firm's energy intensiveness of production
The impact of increasing the wage on 𝜑 under the tax regime is similar to both the other regimes. Under
perfect competition, raising the wage has no impact on 𝜑 as firm's choose the most energy intensive
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form of production (𝜑 = 1) regardless of the wage rate. However, under imperfect competition raising
the wage leads to an increase in 𝜑. The intuition for this result is simple: when the marginal cost of
labour increases firm's substitute away from labour and choose a more energy intensive form of
production. See figure 4.30 below.
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Figure 4.30: Comparative static of w on 𝜑

Producer Surplus
As figure 4.31 shows, producer surplus is strictly decreasing in w under imperfect competition and
producer surplus is zero under perfect competition. The intuition for these results are simple: only under
imperfect competition can firms derive positive profits from production, and increasing the marginal
cost of production will cause these profits to fall.
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Figure 4.31: Comparative static of w on producer surplus

Consumer Surplus
Increasing the wage rate causes consumer surplus to fall, as a higher marginal cost of production leads
to a higher market price. See figure 4.32.
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Figure 4.32: Comparative static of w on consumer surplus

12

Nouri Najjar 61
Pollution Abatement Policy
Pollution
An increase in the market wage leads to a reduction in the total level of pollution in the market. The
intuition for this result is the same as under the other two regimes: an increase in w leads to a reduction
in output that outweighs the rise in the energy intensiveness of production. Figure 4.33 shows this
comparative static.
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Figure 4.33: Comparative statics of w on total pollution

Social Surplus
As figure 4.34 (below) shows, social surplus is declining in the market wage rate. Similar to the two other
regimes, this result arises because the impact of a wage increase on producer and consumer surplus
(which are negative) outweigh the impact on pollution (which is positive).
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Figure 4.34: Comparative statics of w on social surplus

I now turn to a comparison of the three policy regimes. As already mentioned, I use simulations as my
primary tool of analysis as the tax regime is non-analytic in nature.
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4.4: Comparative Analysis
In this analysis I first pose three simple hypotheses. I then support these hypotheses with a set of three
simulations. In all three simulations I keep the parameters fixed with the exception of the number of
producers, n. In the first simulation I assume 5 producers (𝑛 = 5), in the second simulation I assume 20
producers (𝑛 = 20), and in the third simulation I assume 50 producers (𝑛 = 50). I only provide three
simulations as the results highlighted by these hypotheses are robust to all other (realistic4) parameter
values.
4.4.1: Hypotheses
Hypothesis 1
"Both the standard regime and the tax regime are social surplus improving."
This hypothesis serves as a necessary condition to the validity of this model. By definition, the standard
regime and tax regime are deliberate attempts by a regulator to increase social surplus. Therefore, for
the model to return logical results both regimes must represent a rise in social surplus over the base
regime.
Evidence in support of this hypothesis is in all three simulations. Indeed, under any choice of parameters
the level of overall social surplus rises relative to the base regime for both the standard and tax regimes.
Hypothesis 2
"Under the tax regime the demand for labour falls and under the standard regime the demand for labour
rises."

4

Realistic in this case refers to parameter values that satisfy the following constraints: 𝑄 > 0, 0 ≤ 𝜑 ≤ 1, 𝑃𝑆 ≥
0, 𝑎𝑛𝑑 𝑆𝑆 > 0
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This hypothesis holds regardless of the number of producers in the market. To see this result I revisit the
production function as specified in the model outline. Given a fixed proportion production function the
market demand for labour is given by:
𝐿∗ = 𝑄 ∗ = 𝑛𝑞𝑖∗

(67)

From this labour demand function we see that the impact a policy has on labour demand is simply one
to one with the change in production. The simulation output shows that the standard regime leads to a
rise in market output and the tax regime leads to a fall in market output. Therefore, under the standard
regime the demand for labour rises and under the tax regime the demand for labour falls relative to the
base regime.
The intuition for this result comes from the basic difference between a pollution tax and an intensity
standard. Under a tax, firms face a higher marginal cost of production; under a standard, firms face a
fixed cost that reduces their marginal production costs. Therefore, each policy presents a fundamentally
different impact on the firm’s marginal optimization decision. Under a tax firms face a higher marginal
cost of production, and so the firm’s response is to reduce production. Under a standard firm’s face a
lower marginal cost of production, and so the firm’s response is to increase production, provided
producing is still feasible given the new fixed cost.
In the model presented in this paper the direct impact of a reduction in output is a reduction in labour
demand. This result is a consequence of the production function specified in this model. In a more
general case the impact of a reduction in production on labour demand will depend on the elasticity of
substation between labour and energy. When energy and labour are weak substitutes, an increase in
the price of energy will lead to a reduction in the demand for labour. When energy and labour are
strong substitutes the opposite may be true. I argue my specification is strict, but the intuition derived
from it is valid. To be more specific, I argue that, while energy and labour may in fact be production
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substitutes, they are likely to be weak in nature. I provide a more in depth justification for this
proposition and a brief discussion on the recent empirical work done on the substitutability between
energy and labour in the discussion section.
Hypothesis 3
"With sufficiently small number of firms (𝑛 < 𝑛) the standard regime results in a larger social surplus
than the tax regime. With a sufficiently large number of firms (𝑛 > 𝑛) the tax regime results in a larger
social surplus than the standard regime."
When there are only a small number of producers in this model there are actually two market failures at
play: a level of production that is too low due to the imperfectly competitive market structure and a
negative externality caused by pollution. Therefore, when n is small each policy must attempt to correct
for both market failures. From the intuition given for proposition two, we know that a tax essentially
corrects for the pollution externality by reducing the level of production in the market. So, in essence
the tax corrects for one market failure (pollution) and exacerbates the other (the low level of
production). Alternatively, the standard corrects for the pollution externality by increasing the level of
production in the market. The standard controls for pollution less effectively than the tax, but does not
exacerbate the market failure caused by imperfect competition. So, there is a trade off between the two
policies under multiple market failures – when the pollution externality is relatively more costly to
society the tax is optimal and when the sub par level of production caused by imperfect competition is
relatively more costly to society the standard is optimal.
Simulation one provides evidence in favour of the first result in this hypothesis and simulations two and
three provide evidence in favour of the second result. In the first simulation the sub optimal level of
production is relatively more costly to society, so the standard is the optimal policy. In the second and
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third simulations the pollution externality is relatively more costly to society and so the tax is the
optimal policy.
To demonstrate the trade-off between the two market failures in this model, figure 4.35 plots the
deadweight loss associated with imperfect competition and damages caused by the pollution
externality. The regulator's point of indifference between the tax and the standard occurs where the
slope of the two lines are equal and is marked in figure 4.35 by 𝑛. For 𝑛 < 𝑛 the standard is superior to
the tax and for 𝑛 > 𝑛 the tax is superior to the standard.
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Figure 4.35: Example of the trade-off between the two market failures
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4.4.2: Simulations
Simulation 1 - Low n
Base Regime
1.35211
6.76056
3.23944
5.99881

Standard Regime
1.37288
6.86441
3.13559
5.23556

Tax Regime
1.31341
6.56705
3.43295
5.62812

Producer Surplus
Consumer Surplus
Tax Revenue
Total Damages
Total Surplus

8.76017
22.8526
NA
5.99881
25.614

7.73485
23.56
NA
5.23556
26.0593

8.01197
21.5631
1.723921
5.62812
25.6709

Tax
Phi

NA
0.887324

NA
0.762712

0.306305
0.857024

Base Regime

Standard Regime

Tax Regime

Firm Output
Market Output
Market Price
Pollution

0.38247
7.6494
2.3506
7.4056

0.383894
7.67789
2.32211
7.20353

0.352048
7.04096
2.95904
6.69169

Producer Surplus
Consumer Surplus
Tax Revenue
Total Damages
Total Surplus

2.80377
29.2567
NA
7.4056
24.6548

2.48945
29.475
NA
7.20353
24.7609

2.18347
24.7875
4.62309
6.69169
24.9024

NA
0.938217

0.69087
0.950394

Firm Output
Market Output
Market Price
Pollution

Parameters
alpha = 10;
delta = 1;
c = 6;
p = 1;
w = 1;
g = 1;
n = 5;

Table 4.1: Results of simulation with 5 firms

Simulation 2 - Mid n

Tax
NA
Phi
0.968127
Table 4.2: Results of simulation with 20 firms

Parameters
alpha = 10;
delta = 1;
c = 6;
p = 1;
w = 1;
g = 1;
n = 20;
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Simulation 3 - High n
Firm Output
Market Output
Market Price
Pollution
Producer Surplus
Consumer Surplus
Tax Revenue
Total Damages
Total Surplus

Base Regime
0.157119
7.85597
2.14403
7.75311

Standard Regime
0.157351
7.86754
2.13246
7.67172

Tax Regime
0.140698
7.03489
2.96511
6.88105

1.1829
30.8582
NA
7.75311
24.2879

1.05213
30.9491
NA
7.67172
24.3295

0.846317
24.7449
5.953478
6.88105
24.6636

NA
0.975111

0.865199
0.978131

Tax
NA
Phi
0.986907
Table 4.3: Results of simulation with 50 firms

Parameters
alpha = 10;
delta = 1;
c = 6;
p = 1;
w = 1;
g = 1;
n = 50;
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Section 5: Discussion
In this section I briefly discuss the main results of this paper and attempt to address some of the model's
shortcomings. I am to provide some intuition as to when these results are likely to hold and when they
are likely to fail.
5.1: Main Results
There are three main results I aim to highlight in this section. Those results in brief are:
1. With few firms the standard is superior to the tax; whereas, with many firms the tax is superior
to the standard.
2. The standard has a positive impact on production and the tax has a negative impact on
production.
3. The standard has a positive impact on labour demand and wages and the tax has a negative
impact on labour demand and wages.
5.1.1: The Possibility of a Superior Standard
The first result is a possibility result. In general, the existence of a standard that is superior to a tax
depends on the model's parameter values. For certain parameters there will be a standard superior to a
tax, as I have shown in model simulations. Indeed, it may be possible to imagine a set of parameters that
ensures the tax is always superior. However, the intuition behind this result holds regardless of
parameter specifics. For a given set of parameters there is a trade-off between the strengths and
weaknesses of each instrument. The tax's strength is in its ability to efficiently correct for a pollution
externality; whereas, the standard's strength is its ability to address two market failures simultaneously
(although neither is done so optimally).
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5.1.2: Production Implications
The second result is a comment on the production implications of each standard. I have outlined these
implications based on the effects each policy has on production costs and therefore producer behaviour.
A tax always raises marginal production costs, so producers will choose to reduce production under a
pollution tax. As I've modeled the intensity standard the introduction of a standard imposes a fixed cost
on producers that leads to lower marginal production costs. Therefore, producers will choose to
increase production under an intensity standard. However, this characterization of a standard need not
always hold. It is possible that the introduction of an intensity standard may cause firms to increase their
marginal production costs in order to avoid a higher fixed cost of production. Thus, the standard could
lead to a reduction in production. However, the key intuition is not what happens in absolute terms;
rather it is the relative results that matter. In general, the intensity standard will result in lower marginal
production costs than the tax and so the impact on production of the standard will be less distortionary
(relative to the unregulated scenario) than the tax.
5.1.3: Labour Demand
The third result is the weakest and in general depends on the elasticity of substitution between labour
and energy in the production process. In this model I have imposed the rather strict specification that
firms cannot substitute between energy and labour without first adopting a new production technology
(i.e., substitution is captured by the impact of a policy on 𝜑). However, typically economists assume
some degree of substitutability in the inputs a firm may use for production. For example, it is generally
understood that capital and labour may be used, to some degree, interchangeably in a firm's production
process. It is because of this belief that the Cobb-Douglas Production Function (CD) is so prevalent in
modern economics. However, economists are less decisive when it comes to establishing the
relationship between energy and other production inputs, and there is still much debate as to the
substitutability of energy as an input to production. In the mid 1970s Hudson and Jorgenson (1975) and
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Berndt and Wood (1975) both found energy and capital to be production complements and energy and
labour to be production substitutes when examining the US manufacturing sector between 1947 and
1971. However, in a similar study Griffin and Gregory (1976) found both energy and capital and energy
and labour to be production substitutes. In all three studies the magnitudes of the results varied widely.
Several studies have found labour and energy to be relatively weak substitutes (ex. Berndt and Wood,
1975; Griffin and Gregory, 1976; Hunt, 1984), whereas others have found a stronger level of substitution
between these two inputs (ex. Hudson and Jorgenson, 1974). Some even find labour and energy to be
complements (ex. Iqbal, 1986). As Thompson (2006) discusses, more recent studies also fail to come to
more cohesive conclusions. Indeed, the results of each study tend to be highly sensitive to the
underlying model specifications, depending greatly on functional form and time period studied
(Thompson, 2006). Thus, Thompson has drawn the conclusion that there is little consensus in the
empirical literature as to whether energy and labour are strong substitutes, weak substitutes, or in fact
complements (Thompson, 2006).
On intuitive grounds, it seems reasonable to argue that in the absence of technological change energy
cannot be used in place of labour. Although it may be possible for firms to alter there production
technology to require less labour per unit of output, at a given point in time firms will be constrained by
the production technology available to them. Without some engineering or mechanical change a firm's
stock of capital will require a set amount of energy and labour for it to operate. Essentially, this is what
my model captures. Firms can substitute between energy and labour in production by changing their
production technology.
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Section 6: Conclusion
In this paper I have shown the important role market competition plays in identifying a socially optimal
policy. In previous policy comparisons of this nature a pollution tax has been deemed to be superior to
an intensity standard. However, as I have shown, including market power in our analysis may change
this outcome. Tied to this result, I have shown that comparing a tax to an intensity standard under
market power involves a basic trade off between two market failures. The tax is most efficient at
treating the externality, but in doing so the tax exacerbates the market failure caused by market power.
On the other hand, the intensity standard is able to simultaneously treat both market failures, but each
failure is treated inefficiently. When there are few firms the relative size of the market failure associated
with market power outweighs that of the externality and so the standard is a superior policy.
This result can be extended beyond just this narrow policy comparison. At an intuitive level there is
always a trade-off when utilizing a single instrument in an attempt to correct for multiple market
failures. Thus, comparing instruments in a scenario with multiple market failures (of which there are
many) involves considering the relative size of each market failure and the relative strength each policy
instrument has in correcting each market failure. Therefore, at the broadest level this result highlights
the importance of this trade-off in comparing policy instruments.
In addition, I have also offered insight as to why there may be a policy-bias towards the use of standards
over market mechanisms in environmental instrument choice. At a general level, a policy instrument is
bound to impact many areas of economic and environmental performance in potentially unique ways. In
addition, comparing multiple policies may serve to highlight these external impacts. Policy makers may,
for various reasons, care about the relative performance of these instruments on various economic
variables besides social surplus. Thus, a favoured (by policy makers) instrument may be sub-optimal in
terms of social surplus maximization, but may be appealing to policy makers in other respects. Here, I
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have shown that an intensity standard has a positive (or less distortionary) impact on production,
whereas a pollution tax has a negative (or more distortionary) impact on production. If policy makers
are inclined to minimize production distortions, rather than maximize social surplus, then the standard is
the preferred policy instrument. This finding seems to fit the stylized facts associated with
environmental policy choice, and I argue is an important consideration when attempting to explain the
apparent policy preference of environmental standards over market mechanisms.

Nouri Najjar 74
Pollution Abatement Policy

References
Barnett, A. H. (1980). The Pigouvian tax rule under monopoly. The American Economic Review, 70 (5),
1037-1041.

Berndt, E., and Wood, D. (1979). Engineering and econometric interpretations of energy-capital
complementarity. American Economic Review, 69, 342-354.

Damania, R. (2001). Political lobbying and the choice of environmental policy instruments.
Environmental Modeling & Software 16, 509-515.

EPA. (2007). Montreal Protocol backgrounder. Washington, DC: Environmental Protection Agency.
Retrieved April 23, 2010, from: http://www.epa.gov/ozone/downloads/MP20_Backgrounder.pdf

Griffin, J., and Gregory, P. (1976). An intercountry translog model of energy substitution responses.
America Economic Review, 66, 845-857.

Hahn, R. W., and Stavins, R. N. (1992). Economic incentives for environmental protection: integrating
theory and practice. AEA Papers and Proceedings, 82(2), 464-468.

Helfand, G. (1991). Standards vs. standards: the effects of different pollution restrictions”. The American
Economic Review, 81 (3), 622-634.

Nouri Najjar 75
Pollution Abatement Policy
Holland, S. (2009). Taxes and trading versus intensity standards: second-best environmental policies
with incomplete regulation (leakage) or market power (NBER Working Paper 15262). Cambridge,
MA: National Bureau of Economic Research. Retrieved January 28, 2010, from
http://www.nber.org/papers/w15262

Holland, S., Hughes, J., and Knittel, C. (2009). Greenhouse Gas reductions under Low Carbon Fuel
Standards? American Economic Journal: Economic Policy, 1 (1), 106-146.

Hunt, L. (1984). Energy and capital: substitutes or complements? Some results for the UK industrial
sector. Applied Economics, 16, 783-789.

Hudson, E., and Jorgenson, D. (1974). US energy policy and economic growth. Bell Journal of Economics
and Management Science, 5, 461-514.

Iqbal, M. (1986). Substitution of labour, capital and energy in the manufacturing sector of Pakistan.
Empirical Economics, 11 (2), 81-95.

Joskow, P., Schmalensee, R., & Bailey, E. (1998). The market for sulfur dioxide emissions. The American
Economic Review, 88 (4), 669-685.

Lazaro-Touza, L. (2008). Climate Change: policy mix for a brave new Kyoto? Real Instituto Elcano.
Retrieved April 24th, 2010 from: http://www.realinstitutoelcano.org/wps/portal/
rielcano_eng/Content?WCM_GLOBAL_CONTEXT=/elcano/Elcano_in/Zonas_in/ARI12-2008

Nouri Najjar 76
Pollution Abatement Policy
Thompson, H. (2006). The applied theory of energy substitution in production. Energy Economics, 28,
410-425.

Zimonjic, P. (2009). Prentice: Canada abandoning ‘intensity target’ scheme. Toronto Sun. Retrieved
January 19th, 2010 from: http://www.torontosun.com/news/canada/2009/12/03/12029286.html

Nouri Najjar 77
Pollution Abatement Policy

Appendix
Analytical solutions for the standard regime.

𝐶𝑆 ∗ =

𝐸∗ =

𝑛 2 2𝑐𝛿 𝑛+1 (𝛼− 𝑝+𝑤 )+𝑔𝑝 𝑤−𝛼
2𝛿 2𝑐𝛿 𝑛+1 −𝑝 2𝑔 𝑛+1 + 𝑛+2 𝑝

𝑛 2𝑐𝛿 𝑛+1 2 − 𝑔 𝑛+1 +𝑝 𝑛+2

𝑇𝐷 ∗ =

2
2

𝛼−𝑤

2𝑐𝛿 𝛼− 𝑝+𝑤 − 𝛼−𝑤 𝑔𝑝

𝑑 2𝑐𝛿 𝑛+1 2 −𝑝 2𝑔 𝑛+1 +𝑝 𝑛+2

𝑔𝑛 2𝑐𝛿 𝑛+1 2 − 𝑔 𝑛+1 +𝑝 𝑛+2
𝑑 2𝑐𝛿 𝑛+1

2 −𝑝

𝛼−𝑤

2𝑐𝛿 𝛼− 𝑝+𝑤 − 𝛼−𝑤 𝑔𝑝

2𝑔 𝑛+1 +𝑝 𝑛+2

𝑛 𝛼 2 𝑔 2 +2𝑐𝛿 2+𝑛 +𝑔 2 𝑤 2 +2𝑐𝛿 𝑝+𝑤 2𝑔 1+𝑛 + 2+𝑛 𝑝+𝑤 −2𝛼 𝑔 2 𝑤+2𝑐𝛿 𝑔 1+𝑛 + 2+𝑛 𝑝+𝑤

∗

SS =

2𝛿 2𝑐𝛿 1+𝑛 2 −𝑝 2𝑔 1+𝑛 + 2+𝑛 𝑝

𝑃𝑆 ∗ =
1
𝛿 1+𝑛 2

𝑛 𝛼 2 − 2𝛼

𝑝 −2𝑐𝛿 1+𝑛 2 + 𝑔 1+𝑛 + 2+𝑛 𝑝 𝛼−𝑤
−2𝑐𝛿 1+𝑛 2 +𝑝 2𝑔 1+𝑛 + 2+𝑛 𝑝

+𝑤 +

𝑝−2𝑐𝛿1+𝑛2+𝑔1+𝑛+2+𝑛𝑝𝛼−𝑤−2𝑐𝛿1+𝑛2+𝑝2𝑔1+𝑛+2+𝑛𝑝+𝑤2−𝑐𝛿1+𝑛2−𝛼𝑔1+𝑛+2+𝑛𝑝+2+𝑛𝑝
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