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Abstract

We study the optimal and equilibrium size of cities in a monocentric city model

with environmental pollution. Pollution is related to city size through the effect

of population on production, commuting, and housing consumption. If pollution is

local, we find that equilibrium cities are too large, mirroring standard results in the

theory of city systems. When pollution is global and per capita pollution declines

with city size, however, equilibrium cities may be too small.

JEL classification: R12, Q54
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1 Introduction

Urbanization is rapidly increasing, especially in developing countries. According to the UN

Population Division, urbanization worldwide will increase from 51.6% in 2010 to 66.4% in

2050, and from 46.1% to 63.4% in the developing world. Some commentators are afraid

that this urbanization may have adverse environmental consequences. For instance, Seto

et al. (2012) argue that the projected urbanization until 2030 leads to significant loss

of biodiversity and increased CO2 emissions due to deforestation and land use changes.

Intuitively, cities use up land which cannot be used for forests and other green vegetation

areas, with concomitant negative effects for the environment.

On the other hand, there are also those who claim that large, densely populated cities

produce lower per capita emissions. Glaeser and Kahn (2010) show that in the US, inhab-

itants of large, densely populated cities such as New York City and San Francisco tend to

produce lower CO2 emissions from transport and residential energy use than those living

in smaller and less densely populated cities, controlling for factors such as local weather.

Glaeser (2011) writes about this Triumph of the City and in the subtitle succinctly states:

“How our greatest invention makes us richer, smarter, greener, healthier, and happier”

(our emphasis). This line of reasoning has prompted organizations such as the OECD and

the World Bank to advocate high density urban development to mitigate environmental

pollution.

Therefore, an important policy question is whether big cities are good or bad for the

environment, especially in developing countries such as China, where new cities are spring-

ing up by the minute. While on the one hand, migrants flock to cities to take advantage of

their economic opportunities, on the other hand, concern about congestion, environmental

pollution and other side effects is mounting. So what is the optimal size of cities that are

affected by environmental pollution? And what would be the unregulated equilibrium city

size?

In this paper, we build a simple model of a city system to study how the equilibrium and

optimal city size is affected by environmental pollution. We use a standard monocentric

city model, where people work, consume goods and housing in cities. Agglomeration

externalities make workers more productive in big cities. Pollution is related to city size

since it is a by-product of urban production, commuting and housing. We distinguish

between pollution which is purely local, such as certain kinds of emissions from traffic,

and pollution which spills over between cities, such as greenhouse gas (GHG) emissions.
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In a nutshell, we find that with local pollution, equilibrium cities are too large, mirroring

the classic result of Henderson (1974). By contrast, when pollution is global, we find that

equilibrium cities may be either too small or too big.

Our paper is related to two strands of literature. First, the literature on city systems

has studied equilibrium and optimal city sizes. Henderson (1974) first showed that in

equilibrium, cities are too big. This finding also comes out of the models by Tolley (1974),

Arnott (1979), and Abdel-Rahman (1988). On the other hand, some recent papers show

that cities may be too small in equilibrium. Albouy and Seegert (2012) showed that the

introduction of taxes may lead to inefficiently small cities, whereas Behrens and Robert-

Nicoud (2015) showed that allowing heterogeneous sites also leads to inefficiently small

cities. Our paper also show that cities may be too small. However, the mechanism in our

paper, namely negative externalities from intercity pollution, is different.

Second, there is a small literature on cities and the environment more general. Related

to this paper, Gaigné et al. (2012) and Borck and Pflüger (2015) study the interaction of ag-

glomeration, pollution and welfare in models with a given number (two) of cities. There are

also some theoretical papers on urban structure and pollution, see Borck (2014), Dascher

(2013), Larson et al. (2012) and Tscharaktschiew and Hirte (2010). Finally, Glaeser and

Kahn (2010) and Larson and Yezer (2014) study empirically the relation between GHG

emissions or energy use and city structure. Glaeser and Kahn (2010) find that large, dense

cities in the US produce fewer GHG emissions, while Larson and Yezer (2014) study the

effect of city size on energy use in a simulation model, finding that per capita energy use

does not change with city size.1

We proceed as follows. The next section introduces the model. Section 3 introduces

the modeling of pollution. In section 4, we study the equilibrium and optimum size of

cities. Section 5 contains a numerical simulation, to get a sense of the possible divergence

of optimum and equilibrium city size. The last section concludes.

2 The model

There are m identical cities in the economy, whose total population is exogenous and

denoted by N . The population size in each city is endogenous and given by n = N/m.

For simplicity, the city space is linear and the CBD in a city is a spaceless point located

at x = 0, while the endogenous city border is denoted x̄ (we focus on the right side of the

1See, however, section 5, which shows that per capita emissions of CO2 decrease with city size.
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city for simplicity). Individual utility is

u(s, z, E) = sαz1−αE−β (1)

and the budget constraint is

w = z + rs+ T (x) (2)

where s is space for housing (land consumption), z is the composite good, E is pollution,

w is wage income, r is the land rent, T (x) = tx is the commuting cost, x is the distance

from the CBD, and 0 < α < 1, and β > 0.

Consumers choose s and z to maximize (1) subject to (2). From this we get optimal

housing consumption

s(w − tx, r) =
α(w − tx)

r
(3)

We next solve for households’ bid rent. Plugging (3) into (1) and (2), and solving

u(z, s) = u gives

r(w − tx, E, v) = (w − tx)1/αE−β/αv−1/α (4)

where v ≡ α−α (1− α)−(1−α) u.

The two equilibrium conditions in the city are:

r(w − tx̄, E, v) = rA (5)∫ x̄

0

1

s(w − tx, E, v)
dx = n (6)

where rA is the agricultural land rent. (5) states that at the city border, land rent just

equals the agricultural land rent. (6) says that the population n fits into the city between

0 and x̄.

Suppose that there are external economies of scale at the city level, for instance because

of gains from individual specialization. Total city production is assumed to be Y = n1+γ,

with 0 < γ < α and the individual wage is w = nγ.2 Substituting (3) and (4) into (5) and

2Duranton and Puga (2004) show that several different mechanisms lead to the same functional form,
such as gains from matching, sharing intermediate inputs, or learning.
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(6) and solving gives the city border and indirect utility

x̄ =
nγ [1− rαA(rA + tn)−α]

t
(7)

v = nγ(rA + tn)−αE−β (8)

Eq. (7) shows that the city expands as population grows. Note that because of the

separability of utility, x̄ is not affected by pollution. Eq. (8) shows the standard tradeoff

induced by an increasing city population: on the one hand, utility increases with n due

to agglomeration forces, on the other hand, it decreases because of longer commutes and

competition in higher land rents. In the next section, we introduce pollution in order to

study how it affects this fundamental tradeoff.

3 Pollution

Pollution in city i is given by

Ei = ei + δ
m−1∑
j=1

ej

where ei is local pollution and 0 ≤ δ ≤ 1 measures the degree of pollution spillovers. When

δ = 0, pollution is purely local (for instance, some forms of particulate pollution which do

not diffuse over long distances). Conversely, when δ = 1, pollution is purely global, as for

instance GHG emissions. Importantly, in the latter case, the environmental externality is

independent of the individual’s location.

Pollution comes from different sources: production, housing consumption and commut-

ing. We have:

Y = n1+γ (9)

S = x̄ =
nγ
[
1− r−αA (rA + tn)−α

]
t

(10)

C =

∫ x̄

0

x

s(w − tx, E, v)
dx =

nγ
[
r1+α
A (tn+ rA)−α + αtn− rA

]
(1 + α)t2

(11)

where Y, S and C are aggregate production, housing and commuting in a single city.
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4 Equilibrium and optimum city sizes

The equilibrium city size in the city system is defined by the solution of vi = v∗ for all

i. We focus on symmetric cities. Further, we require the equilibrium to be stable, which

implies ∂v(n)/∂n < 0. The optimal city size is found by maximizing (8) with respect to

n. Note that, from (8) follows v(0) = 0 so no one would ever want not to live in a city.

4.1 Global pollution

Let δ = 1 so that pollution is global from the viewpoint of the economy. Since pollution is

global, we can drop the index i from pollution Ei and write the utility difference of living

in city i versus j as

v(ni)− v(nj) = E−β (v̂(ni)− v̂(nj)) , (12)

where v̂(n) ≡ nγ(rA + tn)−α

For E > 0, the individual migration decision is determined by the difference v̂(ni) −
v̂(nj). Let n̂ denote the city size which solves maxn v̂(n). Setting v̂′(n) = 0 and solving

gives

n̂ =
γrA

(α− γ)t
(13)

Then, as in Henderson (1974), there is a continuum of stable equilibria with city sizes

ne > n̂.

Fig. 2 shows possible equilibrium city sizes ñ and ne. Any equilibrium with city size

ñ < n̂ is unstable: if the city population were to deviate slightly from ñ, migration in or

out of the city would occur, as indicated by the arrows. Conversely, any equilibrium with

ne > n̂ is stable: as indicated by the arrows, a deviation from ne would induce migration

flows which restore the equilibrium.

The optimum city size n∗ is found by maximizing v(n) = v̂(n)E(n)−β.3 The FOC can

be written

v̂′(n)− βv̂(n)
E ′(n)

E(n)
= 0 (14)

Hence, we find that

n∗ S n̂⇔ E ′(n̂) T 0 (15)

3Unlike in Albouy and Seegert (2012), there is no outside option here so that there is no distinction
between the city planner optimum and the federal planner optimum.
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Figure 1: Equilibrium city size

Since E(n) = N
n
e(n), we find that cities are definitely too large if per capita pollution is

increasing in city size.

If per capita emissions are decreasing in city size, we find n∗ > n̂. This opens up the

possibility that in equilibrium, cities may be too small. However, since there is a continuum

of equilibria with ne > n̂, cities may also be too large. Summarizing this discussion, we

have:

Proposition 1 Suppose that pollution is global, i.e. δ = 1. If e′(n) > 0, cities are too

large in equilibrium. However, if e′(n) < 0, cities may be either too small or too large in

equilibrium.

Fig. 2 illustrates the case where pollution is global and per capita emissions are de-

creasing with city size. The blue curve depicts the function v̂(n) and the equilibrium city

size is some n > n̂. The orange curve shows the curve v(n) and the optimum city size is

n∗.4 The thick red part of the v(n) curve shows the part where possible equilibrium city

size (with ne > n̂) is smaller than the optimum size. However, the equilibrium city size

may also be larger than n∗.

Let lowercase variables denote the per-capita values of (9)-(11). Then, differentiating

4The functions have been rescaled so that v(n∗) = v̂(n∗).
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Figure 2: Equilibrium and optimum city size with global pollution

y, s and c gives

dy

dn
= γnγ−1 (16)

ds

dn
= nγ−2

[
(γ − 1) (1− rαA(nt+ rA)−α)

t
+ αnrαA(nt+ rA)−α−1

]
(17)

dc

dn
=
nγ−2

{
αγnt+ (1− γ)rA + rα+1

A (nt+ rA)−α−1 [nt(γ − α− 1) + (γ − 1)rA]
}

(α + 1)t2
(18)

Per-capita production increases with city size as long as there are increasing returns, γ > 0.

For housing, there are opposing effects. On the one hand, increasing population increases

the pressure on the housing market and by raising land rents tends to decrease average

dwelling sizes. On the other hand, due to agglomeration economies, income rises with

population sizes which increases housing demand. The second effect, is likely to be small,

however, with typical values of γ in the range of 0.02-0.05 (Combes and Gobillon, 2014).

Therefore, we expect average housing demand to decrease with city size. Per-capita com-

muting distances increase with population. Intuitively, since the commute of the ‘last’

urban resident gets larger and larger with expanding cities, total commuting distance is

convex in population size and per-capita commuting distance increases.
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4.2 Local pollution

Suppose pollution is entirely local, i.e. δ = 0. Then migration is governed by the following

utility differential

v(ni)− v(nj) = v̂(ni)e
−β
i − v̂(nj)e

−β
j (19)

and optimum city size maximizes v(ni) = v̂(ni)e
−β
i .

In this case, we get the standard result that equilibrium cities are too large, as in

Henderson (1974). This can be seen by looking at Fig. 1, where v̂(n) should now be

replaced by v̂(n)e(n)−β. Therefore, again, there is a continuum of equilibria with ne > n̂

where n̂ = n∗ maximizes v(ni). We summarize this as:

Proposition 2 If pollution is purely local, δ = 0, cities are too large in equilibrium.

5 Numerical simulation

We know try to assess to what extent optimum and equilibrium city size may diverge, using

numerical simulation. We start by assuming a reduced form relation between emissions

and population size. Suppose that total emissions in city i in year t are Eit = Anθit. Then

we should be able to estimate a linear regression of the form

logEit = cit + θ log nit + εit (20)

where c ≡ logA and ε is the error term.

We use data from Fragkias et al. (2013) to estimate CO2-emissions in US core based

statistical areas (metropolitan statistical areas and micropolitan areas) from 1999-2008. In

addition to per capita income and land area, we control for unobserved heterogeneity by

including MSA fixed effects.

Results are displayed in Fig. 3 and Tab. 1. Fig. 3 shows a binned scatterplot of log

emissions versus log population, controlling for fixed effects only. The figure suggests a

linear relation. According to the results in Tab. 1, the coefficient estimate for θ is 0.8

(where in addition for MSA fixed effects we control for the year of the observation). It

drops to 0.66 if we control for income and land area. The confidence intervals show that

these estimates are significantly different from 1.5 Hence, according to the estimate, when

5Without controls, the test for θ = 1 is rejected at the 1% level (F (1, 8395) = 16.48), with controls, at
10% (F (1, 8303) = 3.72, p = 0.0536).
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Table 1: CO2-emissions and city size
(1) (2)

Log population 0.797*** 0.662***
(0.0499) (0.175)

Log per capita income -0.171***
(0.0394)

Log area 0.0603
(0.0844)

Year -0.00385*** 0.00313*
(0.000633) (0.00173)

Constant 11.66*** 0.0185
(1.060) (3.022)

Observations 9,330 9,234
R-squared 0.031 0.032
Number of msacode 933 927
Standard errors in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.
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Figure 3: CO2-emissions and city size
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MSA population increases by one percent, per capita emissions fall by 20 percent.

Consider global emissions, δ = 1. With Eit = Anθit, maximizing v(n) = nγ+(1−θ)β(rA +

tn)−α gives

n∗ =
[γ + (1− θ)β] rA

[α− γ − (1− θ)β] t
(21)

We use the following parameter values: the expenditure share of housing is set to

α = 0.24 (following Davis and Ortalo-Magné, 2011), the agglomeration elasticity is γ = 0.05

(see Combes and Gobillon, 2014, for an overview), and the elasticity of pollution is set to

θ = 0.8, following our regression results.

The maximum divergence between optimal and equilibrium city size, n∗−n̂, is increasing

in β, the index of the marginal damage of pollution. For a relatively low value of β = 0.01,

we find that n∗/n̂ = 1.052 so the optimum city size could exceed the equilibrium size by up

to 5 percent. When marginal damages are much higher, say β = 0.1, we get n∗/n̂ = 1.574,

so the optimum city size could exceed the equilibrium size by as much as 57 percent.

6 Conclusion

The paper has analyzed the optimum size of cities in an urban model with environmental

pollution. When pollution is purely local, we find that equilibrium cities are too large,

mirroring the finding of Henderson (1974) and others. However, when pollution is global,

we find that cities might be inefficiently small, contrary to the standard model. Global

warming clearly is an important environmental externality of global reach. Given its im-

portance in public opinion, this paper points out that a policy which favors big cities may

actually be warranted.
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