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Abstract

This paper analyzes the inefficiency of majority-rule decisions in making siting deci-

sions for noxious facilities, such as waste treatment facilities, landfills, or nuclear waste

repositories. In particular, we demonstrate in a general context that a majority-rule

voting process will lead a locality to make a decision that decreases aggregate welfare.

We develop a theoretical model to establish the prevalence of inefficiencies, demon-

strate the mechanisms that exacerbate or mitigate inefficiencies, and provide a feasible

solution. The model illustrates the roles that population distribution and the nature

of disamenity costs play in creating welfare-decreasing outcomes. We use observed

population distributions to estimate model parameters and measure the magnitude

of possible inefficiencies in 118 US counties. Results suggest potentially large welfare

losses are likely to arise with majority-rule decisions.

Keywords: efficient siting; externalities; voting



1 Introduction

A challenging decision facing policy makers is the allocation of goods that generate externa-

lities, given that market forces alone often lead to inefficient outcomes. Of particular interest

in modern industrial societies is the task of choosing locations for siting noxious facilities

such as waste treatment facilities, landfills, or nuclear waste repositories. Such facilities are

often associated with the “Not In My BackYard” (NIMBY) syndrome (O’Hare et al., 1983).

While such facilities are common and useful elements of production economies, individuals

are averse to these facilities in close proximity to residences. This point is well-documented

in a large literature that illustrates the negative relationship between proximity to such fa-

cilities and lower housing prices (Farber, 1998; Ihlanfeldt and Taylor, 2004; McCluskey and

Rausser, 2003). While the discussion is often framed in terms of siting facilities, the idea

is equally applicable to allowing (or not) particular activities at specific locations, such as

changes in land use or resource extraction. In this paper, we explore the ability of commu-

nity decision-making to efficiently determine whether or not a facility should be sited in a

particular location.

The problem of siting noxious facilities challenges the allocative abilities of markets.

One question relates to which locality, defined by political boundaries, should host a fa-

cility. Oates and Schwab (1988) show that efficiency results from a framework in which

communities compete for private and environmental production and make decisions using a

simple-majority rule. These results, however, are driven by the existence of homogeneous

damages in any given locality, which leads to full compensation. Other studies (Mitchell and

Carson (1986); Kunreuther et al. (1987); Sullivan (1990); and O’Sullivan (1993)) provide

further evidence of markets as efficient siting mechanisms, but rely on two key assumptions.

First, political jurisdictions must fully internalize the aggregate disamenities of the facility

and there can be no spillovers across borders. Second, a locality will never accept a facility

at price that reduces aggregate economic surplus in the jurisdiction as a whole. Similarly,

Kunreuther and Kleindorfer (1986) develop a sealed-bid auction mechanism that sites the

facility in the winning location. Again, efficiency follows from a framework in which ag-

gregate willingness to pay reflects the preferences of a community. Minehart and Neeman

(2002) combine a bidding procedure with monetary transfers that act as both incentives and

compensation to generate an efficient siting outcome.

The standard market solution of creating a market in sites and locating the facility in the

locality that is willing to serve as host for the lowest price is likely to lead to efficient facility

locations only if host localities internalize all costs of the facility and are fully compensated.

If so, then the cheapest facility sites are also the most efficient, requiring the lowest cost
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to compensate for damages. In the aggregate, the efficient number of noxious facilities

will be constructed. As shown by Ingberman (1995), neither cost internalization nor full

compensation result from a simple market siting process that is subject only to simple

majority approval by a locality. In such cases, market solutions are likely to lead to an

aggregate excess of facilities as well as inefficient site choices. One solution to overcome

inefficient siting is proposed by Perez-Castrillo and Wettstein (2002), in which the authors

develop a multibidding mechanism that allows individuals to simultaneously bid different

values for multiple potential projects. The process generalizes a siting decision by treating the

proposed facility and no facility as multiple projects. Reaching efficiency, however, depends

on a complex bidding process in which consumers can precisely convey their willingness

to pay. An extensive literature examines the hypothetical bias that arises in situations of

self-reporting values.1

A second question, therefore, pertains to siting decisions on the part of individual locali-

ties. For competition between localities to potentially serve as an efficient mechanism in the

aggregate, it is first necessary to determine whether a locality can make an efficient siting

decision in isolation. We argue that is imperative to construct a framework for an individual

locality’s siting decision in order to fully examine the role of spillover effects and competi-

tion in siting efficiency. The objective of this study is therefore to develop a framework for

analyzing a locality’s abilities to make collective siting decisions. We outline properties of

the siting decision and siting location that determine when inefficient siting will proceed,

offer a potential solution, and present empirical work to measure the magnitude of such

inefficiencies.

As it seeks to assess the ability of localities to efficiently make siting decisions, this

research also contributes to topics related to fiscal federalism. Oates (1972) discusses the

theory of decentralization, in which efficiency is achieved when provision of local public goods

is the responsibility of local jurisdictions. Such jurisdictions are able to better capture the

demand of its residents. The basic principle of decentralization in fiscal federalism, which

states that decisions regarding public good provision should be conducted at the lowest

level of government that contains the relevant cost and benefits (Oates, 1999), is subject to

criticism in particular cases. One such case arises when the bounds of environmental impacts

are not perfectly aligned with those of political jurisdictions. We present a particular, though

not unlikely, specification of our model that captures this property. In this case, the relative

size of the decision-making jurisdiction directly impacts the efficiency of the decision-making

process.

Fiscal decentralization suggests that local public good provision should be the respon-

1See Loomis (2011) for a thorough discussion of this bias.
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sibility of local jurisdictions. Moreover, bidding mechanisms have the ability to generate

efficient outcomes at the local level. A single decision-maker may be left to make a siting

decision on behalf of a locality but would require the willingness to pay for each citizen to

do so efficiently. The mechanism developed by Perez-Castrillo and Wettstein (2002) accom-

plishes this when individuals are able to accurately provide their true preferences. More

often, however, locality decisions are made on the basis of a vote, in which individuals only

have the option to vote for or against hosting a facility based on their individual preferen-

ces, without providing any magnitude of their values. While the use of an approval voting

structure may be inferior, it is typically dictated by political constraints. The purpose of

this paper is to investigate problems with majority-rule siting decisions and the possibility

that a modified voting procedure can be used to make efficient siting decisions. Specifically,

we seek to determine a format for passing siting decisions within the majority-rule voting

process, primarily by correcting the features of local majority rule that lead to inefficiency.

The following subsections present the general mechanism that drives inefficiencies in

majority-rule voting, followed by examples of voting on siting decisions. Theoretical results

in Section 2 establish the potential prevelance of inefficient siting decisions. We then develop

a functional model in Section 3 to examine specific mechanisms behind the problem. Section

3.1 discusses inefficient siting decisions in the context of our model and Section 4 provides

potential solutions to such inefficiencies under different model assumptions. We provide an

empirical exercise that parameterizes the population distribution function in Section 5 to

illustrate the magnitude of potentially inefficient decisions. Finally, Section 6 concludes with

a discussion of our results and suggestions for future research.

1.1 The Inefficiency of Market Siting

Consider a firm that seeks to site a facility in one of a number of localities. Each locality

consists of a population distributed across an otherwise featureless plane. The host locality

must be offered a host fee in order to secure its willingness to host the facility.2 Due to

the decision facing the owner of the noxious facility, the locality that requires the lowest

compensation will be chosen to host the facility.

There are two fundamental attributes of noxious facilities that drive the inefficiencies of

this market siting process. First, each individual in the host locality wants any facility it

hosts to be sited as far away as possible, in an effort to minimize damages associated with

proximity to the facility. Second, the benefits of hosting a facility (host fees) stop at the

2For evidence of the prevalence and magnitude of compensation for siting, see Jenkins et al. (2004), in
which the authors compile a datset of 37 solid waste landfills that paid host fees to local jurisdictions in
1996. The average host fee among these 37 landfills was approximately $1.5 million.
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host locality's border, whereas the disamenities of the site can cross borders. While the

latter problem of cross-boundary spillovers is an important aspect of siting decisions and a

significant source of inefficiency across the entire landscape, we focus here only on the former

problem. Absent any spatial externalities outside of the locality, plausible assumptions lead

to a situation in which simple majority rule siting decisions will generate inefficiencies within

the host locality. More specifically, the majority will accept the facility at a host fee that

is strictly less than the total disamenity the facility imposes on the locality. This result

implies that a locality will accept a facility at a price lower than its disamenities, generating

aggregate welfare loss.

Ingberman (1995) demonstrates the inefficiency of siting based on majority rule under

two restrictive assumptions: 1) the locality is square-shaped and 2) residents are uniformly

distributed across space. Most localities do not exhibit these assumptions, though the need

to achieve efficiency is desired. In this paper, we establish a general model which allows for

flexibility in three distinctive aspects: the shape of the locality, the population distribution

across space, and the damages incurred by individuals. Consequently, it enables us to conduct

an empirical analysis that illustrates the potential magnitude of the problem and make a

simple recommendation to promote efficiency.

1.2 Applications

The primary model of this paper is one in which localities use a majority rule vote to

determine whether a noxious facility or activity should be allowed within the community’s

boundaries. While some siting decisions are the result of top-down decisions or free-market

purchases of land, there are many scenarios in which a majority rule at the locality level

may determine siting.

There are two prominent cases of majority-rule criteria applied directly to the siting

of noxious facilities in Canada. In 1984 a private firm sited a hazardous waste treatment

facility in the community of Swan Hills, Alberta. The decision concluded a four-year process

that saw a list of potential communities narrowed down to a single town, followed by town

meetings and informational campaigns run by the Environmental Council of Alberta. Due

to the prevalence of activities leading up to the vote, including information meetings relating

to technical and regulatory matters of the facility, it is reasonable to assume a well-informed

population with knowledge of the potential consequences. The town of Swan Hills conducted

a referendum in which approximately 80% of the town's citizens voted in favor of siting the

facility. The plant officially opened in 1987. At the time of its opening, the facility offered

no host fees or tax revenues. Benefits were presumably only in the form of economic activity
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(Harris, 1994).

A similar process also took place in Montcalm, Manitoba, in which a hazardous waste

treatment facility was successfully sited in 1991. After several rounds in which communities

expressed interest in hosting the plant, the list of potential sites was narrowed down to four

communities. Majority-rule referenda in two of the communities rejected the proposal. A

third community, Winnipeg, was deleted as a potential site due to its high population density.

The fourth community, Montcalm, held a referendum in which 67.1% (618 citizens) voted to

support hosting a hazardous waste management facility by the Manitoba Hazardous Waste

Management Corporation in the Rural Municipality of Montcalm (Castle, 1993).

While there have not been examples of direct votes yet, an obvious candidate for a refe-

rendum is a nuclear waste storage facility. Such facilities are difficult to site in communities

and the surrounding debate has become increasingly contentious. Efforts to locate storage

facilities in the United States have met an enormous degree of opposition from states, lo-

cal communities, and environmental groups (Kraft, 2007). Furthermore, the possibility of

referenda has entered the public discourse in both Russia and Taiwan.

Another potential for a majority-rule referendum is the opening of lands for hydraulic

fracturing (“fracking”). The economic benefits of fracking are obvious, primarily in the

form of economic activity and access to a larger supply of energy resources. However, the

procedure itself poses significant environmental and health risks.3 Due to its potential health

and environmental risk, fracking has become a target for policy concerning whether such

activity should be allowed. Recent years have seen the use of state-wide referendum as

a tool for a resolution to a number of social issues, and fracking has already penetrated

municipal policy in several states. While there may be additional constraints on drilling

locations that make fracking an imperfect application of our model, majority rule decisions

appear to offer the most accessible means of addressing concerns.

3While the impacts are still imperfectly understood, the U.S. Environmental Protection Agency
(EPA) has reported initial findings of increased air pollution and contamination of ground and sur-
face water. For EPA analysis of fracking see http://www2.epa.gov/hydraulicfracturing. For EPA ana-
lysis of the impact of fracking on drinking water see http://www2.epa.gov/sites/production/files/2015-
06/documents/hf es erd jun2015.pdf.
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2 A Model of Majority Rule Decisions

2.1 Siting Decision

We examine a firm’s attempt to site a single facility in one locality.4 The facility generates

disamenities that depend on proximity, and are thus heterogeneous in magnitude. Benefits,

which are purely in the form of a host fee, are equally distributed among residents. While

the latter may at first appear to be an extreme assumption, it corresponds to the case of tax

revenues and/or economic growth which are evenly distributed across the population.

Disamenity costs are nondecreasing in proximity to the facility. Let d denote a household's

distance from the proposed facility location and define the (disamenity) cost function c(d)

as the disamenity cost experienced by a resident located at distance d from the facility.

We assume that c(d) is weakly convex: c′ ≤ 0, c′′ ≥ 0. This common assumption can be

interpreted more generally as a localized disamenity, in the sense that the damages increase

at an increasing rate as one becomes closer to the facility. Such a specification serves as

the basis for much of the previously mentioned empirical literature that estimates damages

through the impact on housing values. 5

The decision on the part of a locality whether to accept a facility is determined by a

simple majority rule. A voter is in favor if his share of the host fee is at least as large as

the disamenity cost he experiences. Facility owners act as profit-maximizing firms and offer

the minimum host fee that will secure acceptance of the facility. In addition, the owner’s

expected profit from the facility must be greater than the aggregate host fee for siting to

take place. The model includes no bargaining power on the part of the locality, a reasonable

assumption when there is potential competition with other localities. We also assumed that

the firm’s location decision is driven entirely by the required host fee, rather than other

amenities within the locality.

2.2 Equilibrium Compensation with Simple Majority Rule

Since the firm wants to minimize costs, it will offer a host fee that makes the voter who

is median distance from the facility indifferent between hosting or not. Given such a host

fee offer, those voters who are more than median distance away will strictly prefer to serve

as host for the offered fee (since they bear lower disamenity but receive the same share of

the host fee benefit). Therefore, if mean distance from the facility is strictly less than the

4This corresponds to the first-stage optimal choice for each possible site when looking at competition
among localities.

5In addition, Rossi-Hansberg et al. (2010) use nonparametric techniques and find evidence that amenities
are capitalized into housing prices in a convex manner.
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median distance (and the disamenity function is decreasing in proximity), aggregate costs

exceed the aggregate benefits. This suggests that the distribution of distance to the proposed

facility across the population is of primary concern. Note that a uniformly distributed (across

space) population may still exhibit an increasing probability density function of distance to

the facility so that mean distance is less than median distance. Intuitively, there is a higher

density of voters at farther distances due to a two-dimensional landscape.

We establish a general result to account for a variety of locality shapes and spatial

distributions of the population. Focusing first on generalizing the shape of the locality, we

establish the following proposition:

Proposition 1. If the locality’s boundaries encompass a convex set of points and the popu-

lation is uniformly distributed across space, a majority-rule vote will result in a firm location

that generates aggregate disamenity cost that are greater than the aggregate host fee.

Proof. See Appendix A.1.

Proposition 1 establishes that inefficient siting will occur due to the shape of the locality.

With a spatially uniform population distribution, two-dimensional space generates a non-

uniform population distribution with respect to distance to the facility. Meanwhile, the firm

seeks to minimize host fees by siting the facility in a location that minimizes exposure to

voters. Such behavior generates a distribution of distance that is negatively skewed, so that

mean damages are greater than median damages.

Since a spatially uniform population distribution is a strong assumption, we relax this

restriction and establish the following:

Proposition 2. If the locality’s boundaries encompass a convex set of points and the popu-

lation is non-uniformly distributed across space, inefficient siting will only be avoided given

particular population concentrations and geographic boundary shapes.

In Appendix A.2 we discuss Proposition 2 in more detail. Importantly, it establishes

general cases for the existence of inefficient siting. Specifically, there exist spatially non-

uniform population distributions in plausibly-shaped localities that result in siting decisions

that create welfare loss.

In addition, Appendix A.2 provides a technical framework to determine when such an

inefficiency will occur. For example, consider a change in distribution characterized by

movement of ‘no’ voters towards the median or a movement of ‘yes’ voters farther away

from the proposed facility. In each of these cases, the concentration of voters puts upward

pressure on mean distance, and thus downward pressure on aggregate disamenity costs, but

leaves median costs, and thus the required host fee, unchanged.
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The preceding propositions establish that the siting of noxious facilities in a manner that

decreases aggregate welfare may be a pervasive problem. While there may exist localities

with particular geographic shapes and spatial distributions for which inefficient siting does

not arise, our parametric model and empirical analysis in what follows are able to capture a

variety of potential situations that demonstrate the prevalence of inefficient siting.

3 Functional Model

To demonstrate the degree of inefficiency of majority rule siting decisions and to generate

an efficient solution, we first specify a functional form for the distance distribution. Concep-

tually, we are interested in a model with a generic form of the distribution of the population

throughout the locality, across a two-dimensional plane. Mechanically, however, the actual

variable of interest is “distance to the facility”, a scalar measure. Any bivariate distribution

of coordinates in two-dimensional space can be transformed to a univariate distribution of

the Euclidean distance between each point and the proposed location of the facility. We fo-

cus on the measure of distance, retaining generality in terms of the shape of the locality and

the explicit distribution of the population across space. We continue to treat the proposed

location of the facility as the point in the locality that minimizes the necessary host fee.

To model the distribution of a voter's distance from a proposed facility we use the Beta

distribution, Beta(α, β). This distribution has support [0,1], making it ideal for modeling

a distance variable that is positive with an upper limit defined by the size of the locality.

Without loss of generalization, we normalize the maximum distance to 1. Moreover, the

Beta distribution is very flexible, as parameter combinations can generate probability density

functions that are increasing, decreasing, or nonmonotonic, along with different degrees of

concavity and convexity. Using the Beta distribution, the density function of the population

at distance d is expressed as

f(d;α, β) =
1

B(α, β)
dα−1(1− d)β−1, (1)

where B(α, β) is the beta function,6

B(α, β) =

∫ 1

0

xα−1(1− x)β−1dx. (2)

6The beta function may also be defined from the gamma function, B(α, β) = Γ(α)Γ(β)
Γ(α+β)
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The cumulative distribution function is

F (d;α, β) =
B(d;α, β)

B(α, β)
, (3)

where B(d;α, β) is the incomplete beta function7.

As established in Propositions 1 and 2, equilibrium siting decisions made through ma-

jority rule mechanisms with offered hosts fees may result in distance distributions that are

negatively skewed. We therefore concentrate on two subsets of parameters (α, β) that gene-

rate negatively skewed distributions and thus describe potential equilibrium solutions. The

first subset is α ∈ [2,∞), β = 1, which generates a density of distance function that it

strictly increasing and weakly convex. This subset implies a population that is increasingly

concentrated away from the potential facility, driven by either the shape of the locality or

the spatial distribution of the population. The second subset is α ∈ (3,∞], β = 3, which

generates a density function in which the population concentrates around a particular point

within the locality. Such a point can be interpreted as a central business area or an amenity

that provides benefits with proximity. It is important to note that this point of concentra-

tion remains at a far distance from the proposed facility. There are other possible parameter

combinations that work within the context of our model's equilibrium, given more variation

in β, but these subsets add little to the discussion.

To demonstrate the role of the Beta distribution in capturing population distance distri-

butions, it is helpful to see that potential localities can be described with a parameterized

Beta distribution. For example, a quarter-circle locality with a uniform distribution leads to

an equilibrium in which a facility is sited at the corner where the radii meet. The distribu-

tion of distance to the facility is defined as Beta(2,1). Equilibrium siting in a square locality

with a uniform spatial distribution, as in Ingberman (1995), generates a density function

of distance to the facility that is negatively skewed and can be approximated using a Beta

distribution with α ≈ 2.67 and β ≈ 2.29. Different shapes and spatial distributions will lead

to distance distributions characterized by concentrations of households at different distan-

ces that can still be approximated with a beta distribution. Using a Beta(3,2) distribution

as a reference, an increase in the first parameter models a population that is concentrated

further from the facility, whereas an increase in the second parameter models a population

that is more highly concentrated around a particular distance. Overall, the beta distribution

serves as a robust way to capture the scalar variable of interest, which is the distribution of

population by distance to a facility.

In addition to the population distribution, we capture the disamenity cost function using

7The incomplete beta function B(d;α, β) is the beta function integral with upper limit d.
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the flexible form8

c(d) = dγ(1− d)δ. (4)

Of interest are cost functions that are decreasing in distance and weakly convex. The special

case in which γ = 0 and δ = 1 results in a linear damage function in which marginal damages

are constant. The cost function becomes convex as γ decreases below 0 and as δ increases

above 1. When γ decreases, the convexity manifests as a very sharp decrease in costs at

close proximities, implying a disamenity that causes considerable damages concentrated at

very close proximity. As δ increases, the cost function flattens out at farther distances.

This reflects the case in which damages approach 0 within the locality and, beyond this

point, increased proximity to the site causes very little damage: i.e. if an individual lives at

least x miles from the facility, damages will not decrease (increase) significantly if she moves

further away (closer). In general, the structure of Equation (4) is quite flexible and capable

of capturing a wide variety of properties. We begin by assuming that disamenity costs are

greater than zero for all residents within the locality and later consider the case in which

some residents suffer no disamenity costs.

3.1 Inefficiency of Majority Rule Siting

Siting inefficiency is defined here as an equilibrium in which mean damages are greater than

median damages, leading to a decision that generates greater aggregate costs than aggregate

benefits. To demonstrate the inefficiency of majority rule siting, we establish mean costs

and median costs in the context of the previously discussed general functional forms.

Mean disamenity costs, c̄, are calculated as

c̄ =

∫ 1

0

c(x)f(x;α, β)dx. (5)

As shown in Appendix B, mean costs are easily calculated as the ratio of two beta functions,

c̄ =
B(α + γ, β + δ)

B(α, β)
. (6)

Median disamenity costs, denoted cM , are found directly using median distance from the

proposed facility. Since the cost function is a monotonic transformation of distance, the

individual that is median distance from the facility will suffer median costs and thus be the

8We omit any parameter that might scale the cost function for different types of disamenities. Such a
parameter will have no influence on subsequent analysis as it will cancel out in any comparison of costs.
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pivotal voter. Median distance, dm, in the Beta distribution is implicitly defined as

0.5 =
B(dm;α, β)

B(α, β)
, (7)

Median costs are then calculated as

cM = c(dm) = dγm(1− dm)δ (8)

Mean distance in the beta distribution is defined as α
α+β

, while median distance can be

approximated by α−1/3
α+β−2/3

, so that mean distance is smaller for the previously discussed cases

where α ≥ β. As shown in the following subsection, the inefficiency is exacerbated by an

increase in the skewness of the distance distribution and by an increase in the degree of

convexity of the cost function.

3.1.1 Siting Inefficiency

To measure the magnitude of inefficient sitings, we define Excess Costs as the uncompensated

(by a host fee) disamenity costs imposed on the locality,

Excess Costs = n(c̄− cm), (9)

where n is the locality’s population, c̄ denotes mean disamenity costs, and cm denotes median

disamenity costs. Without parameter values for the cost function (and any potential scale

adjustment), measuring excess costs is not possible. Still, it is important to demonstrate

general trends such as the impact of population distribution skewness and the shape of the

cost function.

Consider an increase in the concentration of voters farther from a potential facility loca-

tion that increases both mean and median distance. Based on earlier theoretical results, we

focus on instances of a negatively skewed distance distribution. An increase in the concen-

tration of voters at far distances implies an (absolute) increase in negative skewness, leading

to a distribution in which median distance becomes further from mean distance. Since the

cost function is monotonically decreasing in distance, this will increase (c̄−cm) while holding

n constant, increasing excess costs of the siting decision.

A change in the shape of the cost function will have an effect on excess costs through

changing the disamenity cost calculation, but also through changing the location of the

mean voter. Consider the range of functions for which c(dmax) = 0, where dmax denotes

maximum distance from the facility within the locality, and c(0) = C, where C is a constant.
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To examine the role of the shape of the cost function, we discuss an increase in convexity

as an increase in the curvature of these functions. In the previously discussed functional

model, this is captured by a decrease in γ or an increase in δ. Such an increase in convexity

will leave median distance unchanged but reduce median costs. Given a convex function,

mean costs must be greater than costs measured at the mean distance. Since mean distance

is unchanged, mean costs must be incurred at a decreased distance. This widens the gap

between median distance and the distance at which mean costs are incurred. We leave it

to our empirical analysis to demonstrate that increasing convexity will increase excess costs.

Intuitively, a convex cost function will increase costs by a larger magnitude (decrease costs

by a smaller magnitude) for voters in closer proximity to the facility. The increase in costs

to the ‘no’ voters is greater than the increase in costs to the pivotal voter, thus increasing

excess costs.

4 Siting Efficiency

It becomes clear that, due to the discrepancy between the median and mean residents,

aggregate damages will be greater than the required host fee. A skewed distance distribution

as well as convex disamenity costs contribute to this inefficiency. To correct the emergence

of excessive costs, we propose an efficient supermajority M , which is equal to some percent

of the population that would agree to site a facility in a particular location such that the

aggregate host fee is equal to aggregate disamenity costs.

The efficient supermajority M should generate a pivotal voter that suffers mean costs.

Define d∗ as the distance at which mean costs are incurred so that

c̄ = d∗
γ(1− d∗)δ, (10)

M = 1− F (d∗;α, β). (11)

The supermajority M is meaningful for several reasons. First, it suggests the deviation

from efficiency that results from simple majority rule. Without measuring the actual level of

disamenity costs, M expresses a magnitude of the siting inefficiency that would arise if the

siting process proceeded with simple majority rule. Second, it provides an ex-post measure of

the outcome of a vote. Since policy-makers and firms interested in establishing facilities have

limited information regarding disamenity costs, comparing M to the proportion of voters in

favor of siting the facility indicates whether or not the decision is welfare-improving.

Finally, M provides a potential solution to siting inefficiency. If a new rule is enacted

so that siting requires a supermajority M in the voting process, inefficient siting can be
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prevented. If this rule is imposed after the potential location is chosen, M ensures a host fee

that fully compensates for aggregate damages. An alternative solution is simply to require

the firm to fully compensate the locality for aggregate damages. Of course, this requires

a mechanism to accurately measure damages. A supermajority mechanism, in contrast,

provides a means of reaching full compensation while relying only on individuals’ knowledge

of whether they are willing to accept the facility for a certain host fee. There is, of course,

the possibility that firms react to a potential change in the voting rule. We address this

situation following calculation of M .

In order to determine the efficient supermajority we need to find the distance of the voter

who suffers mean costs and calculate the cumulative population distance distribution at this

point, F (d∗). In the absence of a general closed-form expression for d∗, there is no general

closed-form solution for M . Therefore, we derive M for the specific cases in which d∗ can be

found analytically and use numerical methods to find d∗ in other cases, at which point M is

easily found using Equation (11).

4.1 The Efficient Supermajority

The required voting supermajority that will ensure an aggregate host fee that fully compen-

sates for aggregate disamenity costs is dependent on the parameters of the model. While

a closed-form expression that defines the supermajority as a function of model parameters

does not generally exist, there are specific cases that illustrate more general conclusions.

Special cases of model parameters help to isolate the impact of convexity in costs and the

distribution of the voting population. We first present the case of linear costs to examine the

role of population concentration. We then present specific distance distributions to examine

the role of convex costs and the interaction of the two properties. Finally, we consider the

special, but plausible, case in which the cost function decreases to zero within the bounds

of the locality.

4.1.1 Linear Disamenity Costs

Consider the case of linear disamenity costs in which γ = 0 and δ = 1 so that the cost

function reduces to c(d) = 1− d. In this case, the voter that suffers mean costs is located at

mean distance from the proposed facility. Mean distance is defined by the parameters of the

Beta distribution so that d∗ = d̄ = α/(α+β). Of course there are still many possibilities for

the distance distribution. We first focus on distributions that are concentrated further and

further away from the proposed site, which are portrayed with our model when α ∈ [2,∞],

β = 1.
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Within this parameter subset, [α, β] = [2, 1] simplifies to a positively-sloped straight

line density function for distance, f(d) = 2d. Mean distance is d∗= 2/3 and evaluating the

cumulative distribution function for distance at this point, the efficient supermajority is equal

to 5/9. Therefore, if the locality requires a 5/9 supermajority to allow the facility to operate,

the host fee that satisfies the pivotal voter will be equal to the total costs generated by the

facility. As the population becomes more concentrated away from the proposed facility (i.e.

as α increases), a higher density of voters are located in places with relatively lower costs,

driving down the firm's host fee offer relative to total costs. The efficient supermajority (see

Appendix C.1) increases to account for this:

M =

[
5

9
,
e− 1

e

]
for α ∈ [2,∞]. (12)

As α increases, the required supermajority approaches approximately 0.632. It is clear that

a simple majority rule to determine whether the facility is established will not be sufficient

in generating sufficient compensation for disamenity costs.

In another specification, we look at populations that are centralized around particular

areas for a variety of reasons. Note that these areas are likely not the farthest points from

a polluting facility. For example, populations are often observed to be concentrated around

central business districts. Using the parameter combinations α ∈ [3,∞], β = 3, we derive

efficient supermajorities (see Appendix C.2)

M =

[
1

2
,
e3 − 8.5

e3

]
for α ∈ (3,∞]. (13)

The upper limit of approximately 0.577 is considerably smaller than earlier. As seen in

the previous scenario, the inefficiency in majority rule is amplified by increasing density

away from the facility. However, the increase in density around another location reduces the

inefficiency relative to a population concentrated at the farthest possible distances. Note

that Beta(3,3) is a symmetric distribution so a simply majority of 0.5 will achieve efficiency.

An alternative means of interpreting the impact of population concentration is in the

context of the required host fee. As the population concentrates at an area relatively closer

to the facility, the median distanced decreases and a higher host fee is required to secure a

majority vote. While the mean decreases as well, it decreases at a rate slower than that of

the median (the two converge as a symmetric distribution is approached), so that median

damages increase more rapidly. This implies an increase in the host fee relative to mean

damages, mitigating the magnitude of the inefficiency in a simple majority decision.
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4.1.2 Nonlinear Disamenity Costs

We now return to the general case of convex disamenity costs and use specific parameteriza-

tions of the distance distribution as defined by Beta(2,1), Beta(3,1), and Beta(6,3) to explore

the effect of different population concentrations. Increasing convexity in the cost function

leads to an increase in the required supermajority to reach efficiency. This arises as a simple

majority vote is dominated by voters far away that have relatively lower costs as convexity

increases.

We use a bisection algorithm to numerically find the efficient supermajority. Tables I-III

display supermajorities for our three specific parameterizations of the distance distribution.

Upon examination of similar parameter combinations across tables, the pattern discussed

in the previous section is clear. For any given disamenity cost function, the necessary su-

permajority increases as the population distribution becomes more concentrated at farther

distances (i.e. as α increases). This is evident from a comparison of Table I to Table II.

In addition, the necessary supermajority decreases as the population distribution becomes

more concentrated around some interior point in the locality, as is seen in a comparison of

Table I to Table III.

Focusing on the impact of the shape of the disamenity function, these results demonstrate

the earlier conclusion that increasing convexity exacerbates the efficiency problem. Increasing

convexity can be modeled as either a decrease in the γ parameter or an increase in the δ

parameter. The top left corner of Tables I-III replicates the case of linear damages. As the

cost function becomes more convex, the necessary supermajority quickly increases, requiring

a large portion of the population to support siting the facility.

While a siting decision is based on a simple yes/no decision related to some threshold

value, efficiency is based on the magnitude of costs. A convex cost function leads to costs

being highly concentrated among those individuals that disapprove of the facility, increasing

aggregate costs, but without such a large increase in costs at farther distances to increase

the required host fee enough. An extreme version of this scenario is one in which a single

voter lives next to the facility and the remainder of the population lives sufficiently far away

to incur zero costs. In such a situation, ensuring that the aggregate host fee covers aggregate

damages requires that the host fee covers the costs of that single individual, thereby creating

a necessary supermajority of 1.

4.1.3 Disamenity Costs Decay to Zero

Finally, one may be interested in the particular cost function in which the disamenity cost

becomes zero at some finite point. Such a situation arises when the facility has no negative
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impact on some households within the locality that are sufficiently far away. We consider cost

functions that approach zero continuously. These properties are captured by the disamenity

cost function

c(d) = dγ(`− d)δ, (14)

where ` denotes the distance at which the disamenity becomes 0.9 Similar to above, we

calculate mean damages among households and find the efficient supermajority by finding

the pivotal voter that suffers these mean damages. To illustrate the impact of a cost function

in which the disamenity becomes zero at some finite point within the locality, we examine

the simplest case of a population distribution defined by Beta(2,1) and a linear cost function

(γ = 0, δ = 1). In this situation, the efficient supermajority becomes

M = 1−
(
`2 − 2

3
`4 +

1

9
`6

)
. (15)

If ` = 1, Equation (15) simply reduces to the results of the above section detailing linear

disamenity costs. Taking the first derivative of Equation (15), it is clear that a decrease

in ` will increase the required supermajority towards the extreme case of M = 1.10 In

general, the modified cost function increases the concentration of the disamenity around the

hypothetical facility, thus requiring compensation of a larger portion of voters to correct

the inefficiency. In Figure 1, we plot the relationship between ` and M for several different

scenarios, reflecting linear or convex disamenity costs as well as populations concentrated

increasingly farther away or around a specific point. In addition to the increasing inefficiency

that results from a larger portion of the population suffering zero costs, Figure 1 illustrates

two other properties. First, it is clear that the impact of the shape of the cost function

remains unchanged, as convex costs imply a higher supermajority than linear costs, regardless

of the value of `. Second, we see that when population is concentrated further away, relative

to around a specific interior point, a higher supermajority is required only for larger values

for `. If disamenity costs decay to zero at some distance, a larger supermajority is no

longer required for population distributions that are concentrated increasingly farther away.

Intuitively, changes in the population distribution beyond the point at which costs become 0

are meaningless since voters at the point experience zero costs regardless. Whether a larger

supermajority is necessary under a population distribution concentrated increasingly farther

away or a population concentrated at an interior point depends on a both the relative skew

of the population distributions and the value of `.

9Since maximum distance has been normalized to 1, ` ≤ 1.
10The first derivative is equal to 0 at ` = 0 and ` = 1. Since it is convex for 0 ≤ ` ≤ 1, it is therefore

negative over the entire range.
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This case presents an interesting point related to fiscal federalism. A cost function that

becomes 0 within the locality can be replicated by extending the political boundaries of

the voting population beyond the point at which the distance-related costs cease to matter.

Extending the core fiscal decentralization arguments, the preceding discussion indicates that

a jurisdiction that includes a significant population of unaffected individuals will inefficiently

site noxious facilities. Combined with spatial spillovers that could result if too small of

a jurisdiction is considered, these results suggest the importance of properly aligning the

decision-making jurisdiction with those individuals that are impacted by the decision.

4.2 Strategic Behavior

The preceding section outlined the required changes to the voting rule that would ensure an

outcome that compensates the locality appropriately. Any change in the voting process that

takes place before the firm chooses the facility’s potential location, however, will alter the

firm’s decision. The voter at the (1−M)th percentile of distance replaces the median voter

as the pivotal decision-maker. Therefore, the firm will take this into consideration when

deciding on the optimal location based on the necessary host fee.

Suppose the locality uses a voting process in which a proposal passes only if it is accepted

by M percent of the voting population. If the firm chooses the location that maximizes

median distance, it must now offer a higher host fee to satisfy a closer pivotal voter. The

firm also has the option of choosing an alternative location in the locality if there exists a

different point that maximizes distance to the pivotal voter. The new location may be one

in which M is no longer the efficient supermajority, prompting the locality to choose an

alternative M ′. Interestingly, simultaneous strategic behavior on the part of the firm and

locality results in an efficient equilibrium:

Proposition 3. If the locality can define and enforce a voting process for siting a noxious

facility that relies on a supermajority then i) the facility will be located at a point that mini-

mizes disamenity costs to the locality and ii) siting of the facility will be accepted by the vote

only if the aggregate host fee is greater than aggregate disamenity costs.

Proof. The locality’s objective, to ensure that inefficient siting does not take place, leads it

to enact a supermajority M such that the voter at the (1 −M)th distance percentile also

suffers mean costs. This pivotal voter also determines the necessary host fee for the facility

to be sited. To minimize the host fee it needs to offer the locality, the firm will choose a

location that maximizes the distance of the voter (1−M)th distance percentile. This voter

suffers mean costs, since M was chosen by the locality, so that distance to the mean sufferer

is maximized and thus aggregate disamenity costs are minimized. If the aggregate host fee
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is less than aggregate damages, then the host fee must be less than mean damages so the

pivotal voter will not accept the facility.

Therefore, a credible threat to enact the efficient supermajority will lead the firm to

choose a location and offer a host fee that make the locality no worse off.

5 Empirical Estimates of the Beta Distribution

The previous sections considered general shapes of the Beta distribution that are built from

typical expectations of population patterns In this section we use observed population dis-

tributions to determine the degree to which such inefficiencies may exist. We continue to

rely on the Beta distribution due to its flexibility in fitting a variety of spatial patterns and

estimate the parameters α and β. Since we directly fit the distribution of distance, estimated

parameters account for patterns of both population concentrations and the geographic shape

of a locality.

We use 118 counties from New York and Pennsylvania as the basis for our empirical

analysis. Summary statistics for counties and block, respectively, are presented in Table IV.

For each county, we create a hypothetical location for a facility. This location is chosen

as the point in the county that maximizes the median distance between the facility and

households, which is analogous to the point that minimizes the cost of getting the facility

approved. Using publicly available U.S. Census data, an individual’s location within the

county is approximated by the geographic center of the census block in which she resides.

This approximation is highly accurate since blocks are geographically small and contain

small populations relative to the whole county. We assume that each household represents

a single vote.

We use a brute-force search to find a hypothetical location for a facility in each county.

First, a grid is constructed for each county, consisting of geographic points evenly spaced

throughout the county at distances of approximately 100 meters in both east-west and north-

south directions.11 For each point, we calculate distance to each block centroid and choose

the point with the largest median population-weighted distance. Given a location for the

hypothetical facility, we use maximum likelihood estimation separately for each county to find

118 sets of Beta distribution parameters, {α, β}, that characterize the distance distribution

in each county.

11The distance between points in the generated grid varies across county since the grid is defined by a
fixed number of points (250,000) within the county’s borders. The 10th and 90th percentiles for grid distance
are 37.38 and 139.61 meters, respectively, with a maximum of 364.77 meters in the largest county.
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Of the 118 fitted distributions, only 2 are positively skewed. This is the combined result

of particular geographies and spatial concentrations. As discussed earlier, however, such a

result is expected in certain circumstances. Focusing on cases of potential inefficiencies, Table

V summarizes the 116 sets of estimated parameters and the skewness of each population

distribution for which a potential inefficiency is predicted. In general, populations in these

counties are concentrated in locations away from hypothetical facilities, but centered away

from the farthest possible distance within the county. Thus all counties have a slightly skewed

distribution of distance to a facility, evidenced by α > β. This inequality is statistically

significant for all 116 counties. Such skewness requires a supermajority greater than 0.5 to

prevent inefficient siting.

Parameters of the population spatial distribution can be used to calculate efficient super-

majorities necessary to ensure a solution in which the total host fee is equal to total costs

imposed on the county in the case of linear damages. Figure 2 presents estimated super-

majorities and 95% confidence intervals calculated from parameter standard errors. Point

estimates for the optimal supermajority range from 50.15 to 58.93 across the 118 counties.

The median optimal supermajority (52.45) and the 10th and 90th percentiles (51.27 and

54.45) are also shown in Figure 2. The narrorw range suggests the possibility that a uniform

supermajority, which is perhaps more politically feasible, could be applied to all localities

with only modest welfare losses. While a proposed increase from 50 to 51.27 (10th percentile

with linear costs) corresponds to an additional 940 voters in that particular county (popu-

lation of 73,966), the 90th percentile proposed increase to 54.45 (county with population of

251,798) corresponds to 11,205 voters. Depending on the type of facility, this could imply

considerable excess costs on the locality.

In addition to calculating supermajorities using point estimates, we use bootstrapping

methods to calculate confidence intervals for efficient supermajorities in each county, follo-

wing Krinsky and Robb (1986).12 Using parameter estimates and the corresponding covari-

ance matrix to describe the distributions of α and β, we take 10,000 random draws of {α, β}
for each county. For every draw, we calculate the efficient supermajority. We then use the

sample of 10,000 supermajorities to determine a confidence interval for each county. All 95%

confidence intervals have a range of less than 0.0063, generating very similar results to the

point estimates.

Finally, we examine the impact of convex disamenity costs using empirical estimates of

the beta distribution for the 116 counties with potential for inefficient siting. Since the

hypothetical site location is based on the median voter, the monotonic transformation of

12We also calculate standard errors using an alternative bootstrapping technique described in Runkle
(1987). Results are nearly identical and therefore not reported here.
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moving to a convex cost function has no impact on the proposed location. As discussed

earlier, however, the degree of convexity determines mean costs and thus the efficient super-

majority. For each combination of county population distribution parameters and possible

parameters in the previously discussed convex cost function, we can calculate mean damages

to find the supermajority that will ensure efficiency. In Figure 3, we illustrate the impact

of convexity in the cost function by plotting the efficient supermajority for each county at

different degrees of convexity. The degree of convexity simply refers to various cost function

parameters that exacerbate the majority rule inefficiency.13 For disamenities that are highly

convex in distance, it is clear that the necessary supermajority is a substantial portion of the

population. This suggests that considerable large costs could arise in majority-rule decisions.

It is also evident that convex costs and population distributions have a complex rela-

tionship in generating siting inefficiencies, as there is not a consistent ranking (in terms

of required supermajority) of counties across different cost functions. While the efficient

supermajority increases with independent increases in convexity and skewed population dis-

tance distributions, the impact of convexity is not independent of the distance distribution,

and vice versa. For example, the smallest required supermajority for each of the function

parameter combinations reported in Tables I-III appears in one of three different coun-

ties in our sample. These three counties have distance distributions with with parameters

(α = 11.67, β = 4.07), (α = 6.21, β = 5.50), and (α = 12.95, β = 3.74), respectively. The

inefficiency of majority rule is relatively smaller in these counties due to the concentration of

the population at less than extreme distances from the hypothetical site, evidenced by a re-

latively large β parameter. This type of population distribution reduces the concentration of

site supporters at extreme distances that suffer very low costs. Similarly, the largest required

supermajority for each of the reported cost function parameter combinations appear across

three counties with distribution parameters (α = 1.25, β = 0.96), (α = 15.01, β = 1.61), and

(α = 2.12, β = 1.00), respectively. Here, we see counties with population distributions that

have a denser concentration of population at farther distances.

Using population distribution parameters, we calculate excess costs for each county. Due

to an unspecified scale in the disamenity cost function, excess costs are only measured as

a percentage of aggregate benefits. Figure 4 shows excess costs that could occur if siting

is approved by a simple majority. As discussed earlier, excess costs increase with convexity

in the cost function. While some counties in the study sample may experience only a few

percentage points in excess costs, other counties may see excess costs upwards of 20%. This

implies the potential for considerable welfare losses in majority-rule settings.

13Convexity here is generated only by variation in the γ parameter.
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6 Conclusion

This paper has outlined a comprehensive framework for investigating the inefficiency of

majority-rule decision related to siting noxious facilities and investigated the ability of al-

ternative voting processes to reach efficient outcomes. We have shown that a supermajority

rule is required to overcome the inherent inefficiency in simple majority rule decisions. The

exact value of this supermajority varies with the spatial distribution of the population and

with the relationship between damages and proximity to the facility. In general, the neces-

sary supermajority increases as populations concentrate farther away from the facility, as

well as when the disamenity cost function becomes (more) convex in distance. Both of the

effects relate directly to the fundamental driver of the inefficiency: an individual decision

based entirely on whether the outcome is positive or negative, combined with an evaluation

of efficiency that depends on the magnitude of the outcome. We have also provided empirical

evidence to show that potential inefficiencies exist and could be of considerable magnitude.

Therefore significant welfare improvements are possible through the use of supermajority

voting rules.

Empirical population distributions suggest that the distribution of distance to an op-

timally sited facility has a negative skew, but populations are concentrated around some

other location, likely a city center or central business district. Such a concentration works

to partially mitigate siting inefficiencies. It is important to recognize that the required su-

permajority, given observed population distributions, is highly dependent on the degree of

convexity in the cost function.

We end with a discussion of a few limitations that exist in our analysis. First, our

definition of efficiency pertains only to aggregate benefits (host fees) and aggregate costs

in the potential host locality, but ignores any surrounding localities. As the disamenity

costs from a facility are of a spatial nature, it is likely that costs will impact neighboring

localities. The existence of these spillovers will generate greater aggregate costs when the

perspective is that of a group of localities. Furthermore, such a situation may also lead to

competitive behavior on the part of localities to host the facility.14 Still, our results illustrate

the inefficiency that is inherent in the decision facing all localities, a decision that will exist

whether or not a competitive environment exists.

Another potential limitation pertains to our choice of a parametric function to model

the distribution of individuals distances to a potential facility. However, the beta function

is flexible in representing a wide array of spatial patterns. We are therefore confident that

it is adequate in characterizing observed population distributions. While we model specific

14See, for example, Ingberman (1995) for a further discussion of localities competing to host.
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distribution patterns, our results depend only on the asymmetric distribution of damages

throughout the population. It is unlikely that other parametric or nonparametric distribu-

tions that capture the same distributional features will have a considerable impact on our

findings.

Finally, we acknowledge that our model deals with a stationary population that accepts

the damages generated by its proximity to a noxious facility. In reality, one might expect

to see a significant amount of migration within or across localities in response to siting,

as supported by an expansive literature on residential sorting in response to environmental

attributes. Such migration may serve to alleviate some of the damages imposed by a facility.

The degree to which an individual’s ability to change household location weighs in on her

voting decision raises another interesting question.
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Appendix A Framework of Inefficient Siting

Given a monotonically decreasing disamenity cost function, we only need to show median

distance greater than mean distance to generate an inefficient siting decision. Assume that

the facility is located on a border. Median distance from the facility can be denoted by the

median arc. This arc is generated by the intersection of the locality and a circle with radius

dm, such that half of the locality’s population is within distance dm from the facility. Denote

the set of all points beyond the median arc as B and the set of all points within the median

arc as A.

We assume there exists continuous functions that describe the density of population as

a function of distance from a particular point in the locality. Define the function α(z) that

gives the density function of population at distance z from the median arc within A. This

function is a line integral of the bivariate population distribution of geographic coordinates

x and y in Euclidean space, f(x, y), over an arc parallel to the median arc,

α(z) =

∫
P

f(x, y)d`, (A.1)

where P is the arc stretching across the locality’s borders at distance z from the median

arc. Similarly, we define the function β(z) that gives the density function of population

at distance z from the median arc within B. Finally, define the cumulative distribution

functions15 Ψ(z) and Ω(z) that give the portion of the population in A and B, respectively,

that live within distance z of the median arc,

Ψ(z) =

∫ z

0

α(t)dt, (A.2)

Ω(z) =

∫ z

0

β(t)dt. (A.3)

Since A and B are separated by the median distance from the facility and each include

exactly half of the population, mean distance from the facility will be less than median

distance when mean distance from the median arc in A is greater than in B.

We can establish that the maximum distance in A, Amax, must be greater than the

maximum distance in B. Denote the point of maximum distance in B as (x̃, ỹ) located

distance d2 from the median arc. We can define a new arc that encompasses the portion of

the locality within distance d2 from point (x̃, ỹ). Since this new arc is tangent to the median

arc, it must contain strictly less than 0.50 of the locality. Therefore, it would be optimal for

15Density here is measured relative to the entire population of the locality, so that neither α(·) nor β(·)
are proper density functions. The same is true for the cumulative functions Ψ(·) and Ω(·).
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the firm to locate at point (x̃, ỹ) in B with median voter farther than dm and be able to pay

a lower host fee. The same argument holds when the point of maximum width is located on

the median arc. This follows from the fact that arc distance d2 from (x̃, ỹ) contains strictly

less than 0.5 of the locality.

Therefore, our result holds as long as∫ AMax

0

z (α(z)− β(z)) dz > 0. (A.4)

Using differentiation by parts, this can be written as∫ Amax

0

z (α(z)− β(z)) dz = z (Ψ(z)− Ω(z))|Amax0 −
∫ Amax

0

Ψ(z)− Ω(z)dz. (A.5)

In the first component of the right-hand-side of Equation (A.5), Ψ(Amax) = Ω(Amax) =

0.5 and Ψ(0) = Ω(0) = 0. The second component depends on properties of f(x, y), the

population distribution, as well as α(z) and β(z).

A.1 Proof of Proposition 1

We examine the special case of a locality in which the population is uniformly distributed

across space. In this case, the functions α(z) and β(z) simplify to the length of the arc P at

distance z from the median arc, determined by the width of the locality.

First, we can establish that the median arc will intersect the locality’s border’s at a

point at which the width of the locality is increasing as distance from the facility increases.

Suppose that the median arc is at a point at which the width of the locality is decreasing as

distance from the facility increases. Since we have restricted the locality to a convex set, the

point of maximum width must be located in A or at the median arc. Convexity also implies

that β(z) is decreasing and concave, while α(z) is concave and increases from x = 0 over

some interval. Note that a(z) = b(z) at z = 0. If the point of maximum width is not located

at the median arc there exists some distance, z = z1, at which α(z) is at its maximum.

Therefore, the integral of β(z) must be strictly less than the integral of α(z) from z = 0 to

z = z1. However, the integral of α(z) = 0.5 must be equal to the integral of β(z) = 0.5 over

the entire locality, since these areas are defined by the median arc.

Based on the concavity and monotonicity properties of α(z) and β(z), combined with the

equality of integrals over the entire distance, the maximum distance in B, i.e. the point at

which β(z) = 0, must be greater than the maximum distance dm in A. This, of course, cannot

hold, as the firm would then optimally locate in B. Therefore, the firm will always locate at
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a point so that the median arc intersects the locality’s border at a point of increasing width

away from the facility.

To justify the initial assumption that the facility is located on a border, we show that

moving away from the border is not optimal for the firm. Suppose the firm is located on the

border. Consider a circle with radius dm and the facility at its center. The length of dm is

determined such that the intersection of the circle and the locality includes 50% of the area of

the locality. The median voter is located along the perimeter of this circle. Now suppose the

facility moves away from the border location. Given a convex-shaped locality, an identical

circle with radius dm around the new location will intersect the locality encompassing greater

than 50% of the population. This implies that the median voter would be located closer than

dm, which would increase the required host fee. Therefore, the firm’s optimal decision is to

locate on the border.

The arguments above establish that β(z) is a concave function and can be increasing

over its entire domain or only on some interval. The domain of β(z) is such that z ≤ AMax.

This restriction follows from the firm’s decision to maximize median distance. The function

α(z) is concave and decreasing. Therefore, β(z) is greater than α(z) over some interval

from z = 0 to z = z1. The first panel of Figure A.1 illustrates the functions α(z) and β(z)

when both functions go to 0 at some point. In Equation (A.5), recall that Ψ(z) = Ω(z) at

z = 0 and at z = Amax. Combined with properties of α(z) and β(z), it is clear that Ψ(z)

first-order stochastically dominates Ω(z). This last point, seen in the second panel of Figure

A.1, implies that the second component in Equation (A.5) is negative so that the inequality

in Equation (A.4) holds, completing the proof.

A.2 Proof of Proposition 2

When the population is non-uniformly distributed across space, the functions Ψ(z) and Ω(z)

can take on infinitely many shapes. Still, these functions provide the ability to examine

population patterns under which an inefficiency will not arise.

Distributions under which Equation (A.4) holds can be seen by analyzing Ψ(z) and Ω(z)

graphically. The only condition for an inefficinecy is that the area under the curve Ψ(z) is

less than the area under the curve Ω(z). An optimal decision on the part of the firm ensures

that Bmax < Amax.

Whether inefficient siting will arise in equilibrium can be seen as a matter of the relative

concentrations of population on either side of the median distance. There are two general

mechanisms that will prevent this inefficiency from arising in the siting decision. The first

is a large concavity in Ψ(z), as seen in the first panel of Figure A.2. In this situation, there

26



is a concentration of population at distances very close to the median and within A. At

the same time, such a concentrated population density must not exist near the median arc

in B. Alternatively, the second panel of Figure A.2 illustrates a large convexity in Ω(z)

that prevents an inefficiency from occurring. This corresponds to a high concentration of

individuals at far distances. Such a concentration increases mean distance. Note that in both

situations, we are considering changes in the spatial distribution of the population that do

not impact median distance, so that these population concentrations put downward pressure

on aggregate damages.

Appendix B Derivation of Mean Costs

Normalizing the maximum distance in a locality to 1, mean costs are found by integrating

costs (as a function of distance) over the density function of distance,

c̄ =

∫ 1

0

xγ(1− x)δxα−1(1− x)β−1 1

B(α, β)
dx, (B.1)

which can be simplified as

c̄ =
1

B(α, β)

∫ 1

0

xα+γ−1(1− x)β+δ−1 dx, (B.2)

The above integral is simply the definition of the beta function, B(α + γ, β + δ), so that

c̄ =
B(α + γ, β + δ)

B(α, β)
. (B.3)

Appendix C Efficient Supermajority With Linear Da-

mages

Average distance from the Beta distribution is d̄ = α
α+β

. To find the efficient supermajority

for the specified parameter values, we evaluate the cumulative distribution function at this

average distance,

F (d̄;α, β) =
B(d̄;α, β)

B(α, β)
=

∫ d̄
0
tα−1(1− t)β−1 dt∫ 1

0
tα−1(1− t)β−1 dt

= xα, (C.1)

and calculate an efficient supermajority M = 1− F (d̄;α, β).
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C.1 α ∈ [2,∞], β = 1

For β = 1, Equation (C.1) reduces to d̄α and the solution for the efficient supermajority is

M = 1 −
(

α
α+β

)α
. It is then obvious that for α = 2, M = 5

9
. To calculate M for cases of

populations concentrated away from the facility, we take the limit of M as α goes to infinity

and β = 1. Algebraic manipulation shows that

lim
α→∞

(
α

1 + α

)α
= lim

α→∞

1

(1 + 1/α)α
. (C.2)

To find this limit, define the denominator as L16 so that

lnL = lim
α→∞

α ln(1 +
1

α
) (C.3)

Using L’Hopital’s rule,

lnL = lim
α→∞

1
1+1/α

−1
α2

−1
α2

= lim
α→∞

α

1 + α
= 1. (C.4)

which means that L = e. Plugging this result back into Equation (C.2), we have

lim
α→∞

(
α

1 + α

)α
=

1

e
(C.5)

so that

M = 1− 1

e
=
e− 1

e
≈ 0.6321. (C.6)

C.2 α ∈ (3,∞], β = 3

For β = 3, Equation (C.1) can be evaluated at mean damages d̄ = α
α+3

to find

M = 1− 1

2

(
α

α + 3

)α(
18 + 39α + 17α2

(α + 3)2

)
. (C.7)

16This is simply the definition of the mathematical constant e.
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We then take the limit of this expression as α approaches infinity. Note that for the final

term in Equation (C.7),

lim
α→∞

(
18 + 39α + 17α2

(α + 3)2

)
= lim

α→∞

18

(3 + α)2
+ lim

α→∞

39

(6 + 9+α2

α
)

+ lim
α→∞

17

1 + 9
α2 + 6

α

(C.8)

= 0 + 0 +
17

1
= 17. (C.9)

whose limit is 17 as α approaches infinity. Then, define the variable L such that

lnL = lim
α→∞

ln

(
α

α + 3

)α
= lim

α→∞
α ln(α + 3) = lim

α→∞

3 ln(1− 3
α+3

)
3
α

. (C.10)

Define the variable t = 3
α

, which means limα→∞ t = 0 and substitute into the above equation

so that we are now interested in

lim
t→0

3 (− ln(1 + t))

t
. (C.11)

Next, define h = ln(1+ t) or t = eh−1. The variable h approaches 0 with t. Equation (C.11)

then becomes

lim
h→0
−3

(
h

eh − 1

)
= −3. (C.12)

Since this value is the limit of lnL, the limit of L is e−3 = .0498. Finally, return to Equation

(C.9) to see that the final limit is

lim
α→∞

M = 1−
(

1

2

)(
e−3
)

(17) = 0.5768. (C.13)
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δ

1 2 4 6 8

γ

0 0.556 0.650 0.758 0.818 0.857

-0.2 0.594 0.677 0.777 0.833 0.868

-0.4 0.632 0.706 0.796 0.847 0.880

-0.6 0.671 0.735 0.816 0.862 0.891

-0.8 0.710 0.765 0.837 0.878 0.903

-1 0.750 0.796 0.858 0.893 0.916

This tables presents the efficient supermajority for various parameterizations of
the the cost function when distance to the facility follows a Beta(2,1) distribu-
tion. The density steadily increases as distance increases and could be the result
of voters uniformly distributed across the locality. The cost function becomes
more convex when γ decreases and/or δ increases.

Table I: Efficient Supermajority: α = 2, β = 1

δ

1 2 4 6 8

γ

0 0.578 0.680 0.796 0.858 0.895

-0.2 0.603 0.698 0.808 0.866 0.902

-0.4 0.628 0.717 0.820 0.875 0.909

-0.6 0.653 0.735 0.833 0.884 0.915

-0.8 0.678 0.754 0.845 0.893 0.922

-1 0.704 0.774 0.858 0.902 0.929

This tables presents the efficient supermajority for various parameterizations of
the the cost function when distance to the facility follows a Beta(3,1) distribu-
tion. This density increases at an increasing rate as distance increases and could
be the result of voters concentrated on one particular side of the locality. The
cost function becomes more convex when γ decreases and/or δ increases.

Table II: Efficient Supermajority: α = 3, β = 1

δ

1 2 4 6 8

γ

0 0.532 0.608 0.719 0.795 0.846

-0.2 0.554 0.624 0.731 0.803 0.853

-0.4 0.574 0.639 0.742 0.812 0.860

-0.6 0.594 0.655 0.754 0.821 0.867

-0.8 0.613 0.670 0.765 0.830 0.874

-1 0.631 0.685 0.776 0.838 0.880

This tables presents the efficient supermajority for various parameterizations of
the the cost function when distance to the facility follows a Beta(6,3) distribu-
tion. This density increases as distance increases up to a point, but decreases at
greater distance. It could be the result of voters concentrated in a particular part
the locality. The cost function becomes more convex when γ decreases and/or δ
increases.

Table III: Efficient Supermajority: α = 6, β = 3
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Counties mean std. dev. 10th perc. median 90th perc.

# of blocks 4,302 3,300 1,623 3,369 8,719

population 157,984 228,817 29,131 80,993 361,405

size (sq. km) 1,928 993 904 1,722 3,089

Blocks

population 36.725 74.857 0.000 15.000 92.000

size (sq. km) 0.448 2.100 0.004 0.029 1.119

Table IV: Summary statistics

min max mean sd median 25% 75%

α 1.25 15.02 3.19 1.68 2.76 2.28 3.38

β 0.96 4.92 1.99 0.74 1.83 1.46 2.31

skew -1.23 -0.02 -0.31 0.17 -0.28 -0.40 -0.22

This tables presents summary statistics of parameter estimates for 116 county
population distributions. We omit 2 counties that have positively skewed distri-
butions relative to the optimal facility location. The measure skew is directly
calculated for each county using the α and β estimates.

Table V: Parameter estimates summary
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Figure 1: Efficient supermajorities when costs reach zero within the locality.
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Horizontal bars on each plotted point show 95% confidence intervals for
efficient supermajorities. The solid horizontal line indicates the median
supermajority and dotted lines indicate the 10th and 90th percentiles, re-
spectively.

Figure 2: Empirical efficient supermajorities with linear costs.
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Figure 3: Empirical efficient supermajorities with convex costs.
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Figure 4: Excess costs with majority rule siting.
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(a) Density function
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(b) Cumulative distribution

In (a), the function α(z) denotes the density of distance from the median arc (located at
distance dm) for households within distance dm of the proposed facility (“no” voters, set
A). The function β(z) denotes the density of distance from the median arc for households
beyond distance dm of the proposed facility (“yes” voters, set B). In (b), the cumulative
distributions of distance from the median arc for households in A and B are expressed
as Ψ(z) and Ω(z), respectively. Note that these are modified density and cumulative
functions, respectively, in which values indicate density or probability of distances within
a particlar subset (A or B), but relative to the entire locality. Therefore, each density
function has area under the curve equal to 0.5 and the cumulative function reaches its
maximum at 0.5.

Figure A.1: Population distribution for spatially uniform distribution.
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(b) Concentration at far distance

The functions Ψ(z) and Ω(z) show the cumulative distributions of distance from
the median arc for households in A and B, respectively. Note that these are
modified density and cumulative functions, respectively, in which values indicate
density or probability of distances within a particlar subset (A or B), but relative
to the entire locality. Therefore, each density function has area under the curve
equal to 0.5 and the cumulative function reaches its maximum at 0.5.

Figure A.2: Distance distributions that do not lead to inefficient siting.
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