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Regulating Polluting Monopolies from an

Equity-Efficiency Perspective

Madeline Celi Kitch∗

April 1, 2024

Abstract

Motivated by environmental justice concerns, we study the regulation of

polluting monopolies from an equity-efficiency perspective. People vary by

their level of consumption, emissions exposure, share of monopoly profit, and

welfare weight. We characterize sufficient statistics equations for the optimal

price and pollution tax, and show that their deviation from efficiency results

can be attributed to two forces: the incidence of environmental harm and the

distributional impact of a price or tax change. Applying our model to the

residential electricity market, we find that the dominant equity consideration

is the distributional incidence of producer and consumer surplus associated

with a price change, resulting in an optimal price as much as 12.7% below the

efficient one.

∗Advised by Professor Jesse Shapiro.
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1 INTRODUCTION 3

1 Introduction

Central to addressing climate change is the problem of equity: equity between

people and planet, current and future generations, and across socioeconomic groups.

The former two have been the focus of modern environmental economics. Nordhaus’

seminal work on carbon taxation enables us to estimate societal values for the welfare

of future generations and loss of biodiversity and natural landscapes ([19], [20]).

However, the last inequality, among groups of people, has had comparatively little

economic study. Today, many of the most pollution-intensive sites are in some of the

nation’s most vulnerable communities. “Cancer Alley” Louisiana is home to a quarter

of US petrochemical plants and contains two cities—New Orleans and Baton Rouge—

with poverty rates twice the national average [12].1 There is growing knowledge that

environmental harm is not distributionally neutral (see eg, [24], [13]).2 Moreover,

as we transition our economy from fossil fuels to cleaner and, in the near-term,

more expensive energy forms, many have voiced a potential affordability concern

whereby low-income people may not be able to purchase energy to meet their needs.

Therefore, the task of environmental economics is both one of efficiency, reducing

harm to the economy and natural environment, and equity, limiting the spatial and

socioeconomic inequalities that such markets give rise to.

The tension between the regressive nature of many environmental markets and

1According to the US Census Bureau, the poverty rate is 11.5% nationally, 24% in Baton Rouge,
and 22.9% in New Orleans.

2This is expressed nicely by environmental lawyer Richard Lazarus, who reflects, “[I]f left to the
normal workings of political, economic, and social forces... environmental laws could make society
as a whole [lot] better off but still harm racial minorities and the poor.”[18]
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1 INTRODUCTION 4

inequities in externality exposure lies at the heart of many environmental policy

questions and is particularly important in the case of polluting monopolies. On the

one hand, pollution may disproportionately impact vulnerable groups. In the United

States racial minorities are disproportionately exposed to PM2.5 pollution and are

more likely to live near toxic Superfund sites than their white counterparts ([13],

[16]). To prevent more damage accruing to vulnerable groups, accounting for the

distributional impacts of externalities would raise the optimal market price. On the

other hand, many worry that charging higher prices will harm low-income consumers.

In the United States, people often discuss an energy burden, the fact that poorer

people spend more of their income on electricity, gas, and oil [4]. Similarly, efforts to

set a national gas tax in France were opposed by low and middle-income individuals

who viewed the tax as unfair and regressive since many rural workers commuted

long distances to city work [6]. Concerns about protecting low-income consumers

would induce a lower price. Some of the most central environmental markets—from

residential electricity to waste to commercial aviation—are natural monopolies and

oligopolies due to high entry costs. These distributional considerations are magni-

fied under imperfect competition since exercising market power often raises price

(thus decreasing pollution) but by a means even more regressive than taxation in a

competitive market. Thus, for all environmental markets (and polluting monopolies

especially), distributional considerations regarding pollution exposure and impacts

on low-income consumers are potentially at odds with one another. In the case of the

French gas tax, a policymaker might ask: Is a gas tax truly regressive, and if so, how

would this change the optimal tax? In the case of US energy sales, a policymaker
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1 INTRODUCTION 5

may ask: How can we balance the need to protect vulnerable communities and avoid

undue household financial stress? These questions do not lend themselves to clear

answers without formal theoretical and empirical work.

For governments facing the question of how to regulate polluting monopolies the

challenges are two-fold: (1) we do not know ex-ante how taking distributional con-

siderations into account would impact the optimal level of market activity relative

to an analysis without distributional concerns, and (2) it is not clear how to com-

putationally evaluate such forces. On this first issue, environmental markets often

disproportionately impact vulnerable people, raising the optimal price and tax. We

call this the externality burden. Conversely, higher taxes and prices harm consumers.

Thus, if vulnerable people make up a large share of the consumer base, this lowers the

optimal price and tax. We call this the consumer burden. However, to understand

which effect—the externality or consumer burden—dominates, we require a tractable

way to reason about their relative magnitudes. On the second issue, specifying wel-

fare weights means making assumptions about society’s willingness to redistribute

across people, an almost impossible task. Yet, without a way to determine these

values, an equity-efficiency model, although perhaps ethically and economically in-

teresting, is neither actionable nor useful.

We present theoretical and computationally-tractable formulas for the optimal

price and tax in polluting monopolies and use surplus-maximizing values, those that

maximize market surplus less externalities, as a benchmark. We show formally that

in markets where the consumer burden (externality burden) dominates, there is a

bias towards a lower (higher) price and tax relative to the surplus-maximizing ones.

5



1 INTRODUCTION 6

We seek a representation that is amenable to measurement in the real-world. To this

end, we ground our model and results in a probabilistic representation which yields

formulas in terms of elasticities, and means of the market shares and welfare weights.

When marginal welfare weights and market shares are independent (or uncorrelated),

the welfare-maximizing and surplus-maximizing price and tax coincide. Applying

our model to the residential electricity market, we show that there is evidence of a

large consumer burden and minimal evidence of an externality burden, implying that

electricity prices should be lower than surplus-maximizing ones. We interpret this

as a signal to policy makers who should be careful to raise prices too much without

adequate ex-post distributional measures.

In our model, a single profit-maximizing firm produces a good associated with

an environmental externality, assumed to be a function of the quantity sold. The

government’s problem is to maximize social welfare, which is a function of the market

price and tax, and is assumed to have perfect information. The regulator has the

choice to set either a price control (price floor or ceiling) or a pollution tax. People get

some share of monopoly profits, which are taxed as income, are exposed to different

shares of the externality, and consume according to their individual maximization

problem. Utilities are quasi-linear and separable in consumption of the relevant

good, a numeraire good, and externality exposure. In both price control and taxation

settings, the monopolist’s incentive compatibility constraints must be met so that the

desired outcome and their profit-maximizing choice of price and quantity coincide.

To solve for the optimal policies, we borrow the tools from income taxation: The

government maximizes a social welfare function that depends on a policy choice, and
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1 INTRODUCTION 7

local optimum values are characterized by the first-order condition ([10], [23]). In

particular, we closely follow the set-up of a linear income tax [22]. Welfare weights

are composed of an idiosyncratic scalars (Pareto weights), and an increasing trans-

formation of total utilities. Taking the derivative with respect to the choice variable

(price or tax), we obtain local optimum expressions that relate to the expectation of

marginal welfare weights and market shares. The welfare-maximizing price is equal

the sum of three terms: social marginal cost, the externality burden, and the con-

sumer burden. The relative size of the second and third terms determine whether the

consumer burden or externality burden dominates. Likewise, the optimal pollution

tax is the sum of terms relating to the welfare-weighted externality, correction for

market power, and the tax change burden. Similar to the consumer burden, the tax

change burden corresponds to the transfer of revenue from government to producer.

We test the empirical implications of our price control results for the residential

electricity market using inverse optimum welfare weights. Inverse optimum weights

reflect the implicit distributional values of society inferred from the income tax sched-

ule, and have been calculated empirically [10]. To guide our interpretation, we define

marginal welfare cost, the welfare cost of a marginal purchase, as an equity-efficiency

analog to marginal social cost. In the case of residential electricity, we find that the

consumer burden is the dominant distributional concern, resulting in a marginal

welfare cost that is 17% below marginal social cost at current price levels. To give

intuition for this result, it implies an optimal price as much as 12.7% lower than the

surplus-maximizing one.
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1.1 Literature Review

Our work is at the intersection of market regulation, environmental policy, and

public finance. To our knowledge, this is the first paper to address all three areas

from a theoretical perspective that incorporates the incidence of producer surplus

and environmental harm. We will discuss how our work relates to the three relevant

bodies of literature: market power and externalities, equity-efficiency and environ-

mental policy, and public finance.

Market power and externalities. Our work adds a distributional lens to literature

at the intersection of market power and negative externalities. The argument that

monopoly power is second best in external diseconomies can be traced to Buchanan’s

1969 paper where he observes that under monopolistic competition, an externality

tax can bring the market equilibrium farther from the socially optimal equilibrium,

leading to a less efficient outcome [5]. More recently, Borenstein and Bushnell doc-

umented how US residential electricity prices often exceeded social marginal cost in

the mid-2010s, arguing that mark-ups from transmission and reselling could counter-

balance the lack of an emissions tax [3]. Implicitly or explicitly, this line of literature

has focused on the notion of ex-post distribution, where the most equitable and ef-

ficient outcome coincide. Monopolists could pay the government a flat rate for the

right to produce, which the government could split among the consumers and the

injured parties. Another alternative would be that if the monopolists are especially

wealthy and the injured parties relatively poor, a similar outcome could be achieved

through income tax redistribution. What makes this approach insufficient is that

8
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lump-sum redistribution is rarely employed, making it an unrealistic assumption,

and that, despite best efforts to optimize the tax schedule, inequalities still exist

and, as we show, are influenced by these markets. To our knowledge, our paper is

the first to theoretically address equity concerns in this area.

Equity-efficiency and environmental policy. Our paper extends the use of wel-

fare weights in environmental cost-benefit analysis to market contexts. In 1997,

Fankauser explained the theoretical grounds for accounting for the distributional in-

cidence of climate damages, especially when using metrics of willingness-to-pay or

willingness-to-accept [8]. Since higher income people have more money to spend, they

will generally report preferences with a larger magnitude and have lower marginal

utilities. As a way to remedy this distortion, the authors use welfare weights derived

from a social welfare and utility function and find that it significantly increases the

scale of global damage estimates reported by the IPCC. Another later work applies

welfare-weights to cost-benefit analysis, analyzing international policies regarding

water quality improvements [21]. Both papers, while instrumental in balancing the

welfare considerations in international policy, do not address distributional consid-

erations for a specific environmental markets. Nor do they offer clear empirical

guidance, testing a suite of potential welfare-weights. In addition to bringing a wel-

fare perspective to environmental markets, the value-add of our model is that it is

easily amendable to real-world measurement.

Public finance and welfare weights. Our work complements existing literature in

public economics by offering a more general interpretation of welfare weights for ap-

plication in a market setting. A paper by Hendren shows that using relative welfare

9
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weights implied by the US income tax system could serve as an efficiency bench-

mark [10]. A budget-neutral intervention is defined to be inverse-optimum efficient

if the welfare-weighted expectation (or covariance) of willingness-to-pay is positive.

A positive covariance implies that it would cost money to implement the same dis-

tribution of costs and benefits through a change in the tax schedule, and therefore

can be seen as a stricter version of the Kaldor-Hicks criterion. This test relies on the

assumption that willingness-to-pay is determined by income level. A more relaxed

interpretation is that if inverse optimum weights approximate distributional prefer-

ences, we can use the same expectation test to see whether an intervention improves

total welfare, regardless of the heterogeneity among people. Applying this lens to

environmental markets, we are able to capture the incidence of market profits and

externalities in contrast to any existing consumption taxation work we are aware of.

While some papers have addressed how to jointly optimize income and externality

taxation ([14], [7], [17]) none that we are aware of capture differences in emissions

exposure, and only one accounts for differences in consumption preferences from a

theoretical perspective ([7]).

The remainder of this paper is structured as follows: Section 2 discusses the con-

ceptual framework for our equity-efficiency model. Section 3 presents an intuitive

example that captures in a simple setting the primary equity-efficiency details. Sec-

tion 4 describes our general results and formal proofs. Section 5 details the residential

electricity application. Section 6 concludes.

10



2 CONCEPTUAL FRAMEWORK 11

2 Conceptual Framework

2.1 Individual Utility

Individuals i ∈ I have additive utility ui(c, x; p, τ) where c is consumption of a

numeraire good, and x is the relevant pollution-intensive good sold at price p given

tax τ . Specific to the polluting monopoly, people differ by the share of externality

exposure they face, denoted by e(i), the share of monopoly profits they receive, s(i),

and—when there is a pollution tax—the share of revenue they get, λ(i). This results

in total pre-tax income z = y + s(i) · π(p) for π(p) the monopolist profits discussed

in the following section. The maximization problem of individual i is given by

max
c,x

ui(c, x; p, τ) = c+ vi(x)− e(i)E(q)

s.t. c = (z − T (z))− x · p+ τλ(i)E(q)

with e(i)E(q) the externality exposure, T (z) the total tax on those at income z, and

λ(i)τE(q), the pollution tax revenue for person i.

While labor supply impacts a person’s utility level, we assume additional market

profits and externalities are independent of one’s labor supply choice, and thus is

not central to our model. For a natural monopoly, this reflects the fact that, after

fixed investments are made, the incremental costs and labor for a change in output

11
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is relatively minimal.

Furthermore, as additional market profits and externalities have an average im-

pact of order O( 1
N
) for N the population size, we can approximate the first-order

condition as

(v′i(x)− e(i)E ′(q))− (p+ s(i)π′(p)p′(q)) ≈ v′i(x)− p.

Let xi(p) be an individual’s optimized consumption choice satisfying the approxi-

mated equation. We assume that xi(.) ∈ C1 with x′
i(p) < 0.

2.2 Monopolist’s Problem

Market demand is represented by the Lebesgue integral q(p) =
∫
I
xi(p)d(mi).

Monopolist profit is given by

π(p) = p · q(p)− C(q)− τE(q),

where emissions and costs are increasing and convex. Since it is the sum of C1

functions, q(p) ∈ C1 with q′(p) < 0. We assume consumption costs do not enter into

the producer’s problem. This is equivalent to saying that those with price-setting

power do not consume the good (an implicit assumption of most models). Further,

we define p∗M = argmaxpπ(p) to be the monopolist’s optimal price.

Price Control. When the regulator sets a price ceiling (floor), the monopolist has

the ability to charge a lower (higher) price, turn away consumers, or exit the market

12



2 CONCEPTUAL FRAMEWORK 13

altogether, receiving zero profits. This induces a set of feasible prices P . When there

is a price ceiling at p̄, P = [0, p̄]. When there is a price floor at p, P = [p,∞). Given

this set, the monopolist solves

max{0, max
p∈P,q≤q(p)

p · q − C(q)}.

Pollution Tax. Under a pollution tax on emissions E(q), the monopolist sets

price p(τ) to maximize profits given the consumer demand curve q(p). From the

monopolist’s first order condition we have

π′(p) = p · q′(p) + q(p)− C ′(q)q′(p)− q(p)− τE ′(q)q′(p) = 0

so that the optimal price p∗(τ) satisfies:

p∗(τ) = τE ′(q) + C ′(q)− q(p)

q′(p)
.

In both settings we assume a unique solution to the monopolist’s problem exists.

A leading example would be the case of constant elasticity of consumption ϵpq and

C ′′(q) > −τE ′′(q). The second condition automatically holds for τ > 0 and ensures

the convexity of marginal cost. The local optimal price is p∗(τ) =
ϵpq

1+ϵpq
(C ′(q) +

τE ′(q)). The right-hand side is increasing in p by the convexity of marginal cost,

and thus the local optimum is the unique interior optimum.

13
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2.3 Government’s Problem

The government’s objective is to maximize collective welfare across all individuals.

To formalize this, we adopt a social welfare function based on those for optimal

income taxation.

Definition 1. Let ω(i) ≥ 0 be Pareto weights with an increasing transformation of

utilities G(.) ∈ C1. The social welfare function SWF is defined as:

SWF =

∫
I
ω(i)G(ui(c, ℓ, x; p, τ))d(mi).

The regulatory tools impact utility through their impact on emissions, the level

of profit and taxation, and consumer surplus. Importantly, a planner has already

optimized the income tax schedule, given their political constraints, and does not

have access to lump-sum redistribution.

Optimal Price Control. The optimal price is the value p∗W that solves

max
p∈R+

∫
I
ω(i)G(ui(c, ℓ, x; p, τ = 0))d(mi)

The corresponding optimal equilibrium (p∗W , q(p∗W )) is implementable under a price

ceiling p̄ = p∗W or floor p = p∗W if one of the monopolist’s incentive-compatibility

conditions are met. This means that for P ∈ {[0, p∗W ], [p∗W ,∞)},

π(p∗W ) ≥ max{0, max
p≤P,q≤q(p)

p · q − C(q)}.

14
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Optimal Pollution Tax. The optimal pollution tax is the value τ ∗ that solves

max
τ∈R

∫
I
ω(i)G(ui(c, ℓ, x; p(τ), τ))d(mi)

so that the monopolist profit maximizes given the tax level.

2.4 Expectation Perspective

Let I, the space of people, have total mass m(I) = N for m the Lebesgue mea-

sure. The core insight of this paper is that, instead of parameterizing groups of

people by preferences or characteristics (income, location), we can allow for full het-

erogeneity, seeking to maximize the population’s welfare-weighted expected utility:

SWF

N
=

∫
I
ω(i)G(ui(c, ℓ, x; p))

d(mi)

N
= E[G(ui(c, ℓ, x; p))]

for probability measure P = m(A)
N

for A ⊆ I. Since we do not assume a map

between individual characteristics and market shares, a probabilistic perspective is

far more general and one that, as we show later, links explicitly to a sufficient-

statistics implementation.

Market Shares. As described above, people vary in their relative level of consump-

tion, emissions exposure, profit, and pollution tax revenue. Define an individual’s

consumption x̃i(p) and profit share s̃(i) as:

x̃i(p) =
xi(p)

q(p)
, and s̃(i) = [1− T ′(z(i))] · s(i) + 1

N
.

15



2 CONCEPTUAL FRAMEWORK 16

For s̃(i) we separate the net of tax income loss from taxation and gain from redis-

tribution. Recall that λ(i) is the share of tax revenue received, and e(i) the share

of emissions faced by person i. We can view (x̃, s̃, e, λ) as maps from I → [0, 1].

They take people i in the people space I and output shares (x̃(i), s̃(i), e(i), λ(i)) that

impact their utility. By construction, each has expectation 1
N

since they sum to 1.

Welfare Weights. Let g(i) = ω(i)G′(ui)ui
c∫

I ω(i)G′(ui)ui
cd(mi)

be a person’s marginal welfare

weight. Welfare weights g are likewise imagined as maps that take people i in the

people space I and output the societal value given to a marginal change in consump-

tion for that person. Since weights are relative, E[g] = 1.

Figure 1 displays this set-up, where the market shares and welfare weights are

seen as random variables mapping from the People Space to the real line.

people space (I)

[0, 1]4

R+

market shares (x̃(p), s̃, e, λ)

welfare-weight (g)

Figure 1: Individual Characteristics as Random Variables. Displayed is the core

probabilistic representation. The planner maximizes the expected welfare induced

by the market over a People Space (our sample space). This is done by finding how

market shares co-vary with marginal welfare weights, which are viewed as random

variables with a fixed expectation.

16



3 INTUITIVE EXAMPLE 17

3 Intuitive Example

In this section, we use a simple example to explain the equity-efficiency trade-

offs that are present in polluting monopolies. Imagine that there are three towns,

A,B,C, of size 1 containing identical people. Town B runs a monopoly for a good

sold to town A. Town C faces the pollution caused by the market. This general

set-up is depicted in Figure 3.

17



3 INTUITIVE EXAMPLE 18

Figure 2: Diagram of Towns A,B,C. This figure represents a theoretical example of

when consumer surplus, producer surplus, and externality exposure is not distributed

equally. All consumer surplus goes to Town A, all producer surplus to Town B, and

all pollution to Town C.

When the market operates at price and quantity (p, q), Town B receives π(p)

in profits, Town A gets utility v(q) from consumption and Town C faces E(q) in

externalities. Assume individuals have earnings (yA, yB, yC) and, if a pollution tax τ

on emissions is implemented, receive shares λA, λB, λC of the revenue. Utilities are

18



3 INTUITIVE EXAMPLE 19

given by

ui =


v(q) + (yA − p · x) + λAτE(q) i ∈ A

yB + π(p) + λBτE(q) i ∈ B

yC − E(q) + λCτE(q) i ∈ C

.

Let gA, gB, gC be the marginal welfare weights for people in each place. Thus, the

government’s objective is to maximize

SWF = gAuA + gBuB + gCuC .

Optimal Price. In the price control setting, the regulator is able to set a price

floor or ceiling. As we show in Lemma 7, any price that exceeds the competitive

price and corresponding to positive profits can be implemented when π(.) is concave.

Thus we will solve for the price that maximizes the SWF , which we denote as p∗W .

At a local optimum, we require

dSWF

dp
=

d

dp
(gAuA + gBuB + gCuC) = 0.

By the envelope theorem, the impact on the consumers in Town A is the additional

cost, d
dp
uA = −q(p). The impact for the monopolists in Town B is the change in

profit, d
dp
uB = π′(p) = q(p) + p · q′(p)− C ′(q)q′(p). Lastly, the benefit to Town C is

the reduction in emissions, d
dp
uC = E ′(q)q′(p). The first order condition becomes

gA(−q(p)) + gB(q(p) + p · q′(p)− C ′(q)q′(p)) + gC(E
′(q)q′(p)) = 0.

19



3 INTUITIVE EXAMPLE 20

Rearranging, we get that the welfare-weighted producer benefit and welfare-weighted

externality and consumer costs are equated.

gB(q(p) + p · q′(p)− C ′(q)q′(p)) = gA · q(p) + gCE
′(q)q′(p).

Lastly, we can rearrange to get the expression for the associated price p∗W ,

p∗W =
1

q′(p)gB

(
gAq(p) + gCE

′(q)q′(p)− gBq(p) + gBC
′(q)q′(p)).

Define ϵq,semi
p = q′(p)

q(p)
< 0 as the semi-elasticity of demand with respect to price.

Substituting this gives the local optimum criteria for p∗W :

p∗W = C ′(q) + E ′(q)︸ ︷︷ ︸
marginal social cost

+
gC − gB

gB
E ′(q)︸ ︷︷ ︸

externality burden

+
gA − gB

gB

1

ϵq,semi
p︸ ︷︷ ︸

consumer burden

.

This expression reflects setting a price such that the cost to consumers (p∗W ) is

equal to what we call the marginal welfare cost (MWC) of the purchase. The

marginal welfare cost represents the social welfare cost of a marginal purchase. To

interpret this, first imagine the market has no externalities and the welfare weights

gB = gA = gC are equated. Let q∗W = q(p∗W ). In this case, p∗W = C ′(q∗W ), the

familiar competitive equilibrium result. If q generates an externality then we have

p∗W = C ′(q∗W ) + E ′(q∗W ), which can be seen as setting price equal to marginal social

cost (MSC).

If we allow the welfare weights of towns A,B,C to be different such that gB ̸= gC ,

then the weight on this externality E ′(q) is increasing in the redistribution concerns

20



3 INTUITIVE EXAMPLE 21

for those who face the market’s emissions. This is intuitive in the sense that the

poorer or more vulnerable the community that is harmed, the greater the worry is

generally on exposing them to pollution, reflected in a marginal welfare cost that

exceeds the marginal social cost.

If the welfare weights of the consumers (gA) and producers (gB) are not equal,

an additional term that captures the burden of the price change matters. This

term describes the surplus moving from producer to consumer: The utility loss for

a marginal price change to consumers and direct revenue gain to producers are both

q. The larger the proportional demand response to the price change as captured by

|ϵq,semi
p |, the greater the ability of Town A to derive utility elsewhere. This leads to

lesser significance of the consumer burden term. Further, the sign and magnitude of

the term is governed by the percent difference between gA and gB. The higher the

distributional weight for Town A relative to Town B, the lower marginal welfare cost

is for any price value.

To illustrate the relative policy choices based on each of the welfare weights,

we graph the market for different values of (gA, gB, gC). What differentiates this

graph from a traditional one is that instead of setting price equal to marginal social

cost, we set it to a welfare-weighted cost, MWC, as shown in Equation 3. We

will present below two examples where the monopolist’s equilibrium and surplus-

maximizing equilibrium coincide, but distributional considerations lead the social

planner to implement a price control above or below the monopolist’s equilibrium.

Environmental Health. First, consider the case when the welfare weights on those

facing pollution are high (gC > 1 and gA = gB < 1). This setting reflects many the
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fact that many industrial plants release localized air pollutants or toxic chemicals

that enter nearby waterways. Since pollution-intensive plants sorting in the places

with the least regulatory and political opposition, the spatial equilibrium is that they

are disproportionately place in poor and minority neighborhoods. In our model, this

implies that the marginal welfare cost is above the marginal social cost (MWC >

MSC). As displayed in Figure 3, the regulator sets a price floor at p above the

Monopolist’s optimal price, limiting total sales and thus the pollution in Town C.

Figure 3: Externality Burden and Price Floor: gC > 1. Displayed is an example

where the monopolists and surplus-maximizing equilibrium coincide. However, since

Town C (the market victims) are especially vulnerable, marginal welfare cost is

above marginal social cost. To induce the welfare-maximizing outcome, the planner

implements a price floor.

Energy Burden. Second, imagine that the differential between producer and con-
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sumer welfare weights is especially high. In practice, a differential is present in

household consumption of electricity, natural gas and oil. Since lower-income people

spend more of their income on energy costs, many are reticent to raise costs from an

equity perspective. In our model, marginal welfare cost is therefore below marginal

social cost (MWC < MSC). Hence the regulator sets a price ceiling at p̄ below the

Monopolist’s optimal price, increasing the amount of market surplus given to the

consumers (Town B). This setting is displayed in Figure 4.

Figure 4: Consumer Burden & Price Ceiling: gA > gB. Here the monopolist’s and

surplus-maximizing equilibrium coincide. Yet, since the consumers (Town A) are

more vulnerable than the producers (Town B), the marginal welfare cost of the price

is lower than marginal social cost, accounting for the loss in consumer surplus from

a higher price. To induce the welfare-maximizing outcome, the planner implements

a price ceiling.
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More deeply, these general results also tell us something surprising: including

equity considerations cannot even tell us the sign of how the optimal price compares

to the monopolist’s equilibrium. As we show later, while these effects are often

non-trivial, there is not a one-size-fits-all approach.

Optimal Tax. The second question for the regulator is how to set the tax that

maximizes social welfare. At a local optimum, we require,

dSWF

dτ
=

d

dτ
(gAuA + gBuB + gCuC) = 0.

This evaluates to

−gAq(p)p
′(τ) + gB

d

dτ
πτ (p)− gCE

′(q)q′(p)p′(τ) + λ(E(q) + τE ′(q)q′(p)p′(τ)

From the envelope theorem we have ∂πτ

∂τ
= −E(q) and p′(τ) = E ′(q). Define ϵE,semi

τ =

dE/dτ
E(q)

to be the semi-elasticity of emissions with respect to the tax rate. Then the

local optimum condition for τ ∗ is charactized by the equation:

τ ∗ =
gC
λ︸︷︷︸

externality correction

+
gA
λ

1

E ′(q)

1

ϵq,semi
p︸ ︷︷ ︸

market power correction

+
gB − λ

λ

1

ϵE,semi
τ︸ ︷︷ ︸

tax burden correction

.

Just as before, we can separate τ ∗ into the sum of three components. First, the social

emissions cost term. If welfare weights are equated, this is 1, corresponding to the

surplus loss of an additional emissions unit. The larger the distributive preference

for those harmed (Town C), the larger the emissions correction term. Second, the

market power correction term is negative to counteract the fact that the monopolist’s

24



3 INTUITIVE EXAMPLE 25

charge a higher price (setting their price to be when marginal revenue and marginal

cost are equal). Similar to the consumer burden term for the optimal price, the

more inelastic demand is, and the larger the distributive weight for consumers, the

greater the magnitude of this term. Lastly, the tax burden term accounts for how,

as the tax rises, surplus is transferred from the producers to the government at a

rate corresponding to the semi-elasticity of emissions with respect to the pollution

tax. This term is positive when the welfare-weighted benefit of government revenue

exceeds the welfare-weighted benefit of higher monopoly profits (λ > gB) and grows

in importance the less market emissions respond to taxation.

As before, we set the monopolist’s equilibrium and surplus-maximizing equilib-

rium to coincide and show graphically the pollution tax setting with linear emissions,

cost, and demand curves.

Environmental Health. Recall that in this setting, Town C is a marginalized

community (gC > gA = gB = λ). Reflecting this, the social emissions cost term is

larger than the market power correction term, and MWC lies above MSC. Seeking

to reduce output, the planner implements a tax so that the profit is maximized

(MR and MCtax are equated) precisely at the welfare-maximizing price and quantity

induced by τ ∗.
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Figure 5: Emissions Tax: gC > λ. While the surplus-maximizing result is the

monopolist’s equilibrium, as there is significant welfare cost to pollution in Town C

the welfare cost of marginal emissions is higher. This grows the value of the marginal

welfare cost, and therefore results in a tax.

Energy Burden. In this setting, there is a higher welfare-weight place on con-

sumers relative to producers and government spending. In our model, this corre-

sponds to gA > λ = gB = gC . As such, the market power correction term dominates

that of the social emissions cost and MWC lies below the MSC. The planner thus

implements a subsidy (τ < 0) so that the profit is maximized (MR and MCtax are

equated) when MWC = D.
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Figure 6: Emissions Subsidy: gA > λ. In this case, there is a higher marginal welfare

cost associated with a rise in price due to the distributional weight of the consumers,

thus resulting in a subsidy.

To understand how these effects operate and how to empirically estimate which

scenario (subsidy, tax) a market is in motivates a more rigorous perspective detailed

in the following section.

4 General Results

In this section, we discuss the optimal price control and pollution tax for our

conceptual setting.
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4.1 Optimal Price

The government’s problem is to pick a price level p to maximize the SWF following

Equation 2.3, equivalent to maximizing expected welfare-weighted utility when τ = 0.

To start, we ask what point along the demand curve (p, q(p)) results in the highest

social welfare.

Theorem 2. For market shares (g, x̃, s̃, e), the welfare maximizing price p∗W and

quantity q∗W = q(p∗W ) satisfy the formula:

p∗W = C ′(q∗W ) + E ′(q∗W )︸ ︷︷ ︸
marginal social cost

+
E[g · e]− E[g · s̃]

E[g · s̃]
E ′(q∗W )︸ ︷︷ ︸

externality burden

+
E[g · x̃(p∗W )]− E[g · s̃]

E[g · s̃]
1

ϵp,semi
q︸ ︷︷ ︸

consumer burden

.

Proof. At a local optimum, the change in the SWF with respect to price is zero.

d

dp

∫
I
ω(i)G(ui(c, ℓ, x; p))d(mi) =

∫
I
ω(i)

d

dp
G(ui(c, ℓ, x; p))d(mi)

Evaluating the inner portion d
dp
G(ui(c, ℓ, x; p)):

d

dp
G(ui(c, ℓ, x; p)) = G′(ui)

d

dp
(ui(c, ℓ, x; p)) (1)

= G′(ui)

(
dc

dp
ui
c +

dx

dp
ui
x −

dE(q)

dp
e(i)

)
(2)

= G′(ui)

(
(s(i)(1− τ y) +

1

N
τ)π′(p)− xi(p)− E ′(q)q′(p)e(i)

)
(3)

= G′(ui) (s̃(i)π′(p)− xi(p)− E ′(q)q′(p)e(i)) (4)
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(1) follows from the chain rule, (2) taking a total derivative, (3) from evaluating and

using the envelope theorem to get that any change in xi(p) does not impact utility,

and (4) from letting s̃(i) = (s(i)(1−τ y)+ 1
N
τ y) be the net-of-tax share of monopolist

profit. Since ui
c = 1, we can note that ω(i)G′(ui)∫

I ω(i)G′(ui)d(mi)
= g(i), the marginal welfare

weight. Plugging this value into the derivative above,

d

dp
SWF =

∫
I

g(i) (s̃(i)π′(p)− xi(p)− E ′(q)q′(p)e(i)) d(mi).

Define P = m(A)
N

as a measure on I. Thus maximizing SWF is equivalent to maxi-

mizing the integral of this probability measure

∫
I
G(ui(c, ℓ, x; p))dP (i) = E[G(ui(c, ℓ, x; p))]

Let x̃i(p) =
xi(p)
q(p)

be the total share of demand individual i represents at price p and

further divide by
∫
I ω(i)G

′(ui)d(mi) to get:

E[g · (s̃ · π′(p)− q(p)x̃i(p)− E ′(q)q′(p)e] = 0.

Substituting in the derivative of the supplier’s profit function and rearranging:

E[g · s̃](q(p) + pq′(p)− C ′(q)q′(p)) = E[g · x̃(p)]q(p) + E[g · e]E ′(q)q′(p)

p = C ′(q) + E ′(q) +
E[g · e]− E[g · s̃]

E[g · s̃]
E ′(q) +

E[g · x̃(p)]− E[g · s̃]
E[g · s̃]

q(p)

q′(p)
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Noting that q(p)
q′(p)

= 1

ϵp,semi
q

returns the characterizing equation.

Definition 3. We say that the monopoly is a private market in expectation if the

aggregate profit shares at income level y are proportional net of tax income earned

by individuals at income level y. Formally:

E[s|y] = y

N · E[y]
, and E[s̃|y] = (1− T (y)

N · E[y(1− T (y))]
.

The private market in expectation assumption is most tractable way we have

off making this value empirical. That said, this assumption may not always be

reasonable. For instance, a well-run state monopoly may have profits uniformly

distributed through government expenditure corresponding to s̃(i) ≈ 1
N
.

To understand how to frame and work with this formula we offer a few remarks

and simplifying assumptions.

Remark 4. When the market is private in expectation (Defn 3), a helpful heuristic

for judging the importance of the consumer burden is: How does one’s share of income

spent on consumption vary by income-level? If this share is constant, then the term

vanishes. If decreasing, this implies a consumer burden, lowering the optimal price.

If increasing, this implies a higher optimal price.

This remark also reveals something interesting. If we assume people consume

all of their income, on average their consumption would be proportional to their

income. Therefore, while some markets exhibit a consumer burden (poor people

spending proportionately more than wealthier people), the opposite will be true in

other markets (poor people spending proportionately less than wealthier people). An
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example of a market where wealthier people spend more of their income could be

commercial aviation.

Definition 5. We say that demand is uniformly isoelastic if q(p) = αpϵ
p
q and xi(p) =

x̃iq(p) = x̃iαp
ϵpq for some α > 0.

Under an assumption of uniformly isoelastic demand, we do not need to worry

about changes in the share of consumption across people and consumption elasticity

in response to price changes. Our last result is more generally a reminder that we

cannot always be sure that the price formula corresponds to the optimal market

price if there are multiple critical points or an exterior solution. Most relevant to

for polluting monopolies, if the fixed costs and environmental harm from a market

is too high, it is not optimal for the market to not operate.

Corollary 6. Assume demand is uniformly isoelastic and that g(i) = ω(i).3 The

above characterization in Equation 2 represents a unique global optimum if the fol-

lowing hold:

1. SWF is concave with respect to p, equivalent to

|q′(p)| < E[g · e](E ′(q)q′′(p) + (q′(p)2E ′′(q))− E[g · s̃]π′′(p)

E[g · x̃]

for all p ∈ R+.

3This means that G(u) is the identity function and removes the dependency of welfare weights on
the market price. Alternatively, one could likely make an assumption that marginal in the weighted
means are lesser in magnitude compared than the changes in pollution, and consumer and producer
surplus.
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2. Social welfare at the optimum is greater than without the market:

∫
I
ω(i)G(ui(c, ℓ, x; p∗W , τ = 0))d(mi) >

∫
I
ω(i)G(ui(c, ℓ, x; p = ∞, τ = 0))d(mi).

Proof. Since a strictly concave function has a unique maximizer, we want to show

that condition (1) is equivalent to global concavity. Recall that the first derivative

is exactly when the welfare-weighted sum of the producer, consumer and externality

costs and benefits are equated:

dSWP

dp
= E[g · s̃]π′(p)︸ ︷︷ ︸

producer impact

− E[g · x̃]q(p)︸ ︷︷ ︸
consumer impact

−E[g · e]E ′(q)q′(p)︸ ︷︷ ︸
externality impact

Taking a further derivative gives a sense of how these impacts vary with the price

level.

d2SWP

dp2
= E[g · s̃]π′′(p)︸ ︷︷ ︸

producer impact change

− E[g · x̃]q′(p)︸ ︷︷ ︸
consumer impact change

−E[g · e](E ′(q)q′′(p) + (q′(p))2E ′′(q))︸ ︷︷ ︸
externality impact change

Note that π′′(.) < 0 by assumption, and E ′(q)q′′(p)+(q′(p))2E ′′(q)) > 0 for q′′(p) < 0

(although this may not be true). Thus d2SWP
dp2

is negative if the impact of the change

in consumer surplus value of a higher price E[g · x̃]q′(p) is dominated the decreases

in producer surplus change and externality benefit change. Since q′(p) < 0 this is

equivalent to:

|q′(p)| < E[g · e](E ′(q)q′′(p) + (q′(p)2E ′′(q))− E[g · s̃]π′′(p)

E[g · x̃]
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The second condition corresponds to the possibility that an exterior solution (no

market) is preferred. Since when p = ∞ there will be no consumption (people do

not have infinite income), we notate the absence of a market as such. In general,

this depends on the start-up emissions and costs C(0) + E(0). If these costs are

large enough, no amount of market activity will be able to recoup the initial welfare

loss.

4.1.1 Price Controls

A natural question is to ask when, under perfect information, such an equilibrium

is implementable with a price ceiling or floor by the social planner. When π′′(.) is

concave, a price floor above the monopolist’s optimal price would be binding, as any

higher price would result in strictly lower profits. Likewise, a price ceiling below

the monopolist’s optimal price would be binding, since a lower price would result

in strictly lower profits. Further, the monopolist would not sell less than q(p) if

C ′(q) < p, which, by the convexity of C, corresponds to the price exceeding the

competitive equilibrium. Lastly, the monopolist will not exit the market if they can

still make a profit. This insight is formalized in Lemma 7.

Lemma 7. Assume π′′(.) < 0. The first best equilibrium (p∗W , q∗W ) is implementable

under a binding price floor or ceiling for π(p∗W ) > 0 and p∗W > pC for pC the com-

petitive price.

Proof. There are two cases: p∗W > p∗M , or p∗W ∈ (pC , p
∗
M ]. For all p > pC , p−C ′(q) > 0

when q < q(p). Thus, if the monopolist produces, they will always produce q(p) as

p∗W > pC . Hence it suffices to check that no alternative (p, q(p)) pair is preferred. If
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p∗W > p∗M since π′′(p) < 0 and π′(p∗M) = 0 by the monopolist’s first order condition

we have that for any p > p∗W ,

π(p)− π(p∗W ) =

∫ p

p∗W

π′(p′)dp′ <

∫ p

p∗W

π′(p∗M)dp′ = 0.

Thus for π(p∗W ) > 0, π(p∗W ) ≥ max{0,maxp≤p∗W ,q≤q(p) p · q−C(q)} and a price ceiling

is binding. Identically for p∗W ∈ (pC , p
∗
M ], for any p < p∗W ,

π(p)− π(p∗W ) = −
∫ p∗W

p

π′(p′)dp′ < −
∫ p

p∗W

π′(p∗M)dp′ = 0.

π(p∗W ) ≥ max{0,maxp≥p∗W ,q≤q(p) p · q − C(q)}. The price floor is binding.

4.2 Optimal Pollution Tax

The government’s problem is to set a pollution tax τ on emissions to maximize

social welfare following Equation 2.3. Recall that the externality E(q) is normalized

so that one unit corresponds to a dollar of unweighted surplus and we assume that

the monopolist is profit-maximizing given the tax rate.

Theorem 8. The welfare maximizing tax τ ∗, price p(τ ∗) = p∗τ and quantity q∗τ =

q(p∗τ ) satisfy the formulas:

τ ∗ =
E[g · e]
E[g · λ]︸ ︷︷ ︸

externality correction

+
E[g · x̃(p∗τ )]
E[g · λ]

1

E ′(q∗τ )ϵ
p,semi
q︸ ︷︷ ︸

market power correction

+
E[g · s̃]− E[g · λ]

E[g · λ]
1

ϵτ,semi
E︸ ︷︷ ︸

tax burden correction
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p∗τ = C ′(q) + E ′(q∗τ )︸ ︷︷ ︸
marginal social cost

+
E[g · e]− E[g · λ]

E[g · λ]
E ′(q∗τ )︸ ︷︷ ︸

externality burden

+
E[g · x̃(p∗τ )]− E[g · λ]

E[g · λ]
1

ϵp,semi
q︸ ︷︷ ︸

consumer burden

+
E[g · s̃]− E[g · λ]

E[g · λ]
E ′(q∗τ )

ϵτ,semi
E︸ ︷︷ ︸

tax burden

The proof, identical in style to that of the optimal price, is deferred to Appendix

7.1.

Remark 9. Assuming that government revenue is distributed uniformly (λ(i) =

1
N
,∀i). A useful heuristic to think about the consumer burden is: How does one’s

consumption of the good vary by income level? If consumption is higher for high-

income people (as we would usually expect), this term is positive. The surprising

result is that consumer or energy burdens are less of a distributional concern when

their is a pollution tax setting the market level, and actually probably works to raise

prices.

This remark also displays an interesting connection between the optimal mar-

ket price under a price control and pollution tax setting: As the benchmark for

marginal welfare cost is government spending instead of producer profits, the rela-

tive importance (and even sign!) of distributional terms are altered. In the following

Corollary we formalize this adding a third benchmark, the surplus-maximizing price

and quantity p∗, q∗ = q(p∗) for which p∗ = C ′(q∗) + E ′(q∗).

Corollary 10. If the first-order conditions correspond to unique global optimum,
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the following represent sufficient equivalence conditions for (p∗, p∗W , p∗τ ). When g ⊥⊥

(x̃, s̃, e), p∗ = p∗W . When Cov(g, s̃) = Cov(g, λ), p∗W = p∗τ , and when g ⊥⊥ (x̃, s̃, e, λ),

p∗ = p∗τ .

p∗W p∗τ

p∗

Cov(g, λ) = Cov(g, s̃)

g ⊥⊥ (x̃, s̃, e, λ)g ⊥⊥ (x̃, s̃, e)

Figure 7: Graphical Relationship Among Prices. This figure shows how a prob-

abilistic representation of people links to a sufficient-statistics understanding of

how welfare-maximizing prices relate. The surplus-maximizing price is the welfare-

maximizing price when welfare weights are uncorrelated (more strongly, independent)

from all of the market shares. The optimal price under a pollution tax and price

control will be equated only when the covariance between welfare weights and pro-

ducer profit shares and tax revenues shares are the same.
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Proof. Recall that the following hold for each of the prices from Theorems 2 and 8:

p∗W = C ′(q∗W ) +
E[g · e]
E[g · s̃]

E ′(q∗W ) +
E[g · x̃]− E[g · s̃]

E[g · s̃]
1

ϵp,semi
q

p∗τ = C ′(q∗τ ) +
E[g · e]
E[g · λ]

E ′(q∗τ ) +
E[g · x̃]− E[g · λ]

E[g · λ]
1

ϵp,semi
q

+
E[g · s̃]− E[g · λ]

E[g · λ]
E ′(q∗τ )

ϵτ,semi
E

p∗ = C ′(q∗) + E ′(q∗)

If g ⊥⊥ (x̃, s̃, e), then E[g · x̃] = E[g · s̃] = E[g · e] = 1
N
. Thus:

p∗W |g⊥⊥(x̃,s̃,e) = C ′(q∗W ) + E ′(q∗W ) = p∗.

If we further assume g ⊥⊥ λ, then E[g · λ] = 1
N

as well. Therefore:

p∗τ |g⊥⊥(x̃,s̃,e,λ) = C ′(q∗τ ) + E ′(q∗τ ) = p∗

Lastly, Cov(g, s̃) = Cov(g, λ) means that E[g · λ] = E[g · s̃]. Therefore:

p∗W |E[g·λ]=E[g·s̃] = C ′(q∗W ) +
E[g · e]
E[g · λ]

E ′(q∗W ) +
E[g · x̃]− E[g · λ]

E[g · λ]
1

ϵp,semi
q

= p∗τ |E[g·λ]=E[g·s̃].

A small note here is that it is possible to be uncorrelated but dependant. For

instance, Z ∈ N (0, 1) and Z2. However, as these counterexamples are unlikely to

arise in real-life, we use independence since it carries a more intuitive significance.
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Remark 11. Because surplus maximizing and welfare maximizing prices are equiva-

lent when welfare weights and market shares are uncorrelated (have zero covariance),

a test of whether an equity-efficiency analysis is useful is to calculate (or make an

educated guess) about their correlation. If one finds that welfare weights and mar-

ket shares are uncorrelated, then equity-efficiency analysis is probably not needed.

Conversely, if one finds that at least one of the market shares are highly correlated

with distributional concerns, equity-efficiency analysis is important.

Lastly, similar to Corollary 6, our next result is reminder that the local optimum

value may not be unique or represent a global optimum. Again, the most relevant

thing to consider is that if the fixed cost and environmental damages are too large,

no production could be optimal.

Corollary 12. Assume demand is uniformly-isoelastic and g(i) = ω(i). Then the

solution τ ∗ to Equation 8 is the unique global optimum if

1. SWF is strictly concave with respect to τ , equivalent to:

d2E

dτ 2
> −

dE
dτ

(
gB − gA

dE
dτ

E′′(q)
(E′(q))3

+ 2λ
)

(τλ+ gC)

for all τ ∈ R.

2. Social welfare at the optimum is greater than without the market:

∫
I
ω(i)G(ui(c, ℓ, x; p∗τ , τ

∗))d(mi) >

∫
I
ω(i)G(ui(c, ℓ, x; p(τ), τ = ∞))d(mi)

Proof in Appendix 7.1.
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4.3 Comparative Statics

This section asks the question: How does the optimal pollution tax and market

price vary based on marginal changes in the distribution of market shares? To make

this amenable to a comparative statics approach, we assume G(ui) = ui so that

g(i) = ω(i) and hence one’s welfare weights do not depend on the price or tax. Let

X = (g⃗, ⃗̃x, ⃗̃s, e⃗, λ) ∈ R5N be the vector of all market shares and welfare weights

where individuals are ordered 1 ≤ i ≤ N . For instance, g⃗ = (g(1), g(2), . . . , g(N)).

Because of the independence of price, tax and welfare weights, the only relevant

incidence parameters are E[g · z] for z ∈ {x̃, s̃, e, λ}. Thus p∗W and τ ∗ are composite

functions that take X to the welfare means, and the welfare means to an optimal

value expressed by p∗W ({E[g · z](X)}z∈{x̃,s̃,e}, τ ∗({E[g · z](X)}z∈{x̃,s̃,e,λ}). This allows

us to take a path derivative to evaluate the change in p∗W , τ ∗ induced by a change in

the distribution of a given market share. To do this, we first define what a feasible

change in a market share is.

Definition 13. We say that a unit vector V ∈ R5N specifies a feasible change in

market share z ∈ {x̃, s̃, e, λ} if:

• vi corresponding to another marker share z′ ̸= z is zero.

• market shares still sum to 1:
∑

i∈I vi = 0

• all market shares are still non-negative for a small change: there exists an ϵ > 0

such that ϵvi + z(i) ≥ 0 for all i

where v(i) = vi is the corresponding change in market share z for individual i.
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An example of this for prices could look like (⃗0, 0⃗, s
∥s∥ , 0⃗, 0⃗) where 0⃗ ∈ RN is a

vector of only zeros, and s ∈ RN is an alternating vector of − 1
2N

and 1
2N

. Therefore,

this perturbation alternately increases and decreases a person profit share. Given the

feasible change in market share definition and our assumption on G, we can finally

compute the relevant comparative statics.

Corollary 14. Assume that demand is uniformly isoelastic, E[g·x̃]−E[g·s̃]
E[g·s̃] > −|ϵqp|, and

g(i) = ω(i). Let V be a feasible change in market share z ∈ {x̃, s̃, e}. Then the

directional derivative of p∗W with respect V is given by:

∂V p
∗
W ({E[g · z]}z∈{x̃,s̃,e}(X)) =

∂p∗W
∂E[g · z]

E[g · v]

where
∂p∗W

∂E[g,x̃] < 0,
∂p∗W

∂E[g,e] > 0, and
∂p∗W

∂E[g,s̃] > 0 ⇐⇒ p∗M > p∗W .

Proof in Appendix 7.1. To see how the change in the distribution of market shares

impacts the price, all we need to know is how the market share incidence impacts

the optimal price, and the incidence of the change in the relevant market share.

As suggested by the optimal price formula in Theorem 2, the price is decreasing as

consumer shares shift to more vulnerable groups, increasing as pollution harms more

vulnerable communities, and moves towards the profit-maximizing value as the lower

income people gain a higher stake in monopolist profits.

Likewise, we can define comparative statics for τ ∗.

Corollary 15. Assume the demand is uniformly isoelastic, g(i) = ω(i), ϵτE is con-

stant and |ϵτE| ≥
E[g·λ]−E[g·s̃]

E[g·λ] . Let V be a feasible change in market share z ∈ {x̃, s̃, e, λ}
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5 RESIDENTIAL ELECTRICITY APPLICATION 41

(Defn 13). Then the directional derivative of τ ∗ with respect V is given by:

∂V τ
∗({E[g · z]}z∈{x̃,s̃,e,λ}(X)) =

∂τ ∗

∂E[g · z]
E[g · v]

where ∂τ∗

∂E[g,x̃] < 0, ∂τ∗

∂E[g·e] > 0, ∂τ∗

∂E[g·s̃] > 0, and

(
∂τ ∗

∂E[g · λ]
> 0

)
⇐⇒

(
E[g · e]− E[g · x̃] 1

E ′(q)

p

|ϵpq|
− E[g · s̃] τ

|ϵτE|

)
< 0.

Proof in Appendix 7.1. Reflecting Theorem 8, and comparative statics for the

price, the tax is decreasing (increasing) as consumer (pollution exposure) shares

shift to more vulnerable groups. However, since a lower tax is always better for

producers, τ ∗ is strictly decreasing as disadvantaged people earn higher shares of

monopoly profits. The result for a change in the distribution of tax revenue is more

complex, but essentially captures the trade-off between protecting those exposed to

pollution with the harm to producers and consumers from a higher tax rate.

5 Residential Electricity Application

The purpose of this section is to show how the equity-efficiency framework devel-

oped in our paper works in practice and show that it is in fact very easy to implement!

Electric utilities are one of the canonical examples of natural monopolies and are re-

sponsible for an enormous amount of pollution. In 2020, electricity generating units

led to about 480 billion dollars of damage from emissions.4 The residential market

4This value can be from summing each pollutant provided by the NEI Inventory and multiplying
it by the social cost of the pollutant, which we detail below.
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5 RESIDENTIAL ELECTRICITY APPLICATION 42

is especially relevant since it is one of the central places where people are concerned

about an energy burden (higher prices harming low-income consumers).

Using the estimates from [3] on marginal cost, market price, and marginal ex-

ternalities, we test the relative importance of the consumer burden and external-

ity burden, and upper-bound the relationship between the surplus-maximizing and

welfare-maximizing residential electricity price. Along the way we ask: How large is

the energy burden, and are middle-income communities disproportionately harmed

by pollution from the power sector?

5.1 Consumer Burden

We use the Residential Energy Consumption Survey (RECS) for 2020 which

provides data on electricity consumption for US households. The relevant variables

are total dollars spent on electricity, annual gross household income, and the sample

weight (the estimated number of households the respondent represents).5 We use

the sample weights and electricity expenditure to calculate the average dollars spent

on electricity consumption for each income group (excluding those with < 5k). As

a preliminary plot, we plot bounds on the share of income spent by income group,

confirming a steep decreasing trend consistent with the literature on the energy

burden.6

5These values correspond to DOLLAREL, MONEYPY, and NWEIGHT, respectively.
6The error bars are the values generated for the upper and lower bounds on group income (ie

5k, 7.5k, etc.). By construction, the average share spent lies within these mechanical bounds. For
the highest income group, the upper bound corresponds to the 99% income percentile.
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Figure 8: Electricity Market Consumer Burden. This figure shows that the share of

one’s income spent on electricity consumption decreases with total income. When

the monopoly is private (as is generally true for residential electricity), this indicates

strong evidence of a consumer burden, decreasing the optimal market price.

To calculate the consumer burden term, E[g·x]−E[g·s]
E[g·s]

1

ϵp,semi
q

we use inverse optimum

weights to get welfare weights as a function of (household) income percentile [10]. We

estimate consumption and profit-share values based on household income percentile

with one representative household at every percentile. Representative households
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have percentile-based welfare weight and energy consumption expenditure estimated

for its respective RECS income bracket. To get the consumption share x̃i(p), we

divide the household’s estimated expenditure by total estimated expenditure for all

100 households. Secondly, to calculate s̃(i), we use the heuristic that, in expectation,

one’s profits from a firm are proportional to their income (Defn 3) supported by the

fact that most US electricity utilities are investor-owned [11].7 As such, s̃(i) is the

share of total income generated by household i. Lastly, to calculate 1

ϵp,semi
q

we observe

that this is 1
p

1
ϵpq

where ϵpq is −0.39, corresponding to a medium-long-run estimate in

the literature [15].8 Therefore:

E[g · x]− E[g · s]
E[g · s]

1

ϵp,semi
q

= p ·
[
E[g · x]− E[g · s]

E[g · s]
1

ϵpq

]
≈ p · 0.986− 0.881

0.881

1

−0.39
= −0.246× p

In Table 2 we show each of those components. This analysis suggests that the

consumer burden has a magnitude equal to 24.6% of current price levels. To illustrate

the meaning of this, note that (absent an externality burden) for the price to be

welfare maximizing, it would have to be equal to only 80% of marginal social cost.9

7Without access to net-of-tax household incomes, our weights reflect s(i) instead of s̃(i). While
this is limiting, it is also true that many of these companies are traded in the stock market. As
capital wealth is distributed more unequally than labor income and top earners have large amounts
of capital income, these influences may partially offset one another.

8There is heterogeneity in the literature as to what this value is precisely. The estimate we use is
above the higher value for elasticity and thus should be interpreted as, if anything, understanding
this effect.

9Rearranging we have p+ 0.246p = MSC and thus MSC = 0.80p.
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5.2 Externality Burden

Recall that this term is given by E[g·e]−E[g·s]
E[g·s] E ′(q). As E[g · s] is found in the

previous section and E ′(q) is estimated in [3], the purpose of this portion is to find

the E[g · e]. Emissions come from one of two classes: Criteria Air Pollutants (CAPs)

and Greenhouse Gases (GHGs). We assume that the harms from greenhouse gas

emissions (stock pollutants) are uniformly distributed as their damage operates on a

global scale. Criteria air pollutants give rise to harmful health impacts and operate

on local scales, requiring different estimates. The first part is to find the share of

total damage accounted for by CAPs. The second part is to calculate its respective

incidence.

5.2.1 Share of Local Air Pollution Harm

We use EPA’s National Emissions Inventory Data for 2020, filtered to include

only Electricity Generation via Combustion facilities [1]. This data contains the

county of the facilities and their annual emissions of a set of air pollutants: criteria

air pollutants, hazardous air pollutants, and greenhouse gases. We account for those

air pollutants for which EPA has released data on their environmental harm. The

pollutants, their category, social cost, and total social cost are presented in Table

1. Social cost estimates for greenhouse gases are from EPA’s 2023 Report on the

Social Cost of Greenhouse Gases [27]. Social cost estimates for criteria air pollutants

are from EPA’s Sector-based estimates [26]. We use Electricity Generating Units

estimates when available and those for Refineries when not. Values are converted

from 2016 to 2022 dollars using the CPI Inflation Calculator value of 20%. Put
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together, we find that 40% of total emissions damage is due to local air pollution

from CAPs and the remaining 60% to GHGs.

5.2.2 Local Air Pollution Incidence

Estimate 1. Local Emissions. For our primary estimate, we adopt the heuris-

tic that total county exposure is the social cost of county emissions multiplied by

the county population. To calculate the local exposure, we use the NEI data and

group pollutants by county, multiplying by the social cost of the pollutant. The

local exposure of people in a county is assumed to be proportional to the social cost

of local emissions normalized by the sum of population times the social cost. As

we no longer have individual-level data, we estimate county welfare weights g(i) by

the median household incomes and then normalize across all counties so that the

population-weighted welfare weights sum to 1. Data for these values is taken from

the US Census for 2021.

Estimate 2. Local Particulate Matter Concentrations. An alternative

rule of thumb is that emissions exposure is proportional to air quality measures. A

reason why this might be slightly more accurate is that emissions travel because of

the wind. For instance, a county with a pollution-intensive plant on a downwind side

of the border would, in the limit, have no local exposure from that plant. To test

how this hypothesis fares, we use EPA data on PM2.5 exposure and assume that

other CAPs follow a similar distribution. Our data is taken from the Air Quality

Statistics Report for 2022 [25]. One caveat is that it may be the case that there

are simply fewer monitors in more vulnerable communities that would pick up the
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emissions data, as is something that regulators plan to address in recent regulatory

changes.10

Estimate 3. Differential Susceptibility. The last explanation for differences

in externality cost by income is, conditional on exposure, those with lower income

may be more likely to develop health complications (what we call susceptibility).

Some reasons for this would be different levels of pre-existing conditions that put an

individual at greater risk from air pollution impacts, unequal access to healthcare,

or jobs outdoors. As noted by [2], the evidence for this is best termed “suggestive.”

Nevertheless since this could be an important channel, we repeat the analysis as-

suming the only channel is through susceptibility and adopt a benchmark presented

by [9] where e is proportional to the estimated increase in morbidity from PM10

exposure.

5.2.3 Externality Mark-Ups

The first observation is that local emissions and particulate matter concentra-

tions are essentially uncorrelated with the median county income (and thus welfare

weights). We show this graphically in Figure 9. The somewhat surprising corollary

is that any externality burden is not due to disproportionate harm. While examples

of disproportionate harm do exist, this force is not the dominant one at a national

level.

10See EPA’s Final Rule to Strengthen the National Air Quality Health Standard for Particulate
Matter.
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Figure 9: Externality Burden. The figure shows no clear relationship between median

county income and externality exposure from the electricity market. The left side

shows emissions weighted by their social cost. The right side shows PM2.5 measure-

ments in counties. This is evidence that any externality burden is not due to an

aggregate trend of disproportionate harm.

However, recall that the percent increase above marginal emissions cost is given by

E[g·e]−E[g·s]
E[g·s] . Although g ⊥⊥ e (roughly speaking), g is correlated with s. The average

welfare weight of the monopolist is below that of the general population (E[g · s] =

0.88). Thus, there still exists a modest mark-up: E[g·e]−E[g·s]
E[g·s] = 0.14 for estimates

1 and 2 corresponding to local pollution shares. These results are relatively robust

across all three approaches; even the differential susceptibility estimate, dependent

on welfare weights by construction, results in only an 18% mark-up. See Table 3 for

details.
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To conceptualize the magnitude of this finding, note that current price levels

would represent an equilibrium only if the price is 8.8% above marginal social cost.11

Recall that this is far less than our comparable result for the consumer burden, which

implies that the price was 20% below marginal social cost. The next section compares

these two effects.

5.3 Results

We are interested in the relative relationship between marginal social cost and

marginal welfare cost. We use the calculations above for incidence coefficients and

the values for mean price, marginal cost, and marginal social cost found in [3].

Specifically, we estimate the formula presented in the optimal price result (Theorem

2) that describes the marginal welfare cost of electricity as the sum of marginal cost,

the consumer burden term, and the externality burden term.

MWC −MSC =
E[g · e]− E[g · s̃]

E[g · s̃]
E ′(q)︸ ︷︷ ︸

externality burden

+
E[g · x̃(p)]− E[g · s̃]

E[g · s̃]
1

ϵp,semi
q︸ ︷︷ ︸

consumer burden

≈ 0.136× 6.21︸ ︷︷ ︸
externality burden

− 0.246× 11.49︸ ︷︷ ︸
consumer burden

< 0

The second approximate equivalence follows from plugging in our estimated mean

values. We see here that the consumer burden is the dominant force relative to

11To arrive at this: p = 0.14×E′(q)+MSC. Using C ′(q) = 3.72 and E′(q) = 6.72 from [3] Table

5, results in 0.14×E′(q)
MSC = 0.88.

49
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the externality burden since its magnitude is over twice as large and that the two

effects work in opposite directions. The net result is that at present levels, the mean

marginal welfare cost is below the mean marginal social cost by almost $2 or 17% of

current prices.

To understand the significance of this result, we approximate the percent differ-

ence between the surplus and welfare maximizing prices for demand that is uniformly

isoelastic (Defn 5), leveraging earlier calculations:

p∗W − p∗

p∗
= 1− C ′(q∗W ) + 1.14 · E ′(q∗W )

C ′(q∗) + E ′(q∗)

1

1.246

≤ C ′(q∗) + 1.14 · E ′(q∗)

C ′(q∗) + E ′(q∗)

1

1.246
− 1

≈ 1.088

1.246
− 1 = −0.127

The second step comes from lower-bounding the marginal cost by and marginal

emissions cost for q∗W by the levels at q∗ < q∗W . The third step comes from assuming

that the relative values of C ′(q∗), E ′(q∗) are matched by the means measured in [3].

Evaluating (the final step) implies that the welfare-maximizing price (p∗W ) could be

as much as 12.7% below the surplus-maximizing one.12

A deeper look reveals insights into the sources of these effects. The consumer

burden exists because while rich people tend to consume more electricity than poorer

12A natural next question is what this implies relative to current prices. Following MSC in [3],
we would get that MWC is well below current prices. However, the opposite is likely to be true.
The authors use $50 for the SCC, while most recent estimates use $190. We computed aggregated
totals for the total damage caused by each of the pollutants and found such a substitution in the
SCC to half the emissions damage. Using the rule of thumb that marginal and average emissions
have the same concentration would imply that the MWC, even with the consumer burden, lies well
above the current average price.
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people, they do so less than the change in their incomes. Because most US electricity

utilities are private, the average welfare weight of those consuming electricity is less

than those profiting from it. Meanwhile, the externality burden exists not because

of disproportionate harm but simply because market profits are regressive in nature.

To understand how robust this characterization is, note that the break-even point

(when both consumer and externality welfare effects are equal) would be when the

social marginal cost is 181% of current prices. Since there is no clear aggregate

incidence trend, this is invariant from the composition of pollution (local or global).

Our results indicate that the equity effects in this market are dominated by the

consumer burden, thus presenting an argument for lower prices relative to the surplus-

maximizing ones. The consumer burden force is likely to be increasingly dominant

as we transition from emissions-intensive generators to renewable sources. It is also

strong empirical evidence of the importance of energy burden considerations in policy

discussions regarding a just transition from fossil fuels.

6 Discussion

We develop a computationally tractable framework to account for equity con-

siderations when setting a price control or pollution tax for polluting monopolies.

Using a probabilistic representation of people who have different stakes in consump-

tion, producer profit, and externality exposure (market shares), we present sufficient

statistics formulas for the optimal price and pollution tax that nest efficiency results

as the case when welfare weights and market shares are independent. We empiri-
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cally test the welfare impacts in the residential electricity market and find significant

evidence of a consumer burden and minimal evidence of an externality burden.

We hope that reasoning about environmental markets and policies through an

equity-efficiency lens will be increasingly common and that our notion of a People

Space could be a useful framework for doing so. That said, a few aspects of our

approach limit its generalizability and robustness.

First, we hope to better understand suitable welfare weights for distributional

analysis in environmental settings. Inverse optimum weights are a practical revealed

preference approach and better than the unweighted alternative. However, in envi-

ronmental settings, society likely has preferences for distribution beyond income —

from historical emissions exposure to race as reflected in Biden’s Justice40 Initiative.

Understanding and empirically implementing these preferences — whether through

survey methods or another form of revealed preference — is therefore critical in

fitting the welfare analysis with societal values.

Second, our assumption of the distributional neutrality of harm from greenhouse

gas emissions, while a helpful starting heuristic, is important to relax. Only a subset

of individuals are at risk from forest fires, earthquakes, and sea level change. Even

conditional on risk, for some a natural disaster may mean the loss of a beach home,

while for others it could mean a loss of ancestral homelands and way of life. Moreover,

when broadening our People Space to a global one, we may require changing the

normalization on g as US citizens are likely less vulnerable than the average global

citizen.

Lastly, on a technical note, we do not account for labor supply effects and a dual
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optimization between taxation and market pricing, as is necessary for fully rigorous

welfare analysis. The profit of a firm may impact one’s choice to be employed.

Change in employment status would have a direct effect on an individual’s share of

profit (ie s(i) becomes si(p)) as well as an indirect effect on their utility through

a change in labor supply. Relating this to optimal taxation is likely to require

assumptions on who leaves at different profit levels and the magnitude of people’s

labor dis-utility.

Beyond polluting monopolies, defining environmental welfare weights based on

societal preferences and accounting for the global incidence of damage (our first two

limitations) have important implications for how governments design fair and effi-

cient environmental policies as they seek to put the notion of environmental justice

into practice. We hope our formal framework will amplify and advance these conver-

sations by enabling policymakers to concretely evaluate equity-efficiency trade-offs

using empirical data.
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7 Appendix

7.1 Proofs

Proof. Proof of Corollary 14.

Note that from our equation in Theorem 2, since G′(ui) = 1, g(i) = ω(i) and

doesn’t depend on one’s market share or the markets price and quantity, we can write

p∗W (X) = p∗W ({E[g · z](X)}z∈{x̃,s̃,e}). Further z does not impact the welfare-weighted

expectations for the remaining market shares E[g ·z′]. Hence the only effect of market

share re-distribution on p∗W is through a change in E[g · z], ie

∂V p
∗
W =

∂p∗W
∂E[g · z]

∂VE[g · z]

To calculate the second term, ∂VE[g · z] = limh→0
E[g·(z+hv)]−E[g·z]

h
= E[g · v]. The rest

of this proof concerns the calculation of the first term for different market shares.

Note that the equilibrium results in a zero of the C1 function:

f(q) = p(q)

(
1 +

E[g · x̃]− E[g · s̃]
E[g · s̃]

1

|ϵqp|

)
−
[
C ′(q) +

E[g · e]
E[g · x̃]

E ′(q)

]
.

To simplify notation, let E[g · x̃] = gA, E[g · s̃] = gB, and E[g · e] = gC . To solve

for the derivatives
∂p∗W
∂z

for z ∈ {gA, gB, gC} we will use the implicit function theorem.

This theorem tells us that if (1) f ′(q) ̸= 0 and (2) ∂f
∂z
, f ′(q) are continuous, then for

z ∈ {gA, gB, gC}:
∂p∗W
∂z

=
1

−f ′(q∗W )
· ∂f(q

∗
W )

∂z
.
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First we will compute f ′(q),

f ′(q) = p′(q)

(
1 +

gA − gB
gB

1

|ϵqp|

)
− C ′′(q)− gC

gB
E ′′(q) < 0

The inequality follows from the convexity of C,E with respect to q and that p′(q) =

1
q′(p)

< 0. Each component is continuous by assumption. Thus, f ′(q) is negative and

continuous.

Taking the derivative with respect each of the parameters to get ∂f
∂z

we have:

∂f(q)

∂gA
=

p

|ϵpq|
> 0

∂f(q)

∂gB
= −p

gA
g2B|ϵ

q
p|
+

gC
g2B

E ′(q)

∂f(q)

∂gC
=

1

gB
E ′(q) < 0

These are also continuous since the welfare weights are positive. Therefore:

∂p∗W
∂gA

=
p

|ϵpq|
· p′(q∗W ) < 0

∂p∗W
∂gB

=

(
−p

gA
g2B|ϵ

q
p|
+

gC
g2B

E ′(q)

)
· p′(q∗W )

∂p∗W
∂gC

=
1

gB
E ′(q) · p′(q∗W ) > 0.

Where
∂p∗W
∂gB

is positive when
(
E[g · e]E ′(q) > E[g · x̃] 1

|ϵq,semi
p |

)
. Note that a mo-

nopolist’s optimal price is

p∗M = C ′(q)− 1

ϵp,semi
q
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Therefore,

∂p∗

∂gB
> 0 ⇐⇒

(
gCE

′(q∗) > gB
1

|ϵq,semi
p |

)
⇐⇒ C ′(q) +

gC
gB

E ′(q)− gA − gB
gB

1

ϵq,semi
p

> C ′(q) +
1

ϵq,semi
p

⇐⇒ C ′(q) +
gC
gB

E ′(q) > C ′(q)− 1

ϵq,semi
p

⇐⇒ p∗W > p∗M .

Proof. Proof of Theorem 8. At a local optimum, the change in the SWF with

respect to the tax is zero.

d

dτ
SWF =

∫
I
ω(i)

d

dτ
G(ui(c, ℓ, x; p))d(mi)

Evaluating the inner portion

d

dτ
G(ui(c, ℓ, x; p, τ)) = G′(ui)

(
dc

dτ
ui
c +

dx

dτ
ui
x −

dE(q)

dτ
e(i)

)

Note that

dc

dτ
ui
c +

dx

dτ
ui
x = (s̃(i)

dπ

dτ
− xp′(τ) + λ(i)[E(q)− dE(q)

dτ
]) + (ui

x − p)x′
i(p)

By the envelope theorem, (ui
x − p)x′

i(p) = 0. Also by the envelope theorem, dπ
dτ

=
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−E(q). Substituting these values in

d

dτ
SWF =

∫
I
G′(ui)ω(i)

[
−s̃(i)E(q)− xp′(τ) + λ(i)[E(q)− dE(q)

dτ
]− dE(q)

dτ
e(i)

]
d(mi)

Letting g(i) = ω(i)G′(ui)∫
I ω(i)G′(ui)d(mi)

, dividing by
∫
I ω(i)G

′(ui)d(mi), and integrating with

respect to the probability measure P :

∫
I
g(i)

[
−s̃(i)E(q)− xp′(τ) + λ(i)[E(q)− dE(q)

dτ
]− dE(q)

dτ
e(i)

]
P (di) (5)

= E
[
g ·

(
−s̃E(q)− x(p)p′(τ) + λ(E(q) + τ

dE

dτ
)− dE(q)

dτ
e

)]
= 0 (6)

Further letting x̃(p) = x(p)/q(p):

E[g · s̃]E(q) + E[g · x̃(p)]q(p)p′(τ) + E[g · λ](E(q) + τ
dE

dτ
) + E[g · e]dE

dτ
= 0

We can rearrange to get an expression for τ at a local optimum:

τ = − 1
dE
dτ
E[g · λ]

(
E[g · s̃]E(q) + E[g · x̃(p)]q(p)p′(τ) (7)

+ E[g · λ]E(q) + E[g · e]dE
dτ

)
(8)

=
E[g · s̃]− E[g · λ]

E[g · λ]
E(q)
dE
dτ

+
E[g · x̃(p)]
E[g · λ]

q(p)p′(τ)

E ′(q)q′(p)p′(τ)
+

E[g · e]
E[g · λ]

(9)

=
E[g · s̃]− E[g · λ]

E[g · λ]
1

ϵτ,semi
E

+
E[g · x̃(p)]
E[g · λ]

1

E ′(q)ϵp,semi
q

+
E[g · e]
E[g · λ]

(10)

Let τ ∗ be the value satisfying the equation above. The last piece is to substitute in
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to solve for the p∗τ = p(τ ∗). By the monopolist’s problem we have that

p(τ ∗) = τ ∗E ′(q) + C ′(q)− q(p)

q′(p)
.

Substituting in the value for τ ∗:

p∗τ = C ′(q) +
E[g · e]
E[g · λ]

E ′(q) +
E[g · x̃(p)]− E[g · λ]

E[g · λ]
1

ϵp,semi
q

+
E[g · s̃]− E[g · λ]

E[g · λ]
E ′(q)

ϵτ,semi
E

.

Proof. Proof of Corollary 15. As for p∗W , since the distribution of market shares

and welfare weights are only equity parameters in Theorem 2, τ ∗({E[g·k](X)}k∈{x̃,s̃,s̃,λ}).

Hence the only effect of market share re-distribution on p∗W is through a change in

E[g · z], ie

∂V τ
∗ =

∂τ ∗

∂z
∂VE[g · z]

where ∂VE[g · z] = E[g · v].

To simplify notation, let gA = E[g · x̃], gB = E[g · s̃], gC = E[g · e] and λ = E[g ·λ].

Note that the equilibrium results in a zero of the C1 function:

f(q) = τ(q)

(
1− λ− gB

λ

1

|ϵτE|

)
− 1

λ

[
gC +

gA
ϵqp

p

E ′(q)

]

To solve for the derivatives ∂τ∗

∂z
for z ∈ {gA, gB, gC} we will use the implicit

function theorem. This theorem tells us that if (1) f ′(q) ̸= 0 and (2) ∂f
∂z
, f ′(q) are
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continuous, then for z ∈ {gA, gB, gC}:

∂τ ∗

∂z
=

1

−f ′(q∗τ )
· ∂f(q

∗
τ )

∂z
.

First, we will show that ∂q∗τ
∂z

is negative and continuous. To start, observe that

τ ′(q) = 1
q′(p(τ))p′(τ)

< 0. Intuitively this makes sense: In order to induce a higher

quantity, requiring a lower price, the tax rate must be lower. Since q′(.), p′(.) are

continuous and non-zero, so is τ ′(q). Evaluating the full derivative:

f ′(q) = τ ′(q)

(
1− λ− gB

λ

1

|ϵτE|

)
+

gA
λ|ϵqp|

d

dq

(
p

E ′(q)

)
= τ ′(q)

(
1− λ− gB

λ

1

|ϵτE|

)
+

gA
λ|ϵqp|

(
E ′(q)p′(q)− E ′′(q)p

(E ′(q))2

)

First,
(
1− λ−gB

λ
1

|ϵτE |

)
> 0 since we assume that |ϵτE| >

λ−gB
λ

. Therefore the first term

is negative. The second term is also negative since p′(q) = 1
q′(p)

< 0. Thus f ′(q) < 0

globally. Furthermore, it is continuous since each of the component functions are

continuous and non-zero.

Taking the derivative with respect each of the parameters to get ∂f
∂z

we have:

∂f(q)

∂gA
=

1

λ

p

|ϵpq|E ′(q)
> 0

∂f(q)

∂gB
=

τ

λ|ϵEτ |
> 0

∂f(q)

∂gC
= −1

λ
< 0

∂f(q)

∂λ
=

1

λ2

(
gC − gA

1

E ′(q)

p

|ϵpq|
− gB

τ

|ϵτE|

)
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Lastly, to compute the sign of ∂τ∗

∂z
note that ∂τ∗

∂z
= τ ′(q∗τ )

∂q∗τ
∂z

. Therefore:

∂τ ∗

∂gA
=

1

λ

p

|ϵpq|E ′(q)
· τ ′(q∗τ ) < 0

∂τ ∗

∂gB
=

τ

λ|ϵEτ |
· τ ′(q∗τ ) < 0

∂τ ∗

∂gB
= −1

λ
· τ ′(q∗τ ) > 0

∂τ ∗

∂λ
=

1

λ2

(
gC − gA

1

E ′(q)

p

|ϵpq|
− gB

τ

|ϵτE|

)
· τ ′(q∗τ )

Note that ∂f(q)
∂λ

> 0 when

(
gC − gA

1

E ′(q)

p

|ϵpq|
− gB

τ

|ϵτE|

)
> 0.

Rearranging 8, we see that the optimal tax rate τ ∗ satisfies an equivalence between

the marginal benefit of tax dollars for the government and the marginal benefit of

taxation for the market.

λτ(1− 1

|ϵτE|
)︸ ︷︷ ︸

tax revenue value

=

(
gC − gA

1

E ′(q)

p

|ϵpq|
− gB

τ

|ϵτE|

)
︸ ︷︷ ︸

market welfare value

τ =
1

λ

(
gC − gA

1
E′(q)

p
|ϵpq |

− gB
τ

|ϵτE |

)
(1− 1

|ϵτE |)

Proof. Proof of Corollary 12.
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First we’d like to see what global concavity holds. Recall that the first derivative

of social welfare with respect to the τ is:

dSWF

dτ
= −

(
E[g · s̃]E(q) + E[g · x̃]q′(p)E ′(q) + E[g · λ]

(
E(q) + τ

dE

dτ

)
+ E[g · e]dE

dτ

)

Let gA = E[g · x̃], gB = E[g · s̃], gC = E[g · e], and λ = E[g · λ] Taking a further

derivative:

−d2SWF

dτ 2
= gB

dE

dτ
+ gA

d

dτ
(
dE

dτ
/E ′(q)) + λ(2 · dE

dτ
+ τ

d2E

dτ 2
) + gC

d2E

dτ 2

= gB
dE

dτ
+ gA(

d2E

dτ 2
1

E ′(q)
− (

dE

dτ
)2

E ′′(q)

(E ′(q))3
) + λ(2 · dE

dτ
+ τ

d2E

dτ 2
) + gC

d2E

dτ 2

=
dE

dτ

(
gB − gA

dE

dτ

E ′′(q)

(E ′(q))3
+ 2λ

)
+

d2E

dτ 2
(τλ+ gC)

Note that dE
dτ

= (E ′(q))2q′(p) < 0. Thus
(
gB − gA

dE
dτ

E′′(q)
(E′(q))3

+ 2λ
)
> 0. Therefore,

in order for d2SWF
dτ2

< 0 we require:

dE

dτ

(
gB − gA

dE

dτ

E ′′(q)

(E ′(q))3
+ 2λ

)
+

d2E

dτ 2
(τλ+ gC) > 0

d2E

dτ 2
(τλ+ gC) > −dE

dτ

(
gB − gA

dE

dτ

E ′′(q)

(E ′(q))3
+ 2λ

)
d2E

dτ 2
> −

dE
dτ

(
gB − gA

dE
dτ

E′′(q)
(E′(q))3

+ 2λ
)

(τλ+ gC)

This tells us that the second order reduction on emissions and government revenue

reception dominates the effect that the direct effect of a higher tax rate corresponds

to lower surplus.
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The second condition tells us that the welfare from the optimal level of market

activity is greater than than without a market. Since there will be no production

when the tax rate is infinite, this is represented by the state (τ = ∞, p(∞)).

7.2 Additional Tables and Figures

Table 1: Pollutant Emissions and Social Costs

Pollutant Pollutant Type Emissions (Tons) Social Cost (2022 $)

Carbon Dioxide GHG 1,615,760,598 190

Sulfur Dioxide CAP 841,961 87,600

Nitrogen Oxides CAP 812,086 140,880

Methane GHG 130,688 1,600

PM2.5 Primary CAP 90,761 164,400

VOCs CAP 25,944 134,640

Ammonia CAP 21,0645 13,800

Nitrous Oxide GHG 16,626 54,000

Table 2: Consumer burden estimation.

Incidence term Numerical value

E[g · s] 0.881

E[g · x̃(p)] 0.986

ϵqp -0.39

consumer burden −0.246× p
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Table 3: Externality Burden Statistics.

Pollution type Local emissions Air quality Susceptibility

Local pollution (E[g·e
local]

E[e]E[g] ) 1.00 0.99 1.05

Pollution average ( E[g·e]
E[e]E[g]) 1.00 1.00 1.02

Externality burden coefficient (E[g·e]E[g·s] − 1) 0.14 0.14 0.18
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