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The purpose of this article is to report a new approach for measuring the gen-
eral equilibrium willingness to pay for large changes in spatially delineated public
goods such as air quality. We estimate the parameters of a locational equilibrium
model and compute equilibria for alternative scenarios characterizing the avail-
ability of public goods within a system of communities. Welfare measures take
into consideration the adjustments of households in equilibrium to nonmarginal
changes in public goods. The framework is used to analyze willingness to pay
for reductions in ozone concentrations in Southern California between 1990 and
1995.

1. INTRODUCTION

Over the past 20 years, there has been a growing interest in evaluating the ef-
ficiency of public regulatory programs.2 This article is motivated by fundamental
problems of methods that are currently used in cost–benefit analyses. These meth-
ods were designed to consider relatively small projects that could be evaluated
within a partial equilibrium framework. Current regulations, especially those as-
sociated with environmental policy, have economy-wide impacts. Several analysts
have recognized the importance of general equilibrium adjustments for the costs
attributed to environmental regulations. For example, Hazilla and Kopp (1990)
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find that the price and income effects of environmental regulations for air and
water pollution in 1990 implied social costs that were 2.6 times higher than the
U.S. Environmental Protection Agency’s estimates of annual compliance costs.
More recently, Goulder et al. (1997) report that general equilibrium effects of pre-
existing taxes can increase the social costs of the control of SO2 emissions by 71%
over what they would be without these taxes. Neither of these studies considers
the benefits associated with the regulations they evaluated.

The purpose of this article is to report a new approach for measuring the gen-
eral equilibrium willingness to pay for large changes in spatially delineated public
goods such as air quality. Households select one of a finite number of differenti-
ated communities. Conditional on that choice, they select housing as a continu-
ous, homogeneous good. Households’ preferences are heterogeneous and satisfy
single-crossing properties. Any equilibrium must, therefore, satisfy boundary in-
difference, stratification, and ascending bundles properties. These conditions for a
locational equilibrium allow us to estimate the structural parameters of the model
and compute equilibria under alternative scenarios characterizing public good
provision.3 Our study is the first empirical attempt to estimate the benefits for
large changes in local public goods that consistently incorporate unobserved pref-
erence heterogeneity in estimation, computation of general equilibrium responses
to policy changes, and, ultimately, welfare measurement.4

General equilibrium effects on benefits are typically ignored because estimates
of nonmarket values of environmental amenities are derived from a partial equi-
librium framework. In the case of air quality, the previous empirical literature has
relied primarily on hedonic studies.5 The first stage of a hedonic study consists of
estimating the price function with public goods treated as site-specific attributes.
Since optimal choices satisfy standard tangency conditions, we can estimate the
marginal willingness to pay for public goods involved. Most studies only imple-
ment the first stage of the hedonic analysis. To estimate Hicksian willingness to
pay it is necessary to identify and consistently estimate marginal willingness to
pay functions in the second stage. Implementing the last part of the analysis is,

3 This analysis is thus in the tradition of Harberger’s (1962) pioneering work on general equilibrium
in public economics. Our empirical analysis is also in the tradition of Oates (1969), who studied whether
public spending and taxation were capitalized into land values. Most of the studies following Oates
(1969) find evidence that capitalization of public spending, community specific amenities, and taxes is
prevalent.

4 More recently, Nesheim (2001) has estimated a hedonic model of school choice. Bayer et al. (2002)
have adopted a framework developed by Berry, Levinsohn, and Pakes (BLP) to analyze racial sorting
in the Bay Area. Walsh (2002) analyzes open space policies in Wake county using a similar approach
as discussed in this article. Bajari and Kahn (2002) focus on housing markets and racial segregation.
Ferreyra (2003) estimates a locational equilibrium model with fixed housing supply to study voucher
programs.

5 Following early efforts to estimate the incremental willingness to pay for ozone reductions in Los
Angeles (Brookshire et al. 1982), the majority of the revealed preference estimates for the benefits
from air quality changes use measures of particulate matter to characterize air quality conditions. For a
review and a meta-analysis of these early studies see Smith and Huang (1995). Recent studies include
Boyle et al. (1999), Chattopadhyay (1999), Chay and Greenstone (2000), and Beron et al. (2001).
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however, problematic.6 Up to now, there have been few successful applications.
Our approach provides an alternative to hedonic methods.

Air quality improvements in Southern California between 1990 and 1995 were
dramatic with ozone reductions ranging between 3 and 33% for 92 of the 93 school
districts in the five counties in our sample. Our general equilibrium estimates
of Hicksian willingness to pay for these ozone reductions are between 1% and
3% of annual household income. Average gains for the improvement of ozone
conditions over these 5 years range from approximately $120 to over $9000 on
the community level. The general equilibrium price adjustments predicted for
these changes are substantial. The lowest price community experienced the largest
increase in housing prices of 10.8% with its ozone concentrations declining by
24%. There were communities that experienced larger ozone improvements with
smaller price increases. The largest was 33%, but this community had a small price
increase because its price was at the highest level prior to the ozone improvement.
These general equilibrium adjustments substantially change the distribution of
benefits across households from partial equilibrium measures. We also find that
poorer households can experience welfare losses because housing price increases
offset air quality gains.

The remainder of the article is organized into seven sections. Section 2 dis-
cusses the basic framework used to describe household behavior and describes
the estimation strategy. Section 3 discusses the construction of welfare measures.
Section 4 describes the unique data set on housing prices and characteristics, air
quality, and public education that is available for Southern California. Section
5 summarizes our estimation results. Section 6 outlines the general equilibrium
benefit measurement. Section 7 discusses limitations of our framework and future
research. Finally, Section 8 offers some concluding remarks.

2. ESTIMATING LOCATIONAL EQUILIBRIUM MODELS

2.1. Communities and Household Preferences. The model considers the prob-
lem of public good provision and residential decisions in a system of multiple
jurisdictions.7 The economy consists of a continuum of households living in a
metropolitan area. The homogeneous land in the metropolitan area is divided
among a finite number of communities, each of which has fixed boundaries. Ju-
risdictions may differ in the amount of land contained within their boundaries.8

Households differ in their endowed income, y, and in a taste parameter, α, which

6 These issues are discussed in Epple (1987), Bartik (1987), Palmquist (1991), and Ekeland et al.
(2002).

7 This literature was inspired by Tiebout (1956). See, for example, Epple et al. (1984), Goodspeed
(1989), Epple and Romer (1991), Nechyba (1997a, 1997b) and Fernandez and Rogerson (1996, 1998).
Locational equilibrium models were first estimated by Epple and Sieg (1999). Our approach builds on
those contributions.

8 We assume that the number of households is fixed in the metropolitan area. The model, thus, does
not consider migration into the set of communities comprising the local market. To allow for migration
into the metropolitan area, one could add an outside option along the lines suggested by Epple and
Romano (1998).
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reflects the household’s valuation of the public good. The continuum of house-
holds is described by the joint distribution of y and α, which has continuous den-
sity, f (α, y). In our application, we assume that the joint distribution is bivariate
log-normal. A household with taste parameter α and income y is referred to as
(α, y). A household living in a community has preferences defined over a local
public good, g, a local housing good, h, and a composite private good, b.

Denote with p the gross-of-tax price of a unit of housing services in a community.
Households pay taxes that are levied on the value of housing services. Let t be
an ad valorem tax on housing. Thus, p = (1 + t)ph with ph the net-of-tax price
of a unit of housing. The preferences of a household are represented by a utility
function, U(α, g, h, b) that is twice differentiable in its arguments and strictly
quasiconcave in g, h, and b. Households maximize their utility with respect to the
budget constraint:

max
(h,b)

U(α, g, h, b)

s.t. (1 + t)ph h = y − b

(1)

It is convenient to represent the preferences of a household using the indirect
utility function derived by solving the optimization problem given in Equation (1).
We assume that the indirect utility function of a household living in community j
is given by the following parametric expression:

V(α, y, g j , pj ) =
{

αgρ

j +
[

e
y1−ν−1

1−ν e− βpη+1
j −1

1+η

]ρ} 1
ρ

(2)

This functional form allows for a general substitution pattern between private and
public goods. The subutility function characterizing private consumption allows
for constant income and price elasticities of housing, which are different from
unity in absolute value.

Consider the slope of an “indirect indifference curve” in the (gj, pj)-plane:

M(α, g j , pj , y) = dpj

dg j

∣∣∣∣
V=V̄

(3)

If M(·) is monotonic in y, then, for given α, indifference curves in the (gj, pj)-
plane satisfy the “single-crossing” property. Similarly, the monotonicity of M(·)
in α provides single-crossing for given y.9

In contrast, the Willig (1978) condition, an alternative restriction required to
use weak complementarity to recover estimates of Hicksian consumer surplus for
nonmarket resources, assumes that this same slope is invariant with income. The
specification of the household decision problem and our indirect utility function in
(2) implies that households consider public goods and housing prices at the exten-
sive margin as a choice among a finite set of alternative communities. Households

9 For a discussion of single-crossing properties, see Epple et al. (1984) or Epple and Romer (1991).
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also choose the optimal amount of housing that is independent of the public good
index, gj, conditional on community choice.

In this article, we treat public good provision as predetermined.10 As a result, we
only analyze how households sort themselves into communities given the levels
of public good provision and the resulting equilibrium in local housing markets.
The single-crossing properties permit a structure in which necessary conditions
for an equilibrium can easily be characterized. Let (gi, pi) and (gj, pj) be the level
of public good provision and gross-of-tax housing price in communities i and j,
respectively, and suppose that some households prefer (gj, pj) and others prefer (gi,
pi). Then locational choices in equilibrium will satisfy three properties: boundary
indifference, stratification, and ascending bundles, each described below.

2.2. Community Size and Household Sorting. If we order communities by as-
cending (g, p) pairs, the set of households indifferent between any two “adjacent”
communities is given by the set of (y, α)s such that

V(g j , pj , y, α) = V(g j+1, pj+1, y, α)(4)

For the parameterization of the indirect utility used in this study, the indifference
locus satisfies

ln(α) − ρ

(
y1−ν − 1

1 − ν

)
− ln(Qj+1 − Qj ) = Kj(5)

where Qj and Kj are given by

Qj = e−ρ
βpη+1

j −1

1+η(6)

Kj = −ln
(
gρ

j − gρ

j+1

)
(7)

Stratification implies that the population living in community j can be obtained by
integrating between the two lines that characterize boundary indifference between
adjacent communities. More formally, define the set of agents living in community
j as

Cj =
{

(α, y) | Kj−1 + ln(Qj − Qj−1) ≤ ln(α) − ρ

(
y1−ν − 1

1 − ν

)

≤ Kj + ln(Qj+1 − Qj )

}

The measure of households living in community j is therefore given by

P(Cj ) =
∫

Cj

f (α, y) dα dy(8)

10 Epple et al. (2001) consider the case of endogenous public good provision via majority rule.
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Similarly, we can characterize the income distribution in community j. The mean
income level denoted by µ

y
j is given by

µ
y
j =

∫
Cj

yf (α, y) dα dy/P(Cj )(9)

Let ȳ j denote the empirical counterpart to µ
y
j . Let us also assume that average

income is measured with error ε
y
j . We then have the following relationship between

predicted and observed mean income:

µ
y
j = ȳ j + ε

y
j(10)

Similarly, we can characterize the higher moments of the income distribution of
each community as well as its quantiles.

2.3. Housing Demand. Roy’s identity implies that individual housing demand
is given by

ln hd
j = ln(β) + η ln pj + ν ln(y)(11)

Averaging across households in each community we have

ln Hd
j =

∫
ln hd

j (ln y) f j (ln(y))d ln(y)

= ln(β) + η ln pj + νµ
ln(y)
j

(12)

where f j(ln(y)) denotes the marginal density of log-income in community j. µln(y)
j

is the mean of log-income. Let us assume that aggregate housing demand is mea-
sured with error. Hence we have

ln Hd
j = ln(β) + η ln(p) j + νµ

ln(y)
j + εd

j(13)

Note that this equation resembles a traditional housing demand function.11 The
main difference is that µ

ln(y)
j reflects locational choices of households and, thus,

properly controls for self-selection.12 Again, we can also characterize the higher

11 In traditional housing models, the error is typically viewed as a demand shock that gives rise to a
standard endogeneity problem of housing prices. We can follow Fernandez and Rogerson (1998) and
reinterpret our model as a two-stage game in which households chose a location in the first stage and
housing in the second stage. If households learn about their housing demand shocks after they have
chosen a community, then households will sort in equilibrium as described above. We, can therefore,
also interpret the error in the housing demand equation as an average demand shock.

12 Local housing markets are modeled as in the earlier literature in urban economics. See, for
example, Carliner (1973), Polinsky (1977), Polinsky and Ellwood (1979), and Hanushek and Quigley
(1980).
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moments of the housing demand distribution of each community as well as its
quantiles.

2.4. Public Good Provision. We assume that public good provision can be
written as a simple index of observed community-specific characteristics, xj, and
an error term, ε

g
j :

g j = g
(
xj , ε

g
j

)
(14)

Observed characteristics include school quality, protection from crime, and envi-
ronmental quality. The key assumption is that the function, g(·), is the same for
all households. This assumption allows us to consider multiple community-specific
amenities while at the same time maintaining the hierarchical nature of the model.
Since we are ultimately interested in estimation, we need to parameterize the in-
dex function. One way to proceed is to assume that g(·) is a linear function in
characteristics

g
(
xj , ε

g
j

) = xjγ + ε
g
j(15)

Since the scaling of public good provision is arbitrary, we can normalize the coef-
ficient of the first component of the index (e.g., school quality) to be equal to one
assuming that the first characteristic is a good.

2.5. Inversion and Implied Levels of Public Goods. Recall that the size of
the population in community j is given by Equation (8). This system of equations
can be solved recursively to obtain the implied levels of public good provision
as a function of the parameters of the model, θ , the community sizes, P(C1), . . . ,
P(CJ), and housing prices, (p1, . . . , pJ). As in Lemma 2 of Epple and Sieg (1999),
we obtain the following result:

Given a value of public good provision in the lowest community, g1, the levels
of public good provision, {gj}J

j=2, implied by the observed community sizes are
recursively defined by the following equations:

g j = g j (g j−1, P(Cj ), pj , pj−1 | θ) j = 2, . . . , J(16)

The implied levels of public good provision for the set of communities are thus
defined as the levels of public goods, which are consistent with the observed com-
munity sizes and observed housing prizes given the structure of our model.

In practice, this inversion can only be done numerically since the integrals char-
acterizing community sizes cannot be computed analytically. This introduces a
simulation error into the analysis.13

13 This inversion is similar to the share inversion used in the estimation of dynamic models (Hotz
and Miller 1993) and in differentiated product models (Berry 1994).



1054 SIEG ET AL.

2.6. Estimation. In this article, we extend the estimation procedure developed
in Epple and Sieg (1999) and provide a new estimator for the structural parameters
which efficiently exploits all orthogonality conditions of the model simultaneously.
Given the parameterization of the model, the parameter vector θ contains the
parameters of the utility function as well as the parameters characterizing the
distribution of income and tastes.14

Given the implied levels of public goods calculated using the inversion algo-
rithm, we can evaluate the orthogonality conditions derived above without having
to compute an equilibrium of the model. In this article, we use seven types of or-
thogonality conditions: three housing expenditure quantiles (25th, 50th, and 75th),
three income quantiles (25th, 50th, and 75th), and one based on the implied lev-
els of public good provision. Let yj(q) denote the qth quantile of the log-income
distribution of community j. Similarly, let rj(q) denote the qth quantile of the
log-housing expenditure distribution of community j. Stacking the orthogonality
conditions, we obtain the following vector:

mj (θ) =




g j − x′
jγ

yj (25) − yN
j (25)

yj (50) − yN
j (50)

yj (75) − yN
j (75)

ln r N
j (25) − ln(β) − (η + 1) ln pj − ν ln(yj (25))

ln r N
j (50) − ln(β) − (η + 1) ln pj − ν ln(yj (50))

ln r N
j (75) − ln(β) − (η + 1) ln pj − ν ln(yj (75))




(17)

Additional orthogonality conditions can be formed if there are instruments, wj,
that are uncorrelated with the errors of the model. Provided we have a sufficient
number of orthogonality conditions, we can estimate the parameters of the model
using a GMM estimator (Hansen 1982) that is defined as follows:

θ̂ = argminθ∈�

{
1
J

J∑
j=1

w j mj (θ)

}′
V−1

{
1
J

J∑
j=1

w j mj (θ)

}
(18)

The optimal GMM estimator is obtained by setting V equal to the covariance
matrix of moments. Broadly speaking, the asymptotic covariance matrix of this
estimator has three components, which arise from three sources of errors.15 First,
community sizes, income distributions, and housing expenditure distributions are
estimated based on a cross-sectional sample of size N (e.g., the U.S. Census).
Second, there is a simulation error because inversion of community sizes is only
feasible using numerical techniques. The simulation error depends on the num-
ber of simulations, S. Finally, there are aggregate errors because of unobserved

14 The level of public good provision in the first community is treated as an incidental parameter.
15 Berry et al. (2002) provide a detailed econometric analysis of these issues. In principle, one could

also use bootstrap methods to compute standard errors.
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community-specific attributes, shocks in aggregate housing demand, or measure-
ment error. The relevant sample size is J. In all practical applications, S and N will
be large relative to J. Thus the main source of sampling error is due to the finite
sample of communities in the metropolitan area.

Instrumental variable estimation is necessary for a number of reasons. If we
view the errors in the housing expenditure function as a demand shock, housing
prices will be correlated with the error terms. In that case, we could use housing
supply shifters to generate instruments for housing prices in the demand equation.
If we view the error terms as measurement error in the dependent variable, there
is no obvious need for instruments.

Endogeneity problems also arise in the regression of the implied level of g on
observed characteristics. In contrast to the IO literature, we do not treat prices
as product characteristics. Housing prices are not on the right-hand side of the
regression of implied levels of public goods on observed amenities. Instead, our
dependent variables, the implied levels of public goods, are a constructed variable
that depends on the estimated housing prices, as well as the mean and the variance
of the taste distribution. In that sense, this regression is more closely related to a
Box–Cox model than a Berry, Levinsohn, and Pakes (BLP) type model.

Endogeneity problems arise if important amenities are observed by households,
but not by the econometrician. More likely, our measures of community-specific
characteristics are exhaustive, but not perfect. In principle, we can fairly accurately
characterize the dimensions that households care about (school quality, crime, en-
vironmental quality, distance to employment centers, etc.) and we have controlled
for most of these factors in our analysis. But as discussed in detail in Section 4 of
this article, some of our measures are not ideal.

In our estimation, we use functions of the community rank as instruments in
the regression of implied levels of public goods on observables. These instruments
are primarily used to identify the mean and variance of the taste distribution. This
identification assumption is justified if the perturbations of equilibrium that are
due to unobserved characteristics of the communities are small in the sense that
they affect the equilibrium sorting and housing prices, but do not affect the rank of
a community in the system, i.e., if unobservables are of second-order importance.
In the absence of a quasi-experimental research design, this may be as good as
possible.16

2.7. Discussion. The demand side of locational equilibrium models is closely
related to hedonic and other differentiated product models. In hedonic models, the
choice space is continuous. Preferences and technologies are smooth.17 Hence op-
timal choices can be characterized by standard first- and second-order conditions.

16 A discussion of IV estimation in Box–Cox type models can be found in Amemiya (1985). See
also Bayer (2001), Black (1999), and Chay and Greenstone (2000) for an alternative discussion of
instruments.

17 In our approach, local public goods are only available in a finite number of distinct bundles.
Optimal community choices are therefore not characterized by tangency conditions, but a sequence
of inequality constraints. We can thus view hedonic models as smooth approximations of discrete
locational equilibrium models.
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Estimation of hedonic models has been hampered by a number of well-known
identification problems discussed, for example, in Epple (1987). More recently,
Ekeland et al. (2002) and Heckman et al. (2002) have developed new approaches
that resolve some of the identification problems. The key insight of these two pa-
pers is that the inherent nonlinearities of hedonic models are sufficient to identify
the parameters of certain hedonic models. In our approach we use hedonic hous-
ing price regressions in a much more limited way. As discussed in Section 4 of
this article, we construct interjurisdictional price and quantity indexes of housing
using simple hedonic regressions, a procedure that is relatively robust with respect
to misspecification and omitted variable problems.

The demand side of a locational equilibrium model also shares many similarities
with demand models for differentiated products in industrial organization.18 One
prominent approach in industrial organization is due to Berry (1994) and Berry
et al. (1995, 1999). Bayer (2001) has applied this framework to study locational
sorting in Northern California. Bayer et al. (2002) estimate a model of racial
sorting and peer effects using restricted-use microdata from the U.S. Census.

The basic idea of BLP is to compute demand functions by aggregating indi-
vidual demands derived from random utility models (McFadden 1974). The key
component of BLP is to invert the market share equations to recover the mean
utility levels associated with each product. The parameters of the model are then
estimated using an IV estimator that controls for the fact that prices and unob-
served product characteristics are likely to be correlated. The analog of the share
inversion of BLP is the inversion of the community size equations to compute the
implied levels of public good provision in our model.

Although there are some similarities between BLP and our approach, there are
also a number of important differences. Our approach does not rely on commu-
nity (=product)-specific idiosyncratic shocks for each household. Adding these
additive separable error terms to the indirect utility function is clearly helpful,
since it induces smoothness on the underlying problem. Hence, mean utility lev-
els can be computed efficiently by a contraction mapping algorithm, which allows
researchers to estimate demand systems with many sources of horizontal taste het-
erogeneity in the characteristics space. In contrast, our approach allows for more
limited patterns of substitution among communities. However, additive separable
error terms also often undermine the welfare calculations as discussed in detail in
Petrin (2002). Turning off the idiosyncratic errors comes at a significant cost. In
particular, there is no longer a simple contraction mapping that can be used to do
the share inversion. Instead, one has to solve a complicated system of nonlinear
equations. One of the key insights of Epple and Sieg (1999) is that this system is
still computationally tractable for a large number of hierarchical locational equi-
librium models.

The dimension of the characteristics space is fixed in our approach, indepen-
dent of how many communities are in the model. In random utility models such
as BLP, the dimension of the product space increases linearly with the number of

18 The pioneering early papers on characteristics models with horizontal product differentiation are
due to Gorman (1980) and Lancaster (1966).
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products. This property is problematic in welfare analysis. In that sense, our work
is more closely related to Breshnahan’s (1987) work on vertical product differen-
tiation and more recent work by Berry and Pakes (2002) and Bajari and Benkard
(2002).

Our model is a mixed-discrete continuous choice model. Households choose
among a finite set of communities. Conditional on choosing a community, house-
holds also demand a continuous housing good. In that respect, our work is closely
related to earlier work on discrete-continuous models by Hanemann (1984). In
addition, housing supply is not fixed, but adjusts to price changes. Of course, this
is not the only way of modeling housing. Treating housing as discrete and supplied
in fixed amounts is the main alternative. These two assumptions greatly simplify
the nature of the analysis. The resulting economy is an assignment model and
existence of equilibrium can be established under fairly general conditions as dis-
cussed in detail in Nechyba (1997a). Both assumptions are, therefore, useful, but
also restrictive. Our framework does not require either of them.

3. WELFARE ANALYSIS OF LARGE POLICY CHANGES

3.1. Partial and General Equilibrium Welfare Measurement. In this section,
we discuss how to construct general equilibrium welfare measures of large policy
changes using our model.19 Consider the case in which we exogenously change
the level of public good provision in each community from gj to ḡ j . In our applica-
tion, the change in public good provision arises from improvements in air quality
that are due to federal and state air pollution policies. The conventional partial
equilibrium Hicksian willingness to pay, WTPPE, for a change in public goods is
defined in Equation (19):

V(α, y − WTPPE, ḡ j , pj ) = V(α, y, g j , pj )(19)

A general equilibrium evaluation of the effects of large changes in air quality across
the set of communities allows households to adjust their community locations in
response to these changes. Such an analysis implies that housing prices can change
as well. An evaluation of the policy change should reflect the price adjustments
stemming from any changes in community-specific public goods. Equation (20)
defines the general equilibrium willingness to pay, WTPGE.

V(α, y − WTPGE, ḡk, p̄k) = V(α, y, g j , pj )(20)

where k (j) indexes the community chosen in the new (old) equilibrium. Since
households may adjust their location, the subscripts for (ḡk, p̄k) need not match
(gj, pj). To estimate the general equilibrium willingness to pay, we must solve
for the new equilibrium distribution of households and the associated new price
vector. Households remaining in community j can be expected to experience new

19 For a discussion of general equilibrium welfare analysis in hedonic models see Scotchmer (1985,
1986).
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conditions because the level of amenities and prices in j change from (gj, pj) to
(ḡ j , p̄ j ). Households moving from j to a new community k experience changes in
amenities and prices from (gj, pj) to (ḡk, p̄k). To estimate the general equilibrium
WTP, we must carefully account for these types of changes.

Once we have estimated WTP for each household in the economy, we can
characterize the complete distribution of WTP. In some cases, it will be desirable
to aggregate information and focus on a few select moments of this distribution.
For example, the mean general equilibrium WTP for a given community can be
obtained by integrating over the relevant space of household types:20

WTP j
GE =

∫
Co

j

WTPGE(y, α) f (α, y) dα dy/P
(
C0

j

)
(21)

where C0
j is the baseline community designation. These welfare measures contrast

with what is usually estimated using hedonic price functions. In a hedonic equi-
librium, the marginal price estimated with a hedonic price equation for a public
good, such as air quality, will equal the marginal willingness to pay (MWTP). We
can also compute MWTP estimates based on our framework. At the initial income
level for each household and the utility level associated with their initial location,
the MWTP is defined in Equation (22):

MWTP j = Vg j

Vy
= − ∂y

∂g j
(22)

For our specification of the indirect utility function, we obtain

− ∂y
∂g j

= yναgρ−1
j

Vρ − αgρ

j
(23)

Moreover, these measures can be averaged, comparably to the process-defining
average WTP in Equation (21), for the households originating in community j. Of
course, since housing prices have a finite set of values in our framework, the link
between MWTP and “marginal” prices is not comparable to a hedonic model. Nev-
ertheless, we can compare MWTP estimates based on our locational equilibrium
model with those based on hedonic housing model. This comparison provides
another benchmark to evaluate our estimates. One final aspect of the welfare
measurement concerns the distinction between owners and renters.

3.2. Owners Versus Renters. Our definitions of WTPj
GE to this point assume

that all households are renters. It is straightforward to change the definition of
the welfare measures to allow for ownership effects. In that case, we would get an

20 To assure consistency between partial and general equilibrium measures we summarize both sets
of estimates over the baseline set of households in each community and report the averages across
households based on their baseline community location.



GENERAL EQUILIBRIUM BENEFITS 1059

additional income term in the indirect utility function, which would reflect capital
losses or capital gains depending on the sign of the housing price change.

Alternatively, we can evaluate changes in capital gains and measure the im-
portance of the owner/renter distinction by computing the differences in rental
payments, �Rj, in Equation (24):21

�Rj = ( p̄ j − pj )Hj(24)

This approach is inherently simpler to implement. Moreover, we do not need
to impose additional assumptions specifying how ownership rates differ among
various income groups.

3.3. Implementation. To implement the welfare analysis, we need to solve the
model and characterize the equilibrium allocation of households among commu-
nities for different distributions of public goods. To close the model, we assume
that the housing stock is owned by absentee landlords and that the housing supply
is given by

Hs
j = l j pτ

j(25)

where lj is a community-specific constant, which reflects the differences in land
endowments and other fixed factors, and τ is the constant supply elasticity.22

Broadly speaking, a locational equilibrium consists of a vector of housing prices
and an allocation of public goods such that (a) every household consumes the
optimal amount of housing, (b) each household lives in one community and no
household wants to move to a different community, and (c) the housing market
clears in every community.

Closed-form solutions of equilibria do not exist. Hence we rely on numerical
algorithms. To compute the equilibrium prices, we must solve a system of nonlinear
equations given by the J local housing market clearing conditions. Given the
hierarchical structure of the model, we can start the process with an initial guess
for the housing price in the first community. We then compute the housing prices
for all other communities such that the first J − 1 housing markets clear. The
housing price of the first community is adjusted and the sequence repeated until

21 The rent change defined in (24) may seem to provide a simple means to “adjust” partial equi-
librium WTP to correspond to our general equilibrium measure. This conjecture is incorrect. Using
the definitions for WTPGE and WTPPE in terms of expenditure function, (WTPGE − WTPPE) is
given by y(α, ḡ j , pj , V0) − y(α, ḡk, p̄k, V0). This expenditure difference incorporates adjustment in
the amount of housing consumed in response to the difference between pj and p̄k. The expression for
�Rj in Equation (24) holds the consumption of housing constant and thus does not fully reflect the
adjustment represented in the difference between PE and GE measures of willingness to pay.

22 In this article, we do not estimate housing supply functions. In computations for the general
equilibrium, we set τ , the supply elasticity, equal to 0, 1, or 2 and calibrate the community-specific
housing supply constant, lj, such that the predicted housing demand evaluated at the estimated price
indexes for housing in each community equals the housing supply in the baseline equilibrium. In the
context of the demand for residential land, Walsh (2002) incorporates estimated land supply functions
into a locational equilibrium framework.
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TABLE 1
DESCRIPTIVE STATISTICS OF THE HOUSING SAMPLE

Variable Los Angeles Orange Riverside San Bernardino Ventura

Number of observations 59,466 21,560 19,644 16,304 7851
Market value of house 245,325 262,142 143,450 151,845 253,684
Number of bathrooms 1.89 2.14 2.06 2.09 2.22
Number of bedrooms 3.01 3.31 3.25 3.26 3.46
Lot size (square feet) 7758 6761 10,118 8866 9364
Building size (square feet) 1537 1718 1614 1595 1800
Swimming pool (proportion) 0.16 0.16 0.12 0.13 0.14
Fireplaces (proportion) 0.53 0.26 0.83 0.79 0.79
Age 37.6 23.7 9.4 16.2 17.3
One mile of coast (proportion) 0.025 0.054 0.0 0.0 0.026
Three miles of coast (proportion) 0.073 0.153 0.0 0.0 0.146
Commute time (minutes) 26.7 26.2 32.8 29.8 26.3

the last housing market clears. Once we have computed the new equilibrium, we
construct welfare measures as discussed in the previous section.

4. DATA

Our analysis focuses on the Los Angeles Metropolitan Area, which consists of
the area west of the San Gabriel Mountains and includes parts of five counties:
Los Angeles, Orange, Riverside, San Bernardino, and Ventura. We assume that
the school district corresponds to the community a household selects in making its
locational decisions. To implement the model we need household characteristics
by school district, quality measures for local public education, data on housing
markets, and air quality measures.

4.1. Housing Markets. A comprehensive database on housing markets in the
LA metropolitan area was assembled based on housing transactions collected by
a firm, Transamerica Intellitech, that sells access to these data to realtors and
financial institutions. These data contain housing characteristics and transaction
prices for virtually all housing transactions in Southern California between 1989
and 1991. Table 1 reports means of the main variables in the housing sample by
counties for these years.

One potential drawback associated with using California data relates to Propo-
sition 13, which in 1978 limited property taxes to 1% of assessed value and limited
growth in assessments. It has been argued in the literature that Proposition 13
created a lock-in effect on home owners. A household faces a tax on mobility
because property taxes are based on the market value at the time of the last sale.
If the current market value exceeds the assessed value, the revaluation creates
additional mobility costs. O’Sullivan et al.’s (1995) detailed quantitative analysis
of these lock-in effects indicated that they are small. “For the average house-
hold, a 13% inflation rate will lengthen the average time between moves by only
approximately 2 months” (p. 138).
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Closely related to the lock-in effect are questions relating to turnover in housing
markets. Our model is intended to represent the locational choices of all house-
holds in each community. As a result, it is important to gauge whether a sample
of current transactions is representative of all household housing expenditures as
described by the underlying housing stock for each of the school districts. The pat-
tern of housing expenditures across communities is quite close between the 1990
U.S. Census and our estimates, with a correlation of 0.99. However, prices tend to
be uniformly higher in the U.S. Census. Across our 93 school districts, prices are
6 to 12% higher in the census (interquartile range). In addition, the homes are
much younger in our data set. Fifteen percent of our houses were built within 1
year, whereas in the 1990 census only 3% of homes were built in 1989–1990. The
oversampling of new homes relative to what would be desired for measures of
the overall housing stock is not surprising because newly built homes will auto-
matically show up in housing transactions, whereas older homes will only show up
when they turn over. According to the 1990 U.S. Census, 70–80% of all households
change houses within 10 years. Given the scope of our housing data, we expect to
capture most of these housing transactions in our sample. Approximately 20–30%
of the houses in the U.S. Census have a housing tenure that is greater than 10 years.
By construction, our sample only contains a fraction of these houses.

One approach to address differences between our transaction sample and the
U.S. Census is to construct weights for the transaction sample. The basic idea is to
assign large weights for the observations in the transaction sample that appear to
be undersampled based on estimates from the 1990 U.S. Census and small weights
to observations that are relatively oversampled. We construct these weights such
that the transaction sample matches three attributes of the stock of all owner-
occupied housing in the U.S. Census: location, the number of bedrooms, and the
age of the house. Hence, the observations on the housing sales are weighted by
the relative weight of their school district. Conditional on school district, they are
weighted by the number of bedrooms (in five categories) and the age of the house
(eight categories), assuming age and bedrooms are independent.23 We estimate
the price indexes and the quartiles for housing moments using both weighted and
unweighted samples.24

4.2. Housing Prices. Housing price indices that control for observed differ-
ences in the quantity and quality of housing consumed within and across communi-
ties are an important aspect of the empirical analysis of households’ locational and
housing choices. Our framework assumes that local public goods, such as educa-
tion and air quality, can be unbundled from the effects of structural and locational
characteristics such as the size of the house, commuting times, and the distance to
the coast. This approach is equivalent to the assumption that the housing structure
can be built anywhere, but the inherent characteristics of a location cannot. It uses

23 The correlation between bedrooms and age was not available.
24 As discussed below, air pollution readings are assigned to each house based on its location in

relation to air pollution monitors. The weights applied for housing expenditures were also applied in
estimating the average pollution readings in each school district.
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TABLE 2
DESCRIPTIVE STATISTICS FOR THE 93 SCHOOL DISTRICTS

Variable Mean SD Minimum Maximum

Community size 0.011 0.031 0.00077 0.311
Test score 2.097 0.346 1.489 3.330
Ozone 0.150 0.040 0.091 0.232
Ozone exceedances 40.47 34.13 1.000 105.00
PM10 46.88 10.23 30.29 71.23
Crime 623 157 228 1153
Price (owner weight) 2.492 0.872 1.000 6.672
Price (unweighted) 2.300 0.892 1.000 7.010
Income 25 24,488 8377 12,067 52,505
Income 50 42,556 13,032 21,451 92,058
Income 75 67,003 21,771 34,505 169,030
Housing 25 17,716 10,762 5000 80,000
Housing 50 22,381 17,322 7500 148,000
Housing 75 28,142 21,417 9200 175,000

NOTES: These descriptive statistics are the averages summarized for the 93 school districts in our
sample.

The values in the table are for the owner-weighted case. The distribution of housing expenditures is
for the same case.

an assumed continuum of choices among the characteristics of housing to develop
a price index for a homogeneous unit of housing in each community. The market
value of a specific house located in a given community can be converted into the
imputed rent using the approach outlined in Poterba (1992). We control for struc-
tural characteristics of the house, denoted by zjn, such as size and age, as well as
locational characteristics such as proximity to the coast and employment. Let ujn

denote the unobserved housing characteristics. We assume that quality-adjusted
units of housing are given by ln(hjn) = δ′zjn + ujn.

Rent, rjn, measured for a quality-adjusted unit is by definition the product of the
adjusted housing price, pj, and the number of quality adjusted housing units, hjn.
Using our specification for hjn in this definition and taking logarithms provides a
well-defined regression model:

ln(r jn) = ln(pj ) + δ′zjn + u jn(26)

We can estimate the model above using ordinary least squares with fixed effects
for each community. Based on the estimated community-specific fixed effects we
construct housing price indexes for each community in the sample. We estimate
prices using both weighted and unweighted data. The results for both sets of price
indexes are reported in Table 2 along with other features of the communities.25

Our findings indicate that the relative prices differ by as much as 6.7 to 1 across

25 In Sieg et al. (2002) we discuss the specific details of this approach and compare it to alternative
approaches for measuring price indexes. These comparisons suggest a high level of consistency across
alternative price indexes in the ranks of communities by prices.
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communities with the owner-weighted case (7 to 1 for the unweighted). The ma-
jority of the housing prices differ by small amounts.

4.3. Air Quality. Data for observed concentrations of ozone and particulate
matter less than 10 micrometers in diameter (PM10) were obtained from the Cal-
ifornia Air Resources Board monitoring records. Southern California has one of
the most extensive air quality monitoring systems in the world. In the five counties
of interest, no fewer than 45 monitors were measuring ozone each year from 1987
to 1992, and, beginning in 1987, no fewer than 19 were measuring PM10.

Two issues arise in using these data in our models of community and hous-
ing choice. First, there is not a one-to-one correspondence between air quality
monitors and school districts. Thus, an interpolation problem must be addressed
in associating school districts with air quality levels based on spatially discrete
measures. Fortunately, the large number of monitors minimizes the compromises
created by interpolation. Half of all houses are within 4.5 miles of at least one
monitor, and 90% are within 9.9 miles. Air pollution is measured using a centered
3-year average of pollution readings for the nearest monitor to each house in each
year of the average. Our temporal window is 1989–91. We investigate the effects
of distance-weighed pollution measures and found no significant difference in the
conclusions derived with these measures compared to this temporal average of
the nearest monitor’s readings. The community estimate is then computed by av-
eraging using the Census owner weights and unweighted averages for the houses
sold in each community.

The South Coast air basin does exhibit significantly different air quality condi-
tions along coastal areas in comparison with eastern portions of the area near the
mountains. Indeed, the state’s tradeable permit system, Reclaim, acknowledges
the importance of wind conditions that give rise to the superior coastal air quality
by requiring two permits from coastal locations to match one at interior regions
of the area. The widely dispersed monitoring system allows us to capture these
differences. One concern that could be raised with measures of air quality along
coastal areas is that they do not exclusively measure the improved air quality,
but also access to the coast. This issue is difficult to incorporate in our locational
model because homes in individual school districts can be heterogeneous in their
distance from the coast. We incorporate coastal distance measures into the first
stage price regressions to control for these effects.

Three measures of air pollution—ozone concentration, ozone exceedances, and
particulate matter—are considered in evaluating the effects of air quality. Ozone
is measured in parts per million (ppm) as the average of the top 30 1-hour daily
maximum readings at a given monitor during a year. We also consider the ob-
served exceedances of the 1-hour federal standard for ozone. Particulate matter
was measured by the annual geometric mean (in micrograms per cubic meter for
particulate matter of 10 µm or less in size). Both pollutants have been well docu-
mented to impact health status and have been found to influence housing prices in
hedonic studies (Smith and Huang, 1995; Beron et al., 2001). In general, the effects
of particulate matter are through impacts on increased mortality rates and effects
on materials. These effects have not been shown to have any threshold, so annual
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mean for particulates is often used in epidemiological and economic analyzes of
its effects. In the case of ozone, however, human health effects are more likely
to be triggered at higher levels. The focus on maximum concentrations provides
the rationale for considering the average of the 30 highest ozone readings or the
number of days violating the federal standard (a count of exceedances).

4.4. School Districts and School Quality. Table 2 reports some descriptive
statistics for the main variables characterizing 93 school districts in the sample.
We find that school districts differ significantly in their sizes. Community size is
measured as the proportion of the total population in all 93 districts. The smallest
districts only contain a few thousand households. The largest school district in the
sample is LA Unified with more than 1.4 million households, more than 30% of the
total population in the LA metropolitan area. Since LA Unified is relatively large,
we also estimate a version of the model in which we break up LA Unified into
11 smaller units. These units correspond to the school districts that were formed
when the LA Unified was reorganized in April 2000.

The current school finance system in California was mainly shaped by two
events: the 1971 decision of the state supreme court in Serrano vs. Priest and
the approval of Proposition 13 in 1978 by voters in California. Before Serrano
vs. Priest local school districts had fiscal autonomy. After this ruling the state
imposed limits on spending and taxation of local districts and allocated aid in
order to offset inequalities in local spending. The basic idea was to achieve con-
vergence of expenditures per student by increasing the aid to poorer districts
and capping the amount of expenditure growth in the richer districts. In addition,
Proposition 13 limited the growth rates of expenditures over the last 20 years.
As a result of these events, today most school districts in California have lower
per capita expenditures per student than school districts elsewhere in the United
States.

With small differences in educational expenditures, a better measure of school
quality would be based on outcomes rather than state formula spending. There
exist substantial differences in school quality among districts, measured by test
scores. There are a number of comprehensive tests that have been designed and
implemented by the California Department of Education. The primary purpose
of these statewide testing programs is to monitor the performance of schools
and provide some information to parents. We construct measures of performance
from standardized test scores for each school district using the 1992–93 California
Learning Assessment System Grade Level Performance Assessment test. Each
student taking this exam is assessed at one of six performance levels (with 6 the
highest level). In Table 2, we report average math scores of the school districts in
our sample which range from 1.46 to 3.33.26

26 Using output measures of school quality comes at a cost. At least part of the differences in test
scores may reflect differences in peer quality as discussed in Epple et al. (2003). Since the main goal
of this article is to analyze air quality improvements, we abstract from these complications and treat
school quality as predetermined.
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5. ESTIMATION RESULTS

We estimate the parameters of the indirect utility function and the underlying
joint distribution of income and tastes for public goods by matching the predicted
income distributions, the predicted distributions of housing expenditures, and the
implied levels of public good provision to the data. We implement estimators that
differ by the choice of the orthogonality conditions, the choice set (93 versus 103
communities), the price index measures (weighted versus unweighted), and the
measures for local public goods and amenities.

Table 3 reports the parameter estimates and the estimated standard errors for
several different model specifications. The results reported in column I use housing
price estimates based on unweighted data. These results are obtained by match-
ing housing expenditures and public goods. In column II we add orthogonality
conditions that are based on quantiles of the income distribution to the estima-
tion algorithm. As discussed in the previous section, using weighted data may
be preferable to using unweighted data. In columns III and IV, we repeat this
exercise using owner-weighted housing price estimates. Column V uses the same
approach as column IV but adds crime as an additional measure of public good
provision. In columns VI and VII, we estimate the model using the larger sample
of 103 communities to investigate how decomposing the largest school district in
our sample (LA Unified) affects our estimates.

In general, all parameters have the expected signs and are estimated reasonably
accurately. The point estimates of the income elasticity of housing ν range from
0.73 to 0.84. These estimates are consistent with Polinsky’s (1977) early summary
of the income elasticity estimates for consistent micromodels. The estimates in his
overview range from 0.75 to 0.90. Our estimates for the price elasticity of housing,
η, range from −0.16 to −0.01. These results are not as close to the early estimates
reported by Polinsky. Although this estimate is about one-fifth the average he
reports, it can be expected to be sensitive to the procedures used to adjust prices
to measure the demand for a homogeneous bundle of housing services.27 The
estimates Polinsky selected as best addressed this issue by using the Bureau of
Labor Statistics’ index of the annual cost of a standardized package of housing.
This index does not have the same resolution as our individualized hedonic price
index. Moreover, he reports estimates by Carliner (1973) and others on either side
of his central measure with some as low as −0.10. Our price elasticity estimate
is at the lower end of the range of estimates in absolute magnitude. However,
these earlier studies have either used selected microsamples such as FHA data
bases or aggregate data without the ability to adjust for the heterogeneity in
housing.

27 Based on simple Hicks–Allen relationships between price and income elasticities, the price elas-
ticity estimate seems low in absolute magnitude in comparison with the income elasticity. Our smallest
estimates arise with the owner-weighted price index using only the orthogonality conditions for hous-
ing expenditures. In this case, we could interpret the measured income responsiveness as reflecting
changes in permanent and not current income. In this case, they would be consistent with a smaller
share of permanent income associated with housing.
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We can treat income as a latent variable in estimation and just match housing
expenditures and public good provision as in columns I, III, and VI of Table 3.
These estimators assume that housing consumption and locational choices are
based on permanent income instead of current income. The identifying assumption
that we make is that the mean of permanent income in the population equals the
mean of current income. Alternatively, we can assume that housing and residential
decisions are based on current income. In that case income is observed, and we
add quantiles of the observed income distributions as additional orthogonality
conditions in the estimation. The results are shown in columns II, IV, V, and VII
of Table 3. Our estimates suggest that permanent income is less dispersed than
current income. Our estimate for σy when treating permanent income as a latent
variable is much lower than the observed standard deviation of current income.
This suggests that a large part of the variation in income may be transitory and
may not affect the demand for housing.

The point estimate for the correlation between income and tastes for local public
goods is negative and ranges from −0.29 to −0.19. The single-crossing property
implies that high-income households have a stronger demand for local public
goods and amenities than low-income households. Our negative estimates of ρ

confirm this hypothesis. However, we also observe a large amount of income and
housing heterogeneity within communities. This feature of our data implies that
income and tastes for public goods cannot be strongly positively correlated. If they
were, the model would predict almost complete stratification by income across
communities. This hypothesis is clearly rejected by the data. To capture the amount
of income and housing heterogeneity within communities, we need weak negative
correlation between income and tastes. This finding is not implausible since high-
income households can more easily substitute private goods for public goods. For
example, they hire tutors for their children or send them to private schools. Private
security services can be used to reduce the reliance on local police. Avoiding air
pollution primarily requires locational adjustment. Nonetheless, enhanced indoor
facilities such as indoor pools or spacious rooms can reduce the time outside
exposed to air pollution.

The parameter capturing the air pollution in the public good index, γ 1, has the
expected negative sign. Higher air quality increases the level of local public good
provision.28 The coefficient of ozone is typically significantly different from zero
at reasonable levels of confidence. Adding additional measures of public good
provision does not significantly alter these findings. In column V, we add crime
measures to the public good index (γ 2). We find that crime is insignificant in our
models. However, this finding may be primarily due to a lack of good crime data
at the local level.

28 In previous research, we also estimated the model using PM10 and ozone exceedances as alterna-
tive measures for air quality. We also found that if we included multiple measures of air pollution, we
continued to estimate a negative sign for ozone, but the sign of PM10 reverses and was positive. This
finding suggests that here too, as in the case of hedonic models (Palmquist, 1991), it is hard to identify
the separate effects of different air pollution measures in our sample. We also found that the effect of
ozone is estimated with much greater precision than the effect of PM10.
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TABLE 4
COMPARATIVE EVALUATION OF BENEFIT MEASURES

No Supply Supply
Response Response

County/ I II III IV V VI VII VIII
Area �ozone WTPPE WTPGE MWTP � g � p WTPGE/y WTP2

GE

Study area 0.193 1210 1371 44 0.047 0.002 0.021 1291
Los Angeles 0.208 1472 1556 50 0.041 −0.005 0.023 1510
Orange 0.180 901 1391 44 0.037 −0.009 0.022 1340
Riverside 0.207 834 372 25 0.093 0.058 0.012 443
S. Bernadino 0.163 738 367 24 0.085 0.049 0.012 433
Ventura 0.062 164 725 26 0.035 −0.012 0.018 715

NOTE: All monetary estimates are in 1990 dollars.

6. THE BENEFITS FOR OZONE CHANGES—1990 TO 1995

Between 1990 and 1995, Southern California experienced significant air quality
improvements. Ozone concentrations were reduced by 18.9% for the study area as
a whole. Moreover, there were considerable differences in the spatial distribution
of these gains. Ozone changes ranged across communities from a 2.7% increase to
a 33% decline. In Los Angeles County, the number of days exceeding the federal
1-hour ozone standard dropped by 27% from 120 to 88 days. Thus, this case offers
an ideal application to evaluate the potential importance of general equilibrium
adjustments in response to large changes in public goods. Both the magnitude
of the change and its diversity would call into question any partial equilibrium
measures of WTP.

The first six columns of Table 4 summarize the key features of the welfare
estimates for the communities in each county of our sample. These results are de-
veloped using the owner-weighted model estimated using the income and housing
expenditure orthogonality conditions as reported in Column IV of Table 3. Col-
umn I of Table 4 reports the average proportionate change in ozone across the
school districts in each county expressed as an improvement. Column II reports
the partial equilibrium welfare estimate for households for the ozone change with
prices held at their original value in each school district. Column III reports the
general equilibrium estimate for the ozone change. These estimates include the
price change due to the adjustment of households in equilibrium and assume a
supply elasticity of zero. Column IV provides the average value of the MWTP
using the initial community’s price and air quality conditions. Using the new com-
munity conditions after adjustment, the average value of the MWTP declines, as
expected, from 2 to 13% from these baseline levels. Column V provides the pro-
portionate change in the public good index experienced in equilibrium by those
who originally lived in the school districts in each county. Column VI summarizes
the corresponding average of the proportionate price change for the same groups.
Column VII reports the ratio of general equilibrium WTP to income.

The average value of the partial equilibrium measure for the welfare gain,
computed across all school districts, is $1210. There is a considerable variation
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in gains experienced by residents of particular school districts. When these results
are averaged at the county level, the average partial equilibrium estimates range
from $164 in Ventura County to $1472 in LA County. Orange, Riverside, and
San Bernadino counties have average gains that range between $700 and $901.
In contrast, the general equilibrium estimates for the area as whole are $1371.
General equilibrium WTP estimates range from $367 in San Bernadino county
to $1556 in LA County. Within each county there is also diversity in the WTP
estimates by school district. In LA County, for example, the WTPGE estimates
range from $486 in Compton Unified to over $9000 in Beverly Hills. At the school
district level, the ratio of general to partial equilibrium measures ranges from 0.28
to 8.81, with an average discrepancy of nearly 50%. We thus conclude that partial
and general equilibrium estimates can differ substantially.

Partial and general equilibrium WTP estimates can also have different signs.
In one school district, households experience an estimated average loss of −$12
in general equilibrium. While ozone was reduced by 24% in this school district,
housing prices increased by nearly 11%. This school district remained the lowest
priced area for housing both before and after the improvement in ozone. Thus,
there was no lower priced alternative where these households could relocate. Of
course, even in this case the distribution of the general equilibrium WTP within
this school district included some estimated gains. Nonetheless, with the estimated
median general equilibrium WTP at −$1.78, more than half of the households ex-
perienced losses. The partial equilibrium estimate for this school district provides
a quite different perspective, implying average gains that are solely due to the
improvement in ozone levels of $430.

Partial equilibrium measures fail to account for household adjustments and the
resulting price changes. Prices tend to increase in districts with large improvements
and decrease in areas with small improvements. Interestingly, the households orig-
inally located in the one district experiencing a decline in air quality nonetheless
experienced a general equilibrium gain on average of $2485 since it is possible
for them to adjust and improve both their air quality and housing costs. Housing
prices in the school district declined, but not as much as in some other districts,
−1.8% as compared to the largest example of a decline of −4.8%.

Our estimated marginal willingness to pay for air quality is generally consistent
with the large literature evaluating air quality with hedonic price regressions. As
noted in Table 4, our overall average marginal willingness to pay is $44. This is
the estimated value for a 1-unit change in our measure of air quality (mean of the
top 30 ozone hours measured in parts per billion). Since hedonic studies have not
used this particular measure of air pollution, instead using counts of exceedances
of daily ozone standards or even measures of particulate matters instead of ozone,
our estimate is not directly comparable to the literature. However, if we consider
all these measures as different proxies of one underlying composite (smog) that
is important to people, we can still compare them using a common proportionate
change in each pollutant. Accordingly, we consider 1% of the 1990 average Los
Angeles value for each of the measure used in different studies (i.e., top 30 hours,
exceedances, or particulates) and adjust all values to 1990 dollars. With this nor-
malization of units, our estimate for MWTP would be $67. This result compares
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to a wide range of values in the literature that range between $8 to $181. Banzhaf
(2002), for example, using the same housing data and looking at the same time
period as this study, but measuring ozone by the number of exceedances within
a hedonic price model, estimates a marginal price and increment in exceedances
that imply an adjusted MWTP of only $8. However, using discrete choice ran-
dom utility models instead of hedonic regressions, he finds MWTP estimates with
the same data between $18 and $25. In an independent hedonic study for Los
Angeles, Beron et al. (2001) estimate a value of $66 for our normalized change
in ozone exceedances, and these results closely match our estimates. In an early
study for San Fransisco, Brucato et al. (1990) estimate a marginal value to pay of
$36 for a normalized change in exceedances. Many other studies have used partic-
ulate matter instead of ozone to measure air pollution. A meta-analysis of some
of these studies by Smith and Huang (1995) estimates a marginal value of $181,
when predicting air quality and income conditions in Los Angeles and when again
normalizing units as described above for comparison. Thus, our overall average
estimate for the MWTP generally falls at the low end of the range of existing
estimates and is close to an estimate for one recent hedonic study that also uses
ozone to measure air pollution.

Figure 1 provides a graphical illustration of the difference of the price and public
good combinations that are being evaluated in partial and equilibrium analysis.
It shows the community choice sets for the 93 school districts. The first choice
set is the baseline equilibrium in 1990. It is illustrated using a dotted line with
diamonds. The second choice set is the partial equilibrium choice set that assumes
that prices do not change, but ozone readings are at 1995 levels. It is illustrated us-
ing a solid line with circles. The third choice set is the result of the new equilibrium
in 1995. It is represented using a dashed line with triangles. The partial equilib-
rium choice set holds housing prices constant. At each price we can evaluate the
extent of the improvement in air quality by the horizontal distance between the
baseline equilibrium and the partial equilibrium choice set. Horizontal distances
cannot be used to compare the baseline equilibrium and the 1995 general equilib-
rium choice sets because households within the area can relocate to other school
districts.

Table 5 illustrates this adjustment by tracing this spatial reallocation of house-
holds from the Long Beach school district. It reports the five school districts that
households who initially lived in Long Beach choose in the new equilibrium. For
each of the five school districts, we report the new price and public good com-
bination. We also report the share of the initial population of Long Beach that
moves to the district as well as partial and general equilibrium WTP estimates.
Ozone declined in Long Beach by over 9%. Nonetheless, only 3% of the house-
holds initially assigned to the school district, based on their income and tastes
for public goods, remain in Long Beach. Prices decline from 2.438 to 2.362, but
the new communities offer either lower price or improved public good options or
both. The general equilibrium willingness to pay exceeds the partial equilibrium
measure for all households.

We have also considered how sensitive results are to the treatment of supply
responses in the housing market. The last column in Table 4 recomputes the gen-
eral equilibrium willingness to pay measures using a supply elasticity of 2. The
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differences among the two GE estimates are much smaller than those compared
with the PE estimates. Comparing Column III with Column VIII, we find that the
largest differences in the average WTPGE estimates by county is $71 dollars for
Riverside County. For the other counties the differences are about $10 to $60. In
contrast, the differences between Column II and Column III are over $500. Hence
we conclude that the average WTPGE estimates are not sensitive to the choice of
the housing supply elasticity.

TABLE 5
HOUSEHOLD RELOCATION AND WELFARE ANALYSIS: LONG BEACH

p2 g2 Share of Population WTPGE WTPPE

Covina Valley 2.407 1.912 0.121 746 221
Oxnard Union High 2.393 1.910 0.424 746 220
Long Beach 2.362 1.876 0.034 719 208
Hacienda La Puerte 2.418 1.921 0.079 750 222
Whittier Union High 2.372 1.884 0.341 727 212

NOTE: Ozone reduction = 0.093; p1 = 2.438 g1 = 1.851.
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TABLE 6
RENTS

τ = 0 τ = 1 τ = 2

Study area −102.19 −70.64 −70.39
Los Angeles −74.40 −31.36 −24.86
Orange −484.30 −444.18 −431.98
Riverside 472.37 445.87 402.68
San Bernadino 376.49 352.58 312.02
Ventura −560.52 −547.00 −551.47

As Palmquist (1988) noted, changes in rents affect property owners differently
than renters and need to be included in a comprehensive analysis of the benefits
of policy changes. For the area as a whole, the average rent changes are small,
−$102.19 with zero supply elasticity and −$70.39 with τ = 2. However, the distri-
bution of these rent changes is quite pronounced. Table 6 summarizes this aspect
of our model’s implications. Average rent changes, which are defined as the ex-
penditures for the initial amount of housing, vary substantially across counties,
with Los Angeles experiencing the smallest changes in absolute magnitude and
Ventura the largest.

Finally, we provide some additional sensitivity analyses. Table 7 reports the
same welfare analysis summarized at the county level and for the area as a whole
for the model based on price indexes from a hedonic model that does not reweight
the data to match the Census and with an expanded 103 community choice set.
The expanded choice set has little effect on the welfare measures. Price changes
are comparable and both partial and general equilibrium welfare measures are
not markedly impacted. The use of price indexes weighted to match the Census

TABLE 7
EFFECTS OF SAMPLE WEIGHTS AND CHOICE SETS ON WELFARE

County/Area �g �p WTPGE WTPPE � Rents

Unweighted Prices (93)
Study area 0.012 0.003 665 618 −34
Los Angeles 0.011 0.000 806 781 −6
Orange 0.008 −0.008 661 440 −220
Riverside 0.020 0.016 148 313 167
San Bernadino 0.018 0.012 165 292 127
Ventura 0.007 −0.006 312 69 −240

Owner-Weighted Prices (103)
Study area 0.047 0.003 1376 1226 −141
Los Angeles 0.042 −0.004 1605 1471 −121
Orange 0.037 −0.010 1497 993 −503
Riverside 0.096 0.066 341 812 481
San Bernadino 0.081 0.048 351 731 386
Ventura 0.041 −0.007 918 209 −698
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has a larger impact, reducing both general and partial equilibrium welfare mea-
sures. This is primarily due to the greater proportion of newer, smaller houses
in the transaction sample than is present in the area’s housing stock. Because
the locational equilibrium model is intended to represent all housing choices, not
simply those associated with new homes, this distinction is important to welfare
analysis with the model. We view the results with price indexes estimated using
Census-weighted data as the preferred measures.

7. LIMITATIONS AND FUTURE RESEARCH

Locational equilibrium models offer a parsimonious approach for estimating
the distribution for a general equilibrium measure of household willingness to
pay associated with large policy changes. These types of welfare measures nec-
essarily require structural models consistent with restrictions implied by budget-
constrained utility maximizations. Inevitably, meeting this goal introduces restric-
tive assumptions. These maintained hypotheses serve as both limitations of the
current framework and opportunities for future research.

One important limitation arises from the restrictions on substitution among
communities imposed by our preference specification. It seems reasonable to
expect that households would differ in their relative preference for separate
community-specific public goods, such as education, air quality, safety, etc. Our
specification precludes these differences. We assume all public goods are repre-
sented with a single index and preference heterogeneity can be captured using a
single parameter. This vertical differentiation facilitates estimation and computa-
tion of equilibria. Demand models allowing for horizontal differentiation, such as
Berry et al. (1995), permit more general substitution and are important next steps
in this type of research.

Parsimony necessarily raises the possibility of omission of important
community-specific attributes. Peer group effects may well be the most important
such omitted source of social interaction.29 We estimated correlations between
the community-specific residuals from the public good equation (i.e., an estimate
measuring the unobserved component of local public goods) and several socio-
demographic variables based on aggregates of the block-group information from
the 1990 Census to the school district level. These included the proportion of mar-
ried couples with children ages 3 to 11, as well as single-parent households with
children, the proportion black, and two education measures—proportion without
a high school degree and proportion with at least college. In general, the correla-
tions between these peer measures and the residuals of the public good equation
are small in absolute magnitude. The three largest correlations are for the two
educational attainment measures estimated at 0.15 and the proportion of married
families with children 3 to 11 measured at −0.21. These estimates indicate that
peer effects may be a consideration, but at the school district level do not seem

29 For a discussion of identification of peer effects see Manski (1993) and Brock and Durlauf (2001).
Bayer et al. (2002) estimate a residential choice model with social interactions using microdata from
the Bay Area.
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to offer an important factor in defining attributes in addition to education and air
quality that distinguished our communities.

We would also like to control for other spatially delineated factors, such as ge-
ographic and topographical features of the metro area, local labor markets, and
transportation systems. Although each of these factors is potentially important,
their omission is not unique to our model. Finally, households face mobility costs,
which may prevent housing markets from clearing easily. If there are significant
mobility costs, a smaller fraction of households will move in response to a large
change in public goods. Our analysis has focused on two polar cases. The par-
tial equilibrium measures correspond to the case in which moving costs are pro-
hibitively high. The general equilibrium measures assume that moving costs are
negligible. The PE and GE measures, therefore, can be interpreted as bounding
the welfare measures that would correspond to a more realistic case with moving
costs.

8. CONCLUSION

Benefits estimation is an increasingly important component of evaluating en-
vironmental and other types of regulations. In the United States, the Office of
Management and Budget (OMB) uses benefit–cost analysis to evaluate regula-
tions with costs exceeding $100 million. OMB’s most recent report on the costs
and benefits of major rules assembled information from 67 regulations between
1995 and 2001. The majority of the aggregate costs estimated for these regulations
relate to environmental rules. The sheer scope of these regulations, which involve
about $40 billion of annual costs, suggests that partial equilibrium analysis is not
appropriate. Environmental policies usually involve large, spatially differentiated
changes in the amounts of the public goods available. Households will undoubt-
edly adjust to these new conditions. Thus, the policies to be evaluated necessarily
involve changes in prices as a result of changes in quantities of public goods. Loca-
tional equilibrium models offer a method to consistently incorporate unobserved
heterogeneity in household preference in all three steps of the analysis required
to develop general equilibrium benefit estimates. That is, the method provides
estimates of heterogeneity in household preferences, uses these estimates in com-
puting the general equilibrium consequences of a large policy change, and provides
a consistent basis for incorporating preference heterogeneity in measures of the
distribution of benefits.

Our empirical results suggest that there are large differences between partial
and general equilibrium measures of willingness to pay for spatially differentiated
improvements in air quality. These differences arise because households are mo-
bile and adjust their housing demands and locational choices in response to a large
policy change, with more wealthy households generally moving down to commu-
nities with previously low levels of public goods. This environmental gentrification
leads to significant price increases in communities with large improvements in air
quality and price decreases in communities with small air quality improvements.
Distributional effects of environmental policies seem to be pronounced with op-
portunities for the lowest income households to lose because the induced increases
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in their housing prices are not fully offset by the air quality improvements they
can afford to enjoy.

Broadly speaking, our general equilibrium analysis shows that renters in the
low amenity and low income communities that have experienced the largest im-
provements in air quality are not necessarily the ones who gain the most from
the policy changes. Their partial equilibrium gains due to the increase in public
good provision can be offset by housing price increases. Property owners in the
low amenity communities, however, gain significantly due to the appreciation of
their property. This finding illustrates an important, but overlooked, dimension of
the distributional analysis of environmental policies: It is not the residents of the
low income communities who derive large gains from air quality improvements
since they are renters. Instead the property owners, who may not even reside in
the disadvantaged area, may well be the main beneficiaries of these policies.
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