Endogenous City Disamenities: Lessons from
Industrial Pollution in 19th Century Britain∗
PRELIMINARY
W. Walker Hanlon
UCLA and NBER
October 31, 2014

Abstract
Industrialization and urbanization often go hand-in-hand with pollution.
Growing industries create jobs and drive city growth, but may also generate
pollution, an endogenous disamenity that drives workers and firms away. This
paper provides an approach for analyzing endogenous disamenities in cities
and applies it to study the first major episode of modern industrial pollution
using data on 31 large British cities from 1851-1911. I begin by constructing
a measure of industrial coal use, the largest source of industrial pollution in
British cities. I show that industrial coal use was an important city disamenity;
it was negatively related to measured quality-of-life in these cities and positively
related to mortality. I then offer an estimation strategy that allows me to
separate the negative impact of coal use on city growth through pollution from
the direct positive effect of employment growth in polluting industries. My
results suggest that coal-based pollution substantially impacted the growth of
British cities during this period.
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Introduction

From the mill towns of 19th century England to the mega-cities of modern China,
urbanization has often gone hand-in-hand with pollution. Much of this pollution
comes from industry, an unfortunate by-product of the job-creating engines that drive
city growth. This pollution, in turn, represents an endogenous disamenity that acts
as a drag on urban growth, driving residents away and forcing firms to pay higher
wages to the workers they are able to attract. As a result, cities face a trade-off
between encouraging the growth of industry and increasing local pollution.
This study offers three contributions that can help improve our understanding of
endogenous city disamenities related to industrial pollution. First, it introduces a
model that incorporating endogenous city disamenities generated by industrial pollution into a standard spatial equilibrium framework. The model provides a simple
framework for thinking about endogenous disamenities in cities that are related to
industrial composition and maps directly to the empirical analysis. Second, it offers an estimating approach that allows me to separate the positive direct impact of
employment growth in polluting industries on overall city growth from the negative
indirect impact of the pollution generated by these industries. One feature of this
approach is that it can be implemented using a relatively limited set of data. This
is important because we often want to study the impact of industrial pollution over
long time periods or in developing countries, both settings in which data are likely to
be limited. Third, I apply this framework to study British cities in the late 19th and
early 20th centuries, the “dark satanic mills” that drove much of their growth, and
the local air pollution emitted by their coal-fired engines. This setting is of particular
historical interest because it represents the first wide-spread case of modern urban
industrial pollution. Moreover, the impact of industrial pollution in this setting has
been the subject of debate among economic historians.1
1

See, e.g., the debate between Williamson (1981) and Pollard (1981).
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While existing studies (Rauch (1993), Moretti (2004), Shapiro (2006), Diamond
(2012)) have made substantial progress in incorporating endogenous amenities related to the composition of city residents into urban economics models, less attention
has been paid to endogenous disamenities related to industry composition, despite
substantial evidence highlighting the negative effects of local pollution .2 This study
begins by offering a theory focused on endogenous disamenities related to industry
composition. In practice, both the resident and industry compositions are likely matter, so these are complementary approaches to understanding endogenous amenities
in cities. However, the importance of these factors will differ across economies; industrial pollution is likely to play a particularly important role in industrial economies,
ranging from 19th Century Britain to modern China.
In the 19th century industrial cities of Britain and the U.S., burning coal was
one of the most important sources of pollution. Coal smoke polluted the air to
such an extent that, “There was nothing more irritating than the unburnt carbon
floating in the air; it fell on the air tubes of the human system, and formed a dark
expectoration which was so injurious to the constitution; it gathered on the lungs
and there accumulated” (Times (Feb. 7, 1882, p. 10)). This study focuses on British
cities from 1851-1911, a period during which pollution became increasingly acute as
cities and industry grew.3
This setting offers several features that are helpful for understanding the longrun impact of pollution on city growth. First, it is possible to study the impacts of
pollution over many decades during a period of substantial growth in urban pollution.
Industrial pollution was present at the beginning of the study period in 1851, but
2

The literature estimating the negative impacts of industrial pollution on various outcomes is too
large to cite here. Important contributions that are more closely related to this study include Kim
et al. (2003), Chay & Greenstone (2005), Bayer et al. (2009).
3
While the impact of the airborne pollution on city growth continued, and may have intensified,
after 1911, I end the study at that point to avoid the massive disruptions caused by World War
I. The consistency of the key city-industry data series also becomes substantially worse after 1911,
which provides further motivation to end the study in that year. The start year of the study is
determined by the availability of high-quality city-industry data.
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became much more intense by the end of the study period in 1911. Second, the high
internal migration rates in England during this period and the fact that the pollution
was easily observable means that city residents had the ability to respond to varying
amenity levels across cities. Third, this mobility was further aided by the absence of
policies, such as zoning, that restrict housing supply in modern cities.
The first step in the empirical analysis is to construct estimates of industrial coal
use in each city in each decade. To do so, I start by using detailed data from the
Census of Population that give employment, by industry, for substantially all private
sector workers in 31 cities in each decade starting with 1851, with more cities available
in some years. These are combined with measures of coal use per worker for each
industry from the 1907 Census of Production. The result is an estimated level of coal
use in each city in each decade.
Next, I establish that this measure of coal use captures a meaningful city disamenity using two approaches. First, I use a cross-section of data from the 1908
Board of Trade report which describe the level of rents, prices, and wages in cities.
These can be used to construct estimates of quality-of-life in cities, as in Albouy
(2012). These data reveal a clear negative relationship between quality-of-life and
industrial coal use in a city. Second, I compare estimated industrial coal use to city
mortality rates. I find a clear positive relationship between industrial coal use and
mortality, particularly mortality due to respiratory causes. This is consistent with
the impact we should expect from air pollution, the most important form of pollution
caused by coal use.
I then turn to the main focus of the paper, assessing the impact of pollution related
to industry coal use on city growth. They key challenge is separating the positive
direct impact of employment growth in polluting industries from the negative indirect
impact of additional pollution. To deal with this challenge, I begin by constructing
predicted employment levels in each city in each decade after 1851 based on cityindustry employment in 1851 and the growth rate of employment in each industry
4

across all cities from 1851-1911. In addition, I calculate predicted city industrial
coal use for decades after 1851 by interacting the predicted employment level in each
city-industry with the data on coal use per worker in each industry, similar to Bartik
(1991). Finally, I run a regression comparing city working population to predicted
city working population and predicted city industrial coal use. In this regression, the
predicted city working population variable captures all of the direct effect of industry
growth on city growth. The city coal use variable then captures only the additional
impact of coal use.
My results show that industrial pollution related to coal use exerted a strong
negative influence on city size during the study period. To put the magnitude of
these effects into perspective, I consider the impact of a technology that reduces the
growth of coal use in cities in each decade by 10 percent without negatively impacting
industry employment. If this technology is available starting in 1861, by 1911 it would
have led to a 16 percent increase in combined size of the 31 analysis cities, equal to
an additional 1.8 million residents. This corresponds to an increase in the share of
national population in these 31 large British cities from 32 to 37 percent by 1911.
These results can help resolve a long-standing debate in the economic history
literature over the welfare impact of pollution in the cities of industrializing Britain
in the 19th century. Using data from 1905 and extrapolating backwards, Williamson
(1981) argues that the impact of industrial pollution on British cities during this
period was modest. In contrast, my results suggest that coal-based pollution had an
important influence on British cities during this period, consistent with a substantial
negative amenity value.
This paper is related to a large existing literature on the impact of local pollution
levels on cities in modern economies.4 Methodologically, this study draws on work
4

Much of this literature studies the impact of air quality regulation, particularly the Clean Air
Act, on local outcomes such as industrial activity (Henderson (1996), Becker & Henderson (2000),
Berman & Bui (2001), Greenstone (2002)), employment (Berman & Bui (2001), (Walker, 2011,
2013)), overall population size or density ((Kahn, 2000, 2009) and Banzhaf & Walsh (2008)), and a
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by Kahn (1999) and Chay & Greenstone (2003), which use fluctuations in industrial activity to generate exogenous variation in local air quality. It is also closely
related to studies that use hedonic models to assess the overall impact of air quality
improvements (Kim et al. (2003), Chay & Greenstone (2005), Bayer et al. (2009)).5
One difference between this paper and previous work in the hedonic literature
is that I focus on city population as the outcome variable of interest, rather than
housing prices. The hedonic approach is based on the idea that improvements in air
quality cause population inflows into a location which are then reflected in housing
prices. Thus, housing prices and population are essentially two sides of the same
coin. The main advantage of using housing prices is that it allows one to calculate
the monetary value of the air quality improvement, which is not possible in this study.
On the other hand, policymakers often focus on job creation, which will be directly
addressed by my approach.
This study contributes to a small but growing literature on the impact of coal in
generating air pollution during the late 19th and early 20th centuries. Troesken &
Clay (2010) studies the evolution of pollution levels in 19th century London using
data on fog days that follows up on contemporary work (Brodie (1905)). There are
several connections between this paper and their results which I will discuss as they
arise. In the U.S. context, Barreca et al. (2014) show that the burning of bituminous
coal for home heating increased mortality rates in the winter months. Both of these
studies document a clear relationship between coal burning and mortality, consistent
with my findings. These previous studies tend to emphasize the role of residential
pollution in British cities. In contrast, this study is interested in industrial pollution.
host of other outcomes.
5
As pointed out by Bayer et al. (2009), an important concern in this literature is that changes in
air quality may be correlated with changes in local economic conditions. For example, regulations
may affect both air quality and economic activity in polluting industries. Bayer et al. (2009) offer
one approach for dealing with this issue, by looking at affects on downwind communities. This study
offers an alternative approach to addressing this concern, but one that allows me to study impacts
in the main pollution-producing centers, where the effects may be much larger than in the downwind
communities.
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The next section describes a model that incorporates endogenous disamenities due
to coal use into a standard spatial-equilibrium framework. Section 3 then introduces
the empirical application, followed by the data, in Section 4. Section 5 looks at the relationship between industrial coal use in cities and measures of city quality-of-life and
city mortality. In Section 6 I estimate the impact of industrial coal use on long-run
city growth. Section 7 then uses these estimates to explore how a technology improvement that reduced the growth of coal use in cities might have affected urbanization
patterns in England over this period. Section 8 concludes.

2

Model

This section introduces a spatial equilibrium model building on Rosen (1979) and
Roback (1982).6 However, the standard model is modified in a few important ways.
In order to incorporate the impact of coal-based pollution, I model an amenity related
to city coal use. Also, to reflect the Bartik instrumentation approach used in the
empirical analysis, which relies on variation in coal use intensity across industries,
the standard framework is modified to incorporate many industries which vary in
their intensity of coal use.
The economy is made up of a fixed number of cities, indexed by c. As is standard
in this literature, workers and firms can move freely across these cities. Goods are
also freely traded across cities. I begin by modeling the demand for labor in cities.

2.1

Labor demand

The economy is composed of many industries, indexed by i, each of which produce a
homogenous good. Each industry is composed of many perfectly competitive firms,
6

Within this tradition, I draw specifically on the recent models of Moretti (2010) and Diamond
(2012).
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indexed by f . Firms produce output using labor, coal, and a fixed local industryspecific resource according to the production function,

yf ic = ai Nfαic Rf1−α
ic
Nf ic = [Lρf ic + (θi Cf ic )ρ ]1/ρ

where Lf ic is labor, Cf ic is coal, Rf ic is the local resource, and ai is a industry
technology level. The parameter θi ≥ 0 determines the importance of coal as an
input into each industry. The elasticity of substitution between labor and coal in
production is determined by the parameter ρ. The parameter α ∈ (0, 1) determines
the importance of local resources in production.
Within each city there is a fixed supply of resources R̄ic available for each industry. These resources can be thought of as natural features or local endowments
of entrepreneurial ability in a particular sector. These resources play an important
role in this model, by allowing multiple cities to be active in an industry even when
productivity varies across cities and the market is perfectly competitive.7
Given this production function, firms maximize profit subject to output prices pi ,
the coal price φ, a city wage wc , and the price of local resources χic . For simplicity
I assume that the output price and coal price are exogenously given. The firm’s
maximization problem is,

max

Lf ic ,Cf ic ,Rf ic

pi ai [Lρf ic + (

Cf ic ρ α/ρ 1−α
) ] Rf ic − wc Lf it − φCf it − χic Rf it .
θi

Using the first order conditions from this problem, I obtain the following expression
7

This approach follows Jones (1975) and has recently been used in papers by Kovak (2013),
Dix-Carneiro & Kovak (2014), and Hanlon & Miscio (2014).
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for the relationship between employment and coal use in each industry,
Lf ic
wc
= θi
Cf it
φ

!

1
1−ρ

.

Next, I make the simplifying assumption that firms within an industry have very little
ability to substitute between workers and coal. This assumption reflects the empirical
approach and simplifies the remaining theoretical analysis. Specifically, I consider the
limit as ρ → −∞. Under these conditions the ratio of coal use per worker for any
firm in industry i is fixed at Cf it /Lf it = θi .
Plugging this back into the first order conditions from the firm’s optimization
problem, and summing over firms in an industry, I obtain the industry labor demand
equation,

1−α
wc = αpi ai Lα−1
.
ic Ric

Summing across industries and taking the natural log, the city labor demand equation
is,
"

ln(wc ) = (α −

1) ln(Ldem
)
c

− (α − 1)

X

(αpi ai )

1
1−α

#

R̄ic

(1)

i

This expression tells us that the local labor demand curve is downward sloping and
that the location of the curve depends on the sum across industries of a term that includes factors affecting industry demand (pi ) and industry productivity (ai ) weighted
by city-industry resources R̄ic , which determine how an industry is distributed across
cities.
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2.2

Labor supply

The cities in the model are populated by many homogenous workers each of which
supply one unit of labor to the market. The utility of any worker j depends on their
consumption of goods and housing, as well as the local amenity level in the city in
which they reside, according to,

Uc = γln(X) + (1 − γ) ln(h) + Ac ,

where Xj is an index over consumption goods, hj is consumption of housing, Ac is
the amenity value in city c, and the γ ∈ (0, 1) parameter determines the relative
expenditure shares of housing and goods. Their budget constraint is, wc ≥ P X + rc h
where P is the national price index over goods and rc is the local price of housing.
Solving the utility maximization problem, we can express the utility of a worker in
city c using the indirect utility function,


Vc = γ ln

wc
wc
+ Ac .
+ (1 − γ) ln
P
rc






Workers are freely mobile across cities. Also, they have an outside option that
offers utility v ∗ . We can think of this as either the utility of emigrating or the utility
of leaving the cities to live in the rural areas of the country. Given this, the labor
supply expression for city c is,

ln(wc ) = γ ln(P ) + (1 − γ) ln(rc ) − Ac + v ∗

2.3

(2)

Amenities

The amenity value in a city may be related to many features, but this study emphasizes the role of coal-based pollution in affecting city amenities. Thus, I model the
10

amenity value as,

Ac = δc − βf (CPc ) + g(Zc )

(3)

where CPc is a measure of coal use per capita in the city, δc represents a fixed city
amenity, and Zc is a vector of other city characteristics, such as the ratio of skilled
workers, that may impact city amenities. Let CPc =

P

i

Cic = (

P

i θi Lic )

where θi is

coal use per worker in industry i and Lic is employment in industry i in city c.

2.4

Housing supply

The supply of labor in a city will be influenced by the availability of housing. The
housing market itself is not a central focus of this paper, and so I model housing in
a very reduced form way.8 The function describing the price of housing in a city is,

ln(rc ) = λ ln(Lc ) + ηc ,

where ηc represents city-specific factors that influence construction costs and λ > 0 is a
parameter that determines the impact of increasing population on housing price. This
expression is similar to that used in previous work (e.g., Moretti (2010)) except that
the elasticity of housing supply λ does not vary across cities. While this assumption
is likely to be unrealistic in the modern setting, particularly in the U.S., it is more
reasonable in the empirical setting I consider. This is due in part to the lack of
land-use regulations in the period I study and in part to the relatively homogeneous
geography across English cities (relative to, say, U.S. cities).
Substituting the housing supply equation into Equation 2, labor supply in a city
is now given by,
8

This approach can be easily micro-founded using the Alonso-Muth-Mills model.
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∗
ln(wc ) = γ ln(P ) + (1 − γ)λ ln(Lsup
c ) + (1 − γ)ηc − Ac + v

2.5

(4)

Equilibrium

Given the outside option utility v∗, the national coal price φ and a set of national
industry output prices {pi }, equilibrium in a city is defined as the set of local wages
wc , resource prices χic , rent rc , and population Lc , together with a set of industry
employment levels, coal use levels and resource use levels {Lic , Cic , Ric } such that,
1. Labor supply in the city equals labor demand in the city: Lsup
= Ldem
=
c
c
2. The markets for local industry-specific resources clear:

P

f

P

i

Lic

Rf ic = R̄ic

3. Housing supply equals housing demand

2.6

Theoretical results

This section uses the model to derive results that can then be taken to the data. I
begin with results relating the quality-of-life in a city to the amenity level. Starting
with Equation 2, substituting in Equation 3, and reorganizing, I have:

(γ ln(P ) + (1 − γ) ln(rc )) − ln(wc ) = −βCPc + δc + g(Zc ) − v ∗ .

(5)

The left-hand side of this expression is equivalent (in this empirical setting) to the
quality-of-life measure used by Albouy (2012). Thus, this expression represents the
relationship between amenities and quality-of-life in cities. If I estimate this equation,
the coefficient β will reflect the extent to which industrial coal use is creating a city
disamenity. This is the first expression that I will take to the data.
Next, I consider the impact of the endogenous disamenity related to industrial coal
12

use on city population. Substituting Equation 1 in for the wage term in Equation 4
and reorganizing, and then adding the amenities expression from Equation 3, I have,




 
 
 
1
α−1 X
1
1
β
ln(Lc ) =
(αpi ai ) 1−α R̄ic +
CPc −
δc −
g(Zc )
σ
σ
σ
σ
i


 
γ 
1−γ
1
+
ln(P ) +
ln(ηc ) +
v∗
σ
σ
σ

(6)

where σ = (α − 1 − λ(1 − γ)) < 0. The first term on the right-hand side represents
positive impact of increased productivity or increased demand in a city industry on
city population, summed over all industries. This is the direct impact of industry
growth on city size. The second term on the right-hand side represents the negative
impact of industrial coal use on city population. Note that this term will also be
affected when productivity or demand grows for a polluting industry. Thus, this
represents the indirect impact of growth in a polluting industry on city population.
Separating these direct and indirect effects is the central empirical challenge in this
paper. Next, I describe the empirical setting.

3

Empirical setting

Coal-based air pollution was endemic to the industrial cities of England in the late
19th and early 20th centuries, and became worse as coal-using industries expanded.
British coal consumption increased from an annual average 65 million tons in 18521862 to 181 million tons in the 1903-1912 period.9 This came to about 4.3 tons per
person in 1911.10 The foul smell, reduced visibility, and negative health effects of
coal-based pollution were widely recognized and discussed. Numerous anecdotes and
9

These figures provided by the U.K. Department of Energy and Climate Change.
This and all other figures are in imperial tons per year. As a point of comparison, in 2012 the
U.S. consumed about 2.5 tons of coal per person annually while China consumed about 2.7 tons per
person and Australia, one of the heaviest users, consumed around 5.8 tons per person.
10
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discussions of polluted air and its health effects can be found in newspapers, medical
journals, and other contemporary sources.
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The winter of 1890-91 was particularly

bad in London; Troesken & Clay (2010) estimate that polluted fog generated 7,405
excess deaths in London alone during that period.
The most direct and visible effects of coal burning was air pollution, though coal
use likely also affected water quality and other aspects of the environment. In terms
of mortality, the impact of coal-based air pollution was reflected in deaths related to
the respiratory system. For example, following a particularly bad London fog event
in the winter of 1880, the British Medical Journal reported that (Feb. 14, 1880, p.
254),
If one or two weeks during the cholera epidemic of 1849 and 1854
be excepted, the recorded mortality in London last week was higher
than it has been at any time during the past forty years of civil
registration. No fewer than 3,376 deaths were registered within the
metropolis during the week ending Saturday, showing an excess of
1,657 upon the average number in the corresponding week of the last
ten years...The excess of mortality was mainly referred to diseases of
the respiratory organs, which caused 1,557 deaths last week, against
559 and 757 in the two preceding weeks, showing an excess of 1,118
upon the corrected weekly average.
While the experience of London with polluted air gained the most attention, the
phenomenon was not confined there. Other industrial cities faced similar issues. For
example, Troesken & Clay (2010) describe the experience of Glasgow with similar
levels of polluted fog. Later, I will present evidence that the negative effects of
pollution stretched across all major English cities, and were particularly acute in
cities reliant on heavy industry.
11

See Troesken & Clay (2010) for many examples.
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Coal-based pollution came from both industrial and residential sources during this
period. Much of the literature on this topic has focused primarily on pollution based
on residential use. This is due in part to the fact that residential use was generally
less efficient, generating more smoke, and that chimneys deposited the residential
pollution at a lower height than factory smokestacks. Yet balanced against this
is the fact that overall coal use by industry substantially exceeded residential use.
For example, in his 1872 address to the Royal Association for the Advancement of
Science’s Mechanical Section, F.J. Bramwell, the section president, estimated that of
the 98-99 million tons of coal retained for home use in Britain, about 18.5 million
tons were residential consumption and the remainder, over 80%, were consumed by
industry. This suggests that industrial pollution deserves as much attention, if not
more, than residential pollution during this period.
The public awareness and response to airborne pollution grew over the 1851-1911
period. This is reflected in new legislation passed during the period. The Sanitary Act
of 1866 empowered local sanitary authorities to take action against local polluters.
The Public Health Act of 1875 expanded these powers outside of London, while The
Public Health (London) Act of 1891 expanded them within London. However, these
goal of these regulations was to reduce excess pollution from factories to the level
practical for each manufacturing trade, not to eliminate those trades, such as steel and
chemicals, that necessarily produced high levels of air pollution. In addition, these
acts allowed for substantial interpretation when rendered them largely ineffective
(Thorsheim (2006)). This was due to the large loopholes left in the regulations, the
small size of fines allowed, and the substantial control exerted by factory owners over
the local authorities, particularly in the industrial cities.12
The extent to which the disamenity created by coal-based pollution influenced
city size during this period depended on the level of migration flows into and be12

One example of a loophole provide by Thorsheim (2006) is that the acts regulated “black smoke”
and that defendants were able to avoid fines by claiming that their smokestacks emitted only dark
brown smoke.
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tween cities. Existing evidence show that during the period I study England was
characterized by high levels of internal migration, as well as substantial emigration.
Summarizing our knowledge in this area, Long & Ferrie (2003) characterizes the
British population as “highly mobile.” The sentiment is echoed by Baines (1994),
who argues that “both the housing and labour markets were more open than today
and that migrants were less likely to be deterred by the problems of educating children
or looking after relatives.” Much of this migration was made up of rural residents
moving to the cities. Baines (1985) suggests that, controlling for the age structure
of migrants, internal migration accounted for about 40% of the population growth in
British cities. Moreover, compared to modern economies there were far fewer barriers
to housing construction. For example, no zoning laws existed in England until 1909,
the very end of my study period.

4

Data and measurement

This section begins with a review of the data used in this study. I then describe how
these data are used construct a measure of industrial coal use in cities

4.1

Data

The data used in this study are drawn from four main sources: the British Census of
Production, the Census of Population, and the Registrar General’s reports, and the
reports from the Board of Trade. With the exception of the Census of Population
data, all of the data used in this study were digitized from original sources.13
One necessary piece of information is a measure of the amount of coal used in
each industry. This information is drawn from the first British Census of Production,
which was completed in 1907. While these data come from near the end of our study
13

The Census of Population data have previously been used by Hanlon & Miscio (2014).
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period, it is the earliest available consistent source for this information. Because of
the central role coal played in the British economy, this Census collected detailed
information on the amount of coal used in each industry, as well as employment in
each industry (in terms of the model this is θi ).14 This allows me to construct a
measure of coal use per worker in each industry. Table 1 describes the amount of coal
used in each industry, industry employment, and coal use per worker, based on the
1907 census figures. In this table, industries have been collapsed to match the set
available in the city-industry database.
The most intensive industrial users of coal were Metal & Machinery, Earthenware
& Bricks, and Chemical & Drug Manufacturing. However, the largest overall user by
far was the Metal & Machinery sector, due to both the coal intensity of production
and the large size of the sector. Mining related activities were also major coal burners,
but would have been less important in the urban economies considered in this study.
Textile production, while using coal less intensively per worker, was also a major
overall burner of coal due to the large size of the industry and would have been an
important urban industrial pollution source.

14

Coal and coke are combined in this study. In practice, coke consumption is small relative to
coal.
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Table 1: Industry coal use, employment, and coal use per worker in 1907

In addition to the industries listed in Table 1, the analysis data set also contains
four service industries which are assumed to have zero coal use per worker.15 These
industries are (1) merchants and other business services, (2) messengers, porters, and
other communications and storage services, (3) professionals, including doctors and
lawyers, and (4) general services, which includes domestic service, inn, etc. Two
categories of industries, local utilities and transportation (other than sea and canal
transport) are excluded from the analysis data set. These industries produce goods
that are often locally consumed and so their availability may act directly as a city
amenity. Also, no reasonable estimates of coal use per worker are available in the
15

Of course, these industries must have used some coal per worker. However, relative to the
coal-intensive manufacturing industries, the assumption of zero coal use in services is likely to be a
reasonable approximation.
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transportation sector. Local utilities are also excluded because, while a large amount
of coal was used to produce gas, this may have actually reduced the amount of coal
smoke residents were exposed to if the gas replaced less efficient forms of lighting in
homes and offices.
Data from the 1907 Census of Manufacturing and from Thomas (1987) can also
be used to estimate a number of other features that may vary across industries. This
includes the share of salaried workers in an industry, which provides a measure of
industry skill intensity, the share of industry output that was exported, and the share
of industry output that was used to produce capital goods. This information allows
me to construct control variables that will be useful in the analysis. Further details
on the construction of these control variables is available in Appendix A.4.
To translate coal use by each industry into the amount of industrial coal burned
in each city, we need information on the size of each industry in each city over time.
These data come from the Census of Population, which collected the occupation of
each person at each ten-year census interval. These occupational categories generally
correspond to industries, such as “Cotton spinner” or “Steel manufacture”. Consistent city-industry series have been constructed for the period 1851-1911 by combining
occupational categories from the various censuses. The resulting British city-industry
database covers 31 cities and 27 industries, spanning nearly the entire private-sector
economy.16 Figure 4 in the Appendix shows the location of the cities included in
this database. In addition to the data previously available from Hanlon & Miscio
(2014) covering 31 cities, this study also uses additional data for 1901 that has been
expanded to cover 55 cities. This increases the number of observations available when
analyzing the Board of Trade data, which are described next.
To measure the quality-of-life in cities, I need data on the rents, goods prices,
and wage levels across cities. These data are available in a cross-section from a 1908
16

Further information on these data can be found in the Data Appendix to Hanlon & Miscio
(2014).
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report prepared by the Board of Trade on the conditions of the working class in
British cities. This report includes information on the rents, price level and wages
faced by the working population across 77 major English towns. For each of these
categories, the Board of Trade constructed index numbers, relative to London, that
allow comparison across cities. Further details on these data are available in Appendix
A.3.
Mortality data is drawn from the Registrar General’s reports. These report mortality in each location over the preceding decade starting in 1870. From these reports,
I have collected data on overall mortality, mortality from respiratory causes, and mortality due to heart/circulatory causes. The geographic unit used in these reports is
the registration district, which is not an exact match for the town boundaries used in
the city-industry data, but we can use mortality rates in these districts as an indicator
of mortality rates in the corresponding towns.

4.2

Measuring industrial coal use in cities

To construct a measure of industrial coal use in cities, I combine data on coal use per
worker in each industry (θi ) from the 1907 Census of Production with data on city
industry employment (Lict ) in each census year. City coal use is then,

COALct =

X

(Lict ∗ θi ) .

i

Table 2 describes the estimates of city industrial coal use per private sector worker
that I obtain. These figures reveal several interesting patterns. First, there is substantial variation across cities in the expected level of coal use per worker. Cities
specializing in heavy industry, such as Birmingham, Sheffield and Wolverhampton
show levels of coal use per worker that are nearly double the national average. Textile
manufacturing towns, such as Manchester, Bolton, Halifax and Leeds, show moderate
20

levels, near the national average. Many of the port cities, such as Bath, Brighton and
Bristol, are among the least coal-intensive cities. Despite its reputation for pollution,
London is not an outlier and shows relatively modest levels of industrial coal use per
worker with little increase over time.
A second pattern to note in these data is that the city economies were shifting
towards more coal-intensive industries. This is reflected in consistent growth in the
average level of estimated coal use per worker. At the same time, the fall in the
standard deviation of estimated coal use across cities suggests that polluting industries
were spreading more evenly across locations over time. Cities with initially heavy coal
use, such as Wolverhampton, Sheffield and Birmingham, show either slow growth or
decline in coal use per worker over the study period. Some of the largest increases
were in cities with initially low levels of coal use per worker, including Bath, Leicester
and Portsmouth. A third pattern is that the variation in coal use across cities is much
larger than variation across time within a city.
The assumption implicit in this approach is that coal use per worker in an industry
does not vary too much either over time or across cities. To check the extent to which
industry coal use varies over time, I use additional data from the 1924 Census of
Production, the next full census after 1907.17 Comparing coal use per worker in
industries in 1924 to the same values in 1907 provides an assessment of how rapidly
these industry features could change.

17

Attempts were made to collect a Census of Production in 1912, 1920, and 1922. The processing
of the 1912 Census was halted by the First World War, while the 1920 and 1922 Censuses were
canceled for financial reasons.
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Table 2: Estimated city industrial coal use per private sector worker

Values are in tons per worker per year. Only private sector workers in the analysis industries are
included.

Figure 1 provides a scatter plot of industry coal use per worker for each industry
in 1907 and 1924. There are a couple of patterns worth noting in this graph. First,
the level of industry coal use in 1907 is a very good predictor of industry coal use in
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1924. This suggests that the relative level of coal use per industry was not changing
very rapidly over time. This is a particularly strong result because we would expect
industry coal use to change more slowly in the 1851-1907 period than in the 19071924 period due to the adoption of electrical power by some manufacturing industries
during the latter period. The shift to electricity had the potential to substantially
affect industry coal use, whereas for most of the 1851-1911 period burning coal was
the dominant energy source for industries and there were few alternatives.
Figure 1: Comparing industry coal use in 1907 and 1924

DV: Coal per worker in 1924
Coal per worker in 1907
1.021***
(0.0612)
Constant
-0.623***
(0.151)
Observations
17
R-squared
0.949
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

The coefficient on the relationship between coal use per worker in 1907 and coal use
per worker in 1924 in Figure 1 is indistinguishable from one, suggesting that there was
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little change in the relative coal use intensity of different industries over this period.
Also, we can see that the coefficient on the constant is negative and statistically
significant. Together, these suggest that there was broad progress in reducing coal
use per worker, but that this progress was fairly even across industries, leaving the
relative coal use intensity of industries largely unchanged. If similar patterns existed
in the period before 1907 then the assumption that there was no substantial change in
the relative levels of coal use intensity per industry over time seems quite reasonable.
There is substantial variation in coal use intensity across similarly-sized cities
in the data. An example is provided by Sheffield, Leeds and Bristol, three cities of
relatively similar size in 1851 that show dramatic differences in coal use intensity. The
economy of Sheffield was based heavily on iron and steel production, that of Leeds
was primarily reliant on the textile trades, while Bristol was a port city focused on
trading.
In addition to the measure of industrial coal use based on current city employment
patterns, it will also be helpful to construct a predicted level of city industrial coal
use based only on city-industry employment patters in the first observed year, 1851,
and the national growth rate of industry. The advantage of this measure is that it will
be uncorrelated with idiosyncratic shocks affecting the city economy in a particular
decade, which could cause bias in the estimation results. Predicted coal-use is,

P redCOALct =

X

−c
Lic,1851 ∗ GREM Pit,1851
∗ θi



i

−c
where Lic,1851 is city-industry employment in 1851 and GREM Pit,1851
is 1 plus the

national growth rate in industry i between 1851 and year t in all cities other than
city c. The correlation between P redCOALct and COALct is 0.98 in levels and 0.95
in logs.
Given measures of city coal use, it is still necessary to settle on a functional
form for the impact of city coal use on city residents. Unfortunately, the existing
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empirical literature does not provide a clear guide in making this selection. In my
main empirical analysis I use the form f (CPc ) = ln(CPc ). This functional form
offers several advantages. First, unlike alternatives such as coal use per person, it
doesn’t directly incorporate city size, which an endogenous variable, into the coal
use measure. Second, as we will see in Section 6, this functional form makes it
relatively straightforward to separate the direct and indirect impact of coal use on
city population. Third, when using the natural log of coal use I am able to explain
more of the variation in quality-of-life or mortality across cities than is explained
using alternatives such as coal per worker. However, to ensure that this functional
form decision is not driving my results, I will also show estimates obtained using coal
use per worker, a promising alternative to the log of coal use.

5

Coal use as a disamenity

This section examines whether the measure of city coal use is capturing a meaningful
city disamenity. I use two approaches. First, I use data on wages and costs in cities
from the 1908 Board of Trade report to calculate estimates of city quality-of-life. I
then compare these quality-of-life estimates to city coal use. Second, I look at the
relationship between coal use and mortality in cities using data from the Registrar
General’s reports.

5.1

Quality-of-life

This section estimates the impact of industrial coal use on quality-of-life in a city
using an approach that is similar to Albouy (2012).18 The regression specification
is derived from Equation 5. The estimation uses data on wages and costs for 51
18

My exercise is somewhat simpler than Albouy’s in that there was no federal income tax in Britain
during this period. Also, because workers were unlikely to hold financial assets, most working class
income would have come from wages and depended on local wage levels.
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cities from a study conducted by the Board of Trade in 1908.19 The wage series are
available for specific occupations which were present in many cities and relatively
similar across cities. I use wage series for two skilled occupations: skilled builders
and skilled engineers (engine operators). Skilled occupations are used because skilled
workers were likely to be more mobile across cities, so these wage data are more likely
to reflect city amenities. Moreover, the wives of skilled workers were less likely to
work, so the wage of skilled male workers will better reflect household income than
the wage of unskilled workers.20 The cost data includes both rental rates and the
local prices of goods commonly consumed by working class families, which the Board
of Trade have combined based on the expected share of expenditures going towards
housing. Both of the series are presented as index values relative to London.
Using the wage, price and rent data, I build QOL measures based, respectively,
on skilled builders wages and on skilled engineers wages:

QOLBuilderc = COSTc − W ageSkilledBuildersc ,

QOLEngineerc = COSTc − W ageSkilledEngineersc .

Plots of these quality-of-life measures are available in Appendix A.5.
Table 3 presents the results of regressions comparing these quality-of-life measures
to city coal use. Columns 1-3 describe results obtained using the QOL measure with
skilled builder’s wages. Columns 4-6 describe results based on skilled engineer’s wages.
19

The Board of Trade data cover more than 51 cities, but I am only able to use cities where
city-industry data are also available, since those data are needed in order to calculate city coal use.
20
Female and child labor force participation was fairly high in England during this period, particularly among the unskilled. However, substantial variation across industries in female and chile
employment drove substantial variation across cities in female labor force participation. For this
reason, unskilled households may have accepted lower male wages to live in cities where the women
and children could also work, leading to higher overall household income, as suggested by Marshall
(1890).
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In some specifications I control for the latitude of the city and the share of salaried
workers in the city, a good measure of the skilled worker share.21
Spatial correlation is potentially a concern in these regressions. To deal with this,
I have explored allow spatial correlation of standard errors following Conley (1999)
using the implementation from Hsiang (2010). I find that this delivers substantially
smaller confidence intervals, and therefor much more statistically significant results,
than those obtained using robust standard errors. This is consistent with standard
errors that are negatively spatially correlated. To be conservative, Table 3 reports
the larger robust standard errors.
In all specifications, city coal use is negatively related to the amenity value of the
city, and this relationship is statistically significant in most, but not all of the available specifications. It is comforting to see a consistent negative relationship between
latitude and a city’s amenity value, as anyone familiar with the weather in Northern
England would expect, through this relationship is not statistically significant. The
city’s share of salaried workers does not appear to have a consistent relationship with
the amenity value. Overall, I interpret these results as offering evidence that coal use
was negatively related to the amenity value of a city, but given that the nature of
these regressions and the sample size, these results should be interpreted with caution. To strengthen this evidence, I now turn to an alternative measure of the impact
of industrial coal use in cities.

21

Unlike Williamson (1981), I do not include controls for urban density. This is because this
variable tends to be very sensitive to the definition of the city boundary, making it almost completely
uninformative about the actual living conditions in cities. As an example, for the city of Blackburn,
the Board of Trade reports states that, “The area of the borough (increased by 440 acres since
the Census of 1901), being 7,431 acres, this latter estimate [of population] points to a density of
17.9 persons per acre. The variation in density as between the different wards is, however, very
considerable. In St. Paul’s Ward there is a density of 82 per acre, while in St. Matthew’s the
density is 89.9 per acre. On the other hand, the density in St. Stephen’s Ward is only 8.2 per acre,
and in St. Thomas’s Ward 7.7 per acre, these last-mentioned wards being partly situated within the
belt of agricultural or open land which the borough boundary now includes.”

27

Table 3: Comparing QOL measures to city coal use
DV: QOLBuilderc
DV: QOLEngineerc
-0.0170* -0.0495** -0.0586** -0.0294*** -0.0328*
-0.0211
(0.00948) (0.0190)
(0.0244)
(0.0109)
(0.0186)
(0.0235)
ln(P OPc )
0.0411**
0.0496**
0.00591
-0.00513
(0.0192)
(0.0233)
(0.0206)
(0.0244)
Salaried worker shr.
-0.531
0.696
(0.701)
(0.676)
Latitude
-0.00148
-0.00382
-0.0107
-0.00744
(0.0104)
(0.0112)
(0.00845) (0.00816)
Constant
0.205
0.227
0.418
0.383**
0.928*
0.670
(0.125)
(0.559)
(0.656)
(0.146)
(0.485)
(0.489)
Observations
51
51
51
47
47
47
R-squared
0.051
0.132
0.144
0.138
0.171
0.191
Robust standard errors in parenthesis. *** p<0.01, ** p<0.05, * p<0.1. The QOL measure
is constructed using data from the 1908 Board of Trade report. COALc is calculated using
industry coal interacted with city’s industrial composition in 1901. CityPop is the population
of the city in 1901. Salaried worker’s share is the predicted share of salaried workers based
on industry’s salaried worker share in the 1907 Census of Production interacted with the
city’s industrial composition in 1901.
ln(COALc )

5.2

Mortality

A second approach to assessing the disamenity value of city coal use is to compare
it to city mortality. I begin by consider the cross-sectional relationship between
the mortality rate in cities and the natural log of coal burnt in the city, using the
specification,

M ORTc = α0 + α1 ln(COALc ) + α2 ln(T OT P OPc ) + ec

(7)

where M ORTc is the mortality rate in a registration district c over a ten year period
(e.g., 1870-1879), COALc is estimated industrial coal use for the city in registration
district c near the beginning of the period (e.g., 1871 when looking at mortality from
1870-1879), and T OT P OPc is the total population of the city near the beginning
of the period (e.g., 1871 when looking at mortality from 1870-1879).22 The total
22

The mortality rate is calculated by comparing total mortality in a decade to the average level
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population term is included to allow mortality rates to vary with city size in order to
reflect other factors such as the ease of disease transmission in dense cities.
Table 4 presents the results of these cross-sectional regressions. These regressions
are run with spatial-correlation robust standard errors with a 100km cutoff, which
in this case deliver larger confidence intervals than robust standard errors. The first
panel presents results for overall mortality. It is clear that the estimates of industrial
coal use in each city is positively related to the overall mortality rate. Controlling for
the level of city coal use, we observe a negative relationship between city population
and mortality, despite the fact that the unconditional relationship between city size
and mortality is positive. Finally, these results suggest that the impact of city coal
use on mortality was higher towards the end of the study period, when pollution
levels were higher.23
The middle and bottom panels in Figure 4 look at, respectively the relationship
between city coal use and mortality due to respiratory causes and mortality due
to heart-related causes. Of these, respiratory causes are more likely to be directly
effected by pollution from city coal use, heart-related mortality should be less directly
effected by city coal use. In the middle panel, we can see a strong positive relationship
between respiratory-related mortality and city coal use. The bottom panel shows that
city coal use was also positively related to mortality due to heart-related causes, but
this relationship is an order of magnitude smaller than the impact on respiratoryrelated mortality. Moreover, coal use explains a much larger fraction of the crosscity variation in respiratory-related mortality than in mortality due to heart-related
causes.

of population in the city over the decade.
23
This contrasts somewhat with the results from Troesken & Clay (2010), which focuses only on
London. However, this does not contradict their finding regarding an early environmental Kuznets
curve, since London was likely wealthier than other cities, which would place it on a different part
of the Kuznets curve during this period.
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Table 4: Industrial coal use and mortality using current city-industry employment

Ln(COALct )
Ln(T OT P OPc )
Observations
R-squared

DV: Overall city mortality rate
1871
1881
1891
1901
0.0298***
0.0320***
0.0300***
0.0313***
(0.00704)
(0.00783)
(0.0108)
(0.00903)
-0.0183
-0.0260***
-0.0241** -0.0308***
(0.0126)
(0.00860)
(0.0109)
(0.0108)
31
31
31
31
0.381
0.469
0.379
0.370

1911
0.0365***
(0.00967)
-0.0388***
(0.0123)
31
0.500

DV: Mortality rate due to respiratory system
1871
1881
1891
1901
Ln(COALct )
0.00891*** 0.00993*** 0.0102***
0.0104***
(0.00222)
(0.00177)
(0.00343)
(0.00304)
Ln(T OT P OPc )
-0.00304
-0.00563**
-0.00618
-0.00835**
(0.00522)
(0.00265)
(0.00391)
(0.00347)
Observations
31
31
31
31
R-squared
0.233
0.507
0.373
0.385
DV: Mortality rate due to heart/circulatory system
1871
1881
1891
1901
Ln(COALct )
5.51e-05
0.000293
0.00134*
0.00160*
(0.000928) (0.000586) (0.000694) (0.000823)
Ln(T OT P OPc )
-0.00128
-0.000848
-0.00187** -0.00271**
(0.000993) (0.000764) (0.000869)
(0.00105)
Observations
31
31
31
31
R-squared
0.044
0.035
0.135
0.159
Spatial-correlation robust standard errors with a 100km cutoff in parenthesis. ***
p<0.01, ** p<0.05, * p<0.1. Data on mortality due to respiratory or heart-related
causes is not reported in 1911.

It is also possible to take a fixed-effects approach to analyzing this relationship.
This allows me to control for underlying features of cities that may lead to higher
mortality as well as more industrial coal use. However, it also means that we are
throwing out a substantial fraction of the available variation in mortality rates and
city coal use, both of which show more variation across cities than within a city over
time.
Table 5 describes the results. To be conservative, robust standard errors are used
in place of spatial-correlation robust standard errors as the latter deliver smaller con30

fidence intervals. The first column shows a positive relationship between lagged city
coal use and overall city mortality that is statistically significant at the 90% level.
Column two shows that lagged coal use is also positively related to respiratory mortality but that this relationship is not statistically significant under robust standard
errors (though it is if I allow spatial correlated standard errors).24 Column three
shows a very weak relationship between city coal use and heart-related mortality.
Table 5: Industrial coal use and mortality – panel data regressions
Overall
Respiratory Heart-related
mortality
mortality
mortality
Ln(COALct−1 )
0.0103*
0.00553
0.000359
(0.00604)
(0.00421)
(0.00182)
Ln(T OT P OPct−1 ) -0.0220***
-0.0105**
-0.00468**
(0.00537)
(0.00472)
(0.00204)
City FEs
Yes
Yes
Yes
Decade effects
Yes
Yes
Yes
R-squared
0.957
0.843
0.659
Observations
155
124
124
No. cities
31
31
31
Robust standard errors in parenthesis. *** p<0.01, **
p<0.05, * p<0.1. Data on mortality due to respiratory
or heart-related causes is not reported in 1911.

5.3

Discussion

The results above show that city coal use was negatively related to city quality-of-life
and positively related to city mortality rates, suggesting that this was a meaningful
city disamenity. They also provide some empirical guidance in differentiating the
alternative functional forms that we may consider for modeling the impact of city
coal use. Comparing the results reported above to those in Appendix A.6 and A.7
shows that the log of coal use is more strongly related to city quality-of-life and city
mortality than coal use per worker. Moreover, regressions that use log coal use as
24

Note that the sample size declines between columns 1 and 2 because respiratory mortality data
was not reported in 1911.
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the key explanatory variable are able to explain more of the cross-city variation in
quality-of-life and mortality. Both of these patterns indicate that a functional form
based on the log of coal use better reflects the impact of coal on cities than the most
natural alternative.

6

Coal use and city growth

This section estimates the impact of city coal use on city population. The starting
point is Equation 6, which related the (employed) population of a city to city coal
use, a term reflecting productivity and demand for the output of industries in a city,
and a variety of other city features. The key empirical challenge is separating the
impact of employment growth in polluting industries, which should positively effect
city size, from the negative impact of the additional pollution these industries create.
Thus, I begin by introducing an empirical approach that seeks to separate these two
opposing forces.
To study the relationship between coal use and city size I use three ingredients:
W ORKP OPct

=

P

P redW ORKP OPct

=

P

P redCOALct

=

P

i

Lict

i (Lci,1851

i

−c
∗ GREM Pit,1851
)

−c
Lic,1851 ∗ GREM Pit,1851
∗ θi



The first ingredient, W ORKP OPct is the working population of a city, which
is just the sum of employment in all industries in that city. In this case the working population will cover only private sector workers in the industries contained in
the city-industry database. This is the dependent variable that I hope to explain,
corresponding to the Lc term in Equation 6.
The second ingredient is the predicted level of working population in a city,
P redW ORKP OPct . This is constructed by taking employment in each industry
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in a city in the earliest available year (1851), multiplying it by the growth rate in all
cities other than c in that industry over the period from 1851 to t, and then summing
across all industries in a city, as in Bartik (1991). This variable captures the impact
of changes in industry productivity or demand that affect employment in a city. This
will correspond to the

P

i (αpi ai )

1
1−α

R̄ic term in Equation 6.

Finally, I use the P redCOALct variable discussed previously.

This will cor-

respond to the CPc term in Equation 6. Notice that P redCOALct includes the
P redW ORKP OPct variable. This means that, if we were to run a regression of
W ORKP OPct on P redCOALct while excluding P redW ORKP OPct , then the coefficient on P redCOALct will capture both the negative effects of pollution on city growth
as well as the positive direct effect of industry growth. However, if P redW ORKP OPct
is included in the regression, the remaining variation in P redCOALct will come only
from variation in coal use across industries, while P redW ORKP OPct will capture
the direct effect of predicted industry growth on city growth. This also highlights why
it is necessary to use P redCOALct in these regressions rather than COALct , since
the latter will include direct effects of industry size on city size that are not perfectly
captured by P redW ORKP OPct .
In choosing a regression specification for examining the relationship between city
coal use and city growth, an important concern is the fact that cities with larger
initial coal-burning industries are likely to differ from other cities in important ways.
Coal using industries tended to be more technologically advanced than other sectors
and were found in leading industrial cities. These cities were likely offer a range of
other advantages, including a more developed business community, strong supporting
institutions, and substantial transportation infrastructure. These factors, which are
reflected in the g(Zc ), δc , and ηc terms in Equation 6, are likely to directly impact
city growth over the study period. Moreover, these features may be trending over
time.
The connection between coal-burning industries and other factors that may affect
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city growth means that the appropriate regression specification should control for
initial city features. Given this, my baseline regression specification for investigating
the impact of coal use on city population growth is,

∆ ln(W ORKP OPct )

=

b1 ∆ ln(P redW ORKP OPct ) + b2 ∆ ln(P redCOALct )

+

Xct Γ + φc + νt + ect ,

(8)

where ∆ is the first-difference operator, Xct is a set of control variables, φc is a full
set of city fixed effects, and νt is a full set of decade indicator variables. Note that,
because the dependent variable is already in differences, the φc terms will control
for fixed differences in city growth rates, while the νt terms will absorb factors that
affect the growth rate of all cities within each decade. I also consider an alternative
functional form for the impact of coal use on city population:

∆ ln(W ORKP OPct )

= b1 ∆ ln(P redW ORKP OPct ) + b2 ∆COALperCAP IT Act
+ Xct Γ + φc + νt + ect .

(9)

Because these equations are estimated using robust standard errors, we may be
concerned that the results are sensitive to serial correlation. I have explored alternative results using spatial-correlation robust standard errors. This tends to deliver
smaller confidence intervals than those shown in Table 6. Thus, to be conservative I
report the robust standard errors, which are larger in almost all cases.
Table 6 describes results obtained using this regression approach. Columns 1
presents results where only the predicted employment variable is included. As expected, predicted employment is positively related to city growth, but this relation-
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ship is not strong. Column 2 presents results that include only the predicted coal use
variable, with a functional form based on the natural log of city coal use. The results
of this specification represents the net impact including both the negative impact of
coal-based pollution and the positive impact of employment in coal using industries.
The net effect is negative, suggesting that a ten percent increase in city coal use generates, on net, a seven percent decrease in city population. Column 3 includes both
the predicted population term and the predicted coal use term (in logs). Thus, this
specification separates out the positive direct employment effect from the negative
impact of coal-based pollution. We now observe a strong positive employment effect,
with a coefficient above one, suggesting a local employment multiplier. At the same
time, there is evidence of a strong negative impact of coal use on city population.
Columns 4 and 5 replicate Columns 2-3, but using coal use per capita as the key
explanatory variable in place of log coal use. This alternative functional form delivers
qualitatively similar results.
Table 6: Estimates of the impact of coal use on city working population
DV: First-differenced log of city working population in analysis industries
(1)
(2)
(3)
(4)
(5)
∆ ln(P redW ORKP OPct )
0.116
1.961**
0.00624
(0.514)
(0.937)
(0.494)
∆ ln(P redCOALct )
-0.741 -2.483**
(0.577) (1.055)
∆COALperCAP IT Act
-0.174***
-0.174***
(0.0608)
(0.0600)
City effects
Yes
Yes
Yes
Yes
Yes
Decade effects
Yes
Yes
Yes
Yes
Yes
Observations
155
155
155
155
155
Cities
31
31
31
31
31
R-squared
0.290
0.290
0.354
0.356
0.372
Robust standard errors in parenthesis. *** p<0.01, ** p<0.05, * p<0.1. The estimates use
data from 1861-1911, with 1851 values used as the basis for constructing the explanatory
variables.

The magnitude of the results found in Column 3 is surprisingly large. Based
on these results, a ten percent increase in employment in a non-polluting industry
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increases city employment by around twenty percent, consistent with a substantial
local multiplier. In contrast, a ten percent increase in employment in a polluting
industry that is associated with a ten percent increase in city industrial coal use leads
to a net loss of employment of around five percent. This suggests that employment
growth in major coal using industries would have exerted a substantial negative effect
on overall city employment.
One potential concern with this empirical approach, as in all studies using Bartik
instrumentation, is that other factors may also vary across industries and influence
city growth. If such features are correlated with industry coal use per worker and
influence city growth then they may generate bias in my results. A natural candidate
for concern is the share of skilled workers in an industry, since there is evidence that
the skilled worker share in a city can generate positive spillover effects (Rauch (1993),
Moretti (2004), Shapiro (2006), Diamond (2012)), and this variable is negatively
correlated with industry coal use (CORR=-0.13).
I attempt to address this issue in Table 7 by including additional controls built
using industry characteristics from the 1907 Census of Production. Because these
characteristics are not available for the service industries, fewer industries are used
to construct city working population in these regressions. Thus, I begin in Columns
1 and 4 by estimating regressions similar to those shown in Table 6, but using this
slightly different set of underlying data. Columns 2 and 5 then add in the share
of salaried workers in a city, based on city-industry employment and variation in
the share of salaried workers across industries. Additional characteristics, reflecting
the share of sales going to exports, investment goods, or directly to households, are
added in Columns 3 and 6 (sales of intermediate goods is omitted). As before, I
report robust standard errors because these generate larger confidence intervals than
spatial-correlation robust standard errors.
We can see that addition these additional controls does not substantially change
the estimated impact of industrial coal use on city population. There is evidence that
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a greater share of salaried workers is positively related to city growth, consistent with
results found in modern settings, but this finding is often not statistically significant.
There is no evidence that any of the other observable industry characteristics impact
overall city growth.
Table 7: Estimates with additional controls

DV: First-differenced log of city
(1)
∆ ln(P redW ORKP OPct ) 3.041***
(0.863)
∆ ln(P redCOALct )
-3.886***
(1.168)
∆COALperCAP IT Act

working population in analysis industries
(2)
(3)
(4)
(5)
3.271***
4.370***
-0.0468
0.573
(1.065)
(1.270)
(0.469)
(0.715)
-3.737*** -5.352***
(1.087)
(1.257)
-0.205***
-0.199***
(0.0647)
(0.0634)
∆SALARIEDshrct
12.54
66.48*
23.36
(21.65)
(40.02)
(23.04)
∆EXP shrct
6.506
(13.75)
∆HHshrct
-8.138
(9.056)
∆CAP shrct
-8.994
(11.99)
City effects
Yes
Yes
Yes
Yes
Yes
Decade effects
Yes
Yes
Yes
Yes
Yes
Observations
155
155
155
155
155
Cities
31
31
31
31
31
R-squared
0.354
0.356
0.372
0.325
0.332
Robust standard errors in parenthesis. *** p<0.01, ** p<0.05, * p<0.1. The estimates use
data from 1861-1911, with 1851 values used as the basis for constructing the explanatory
variables.

(6)
0.546
(0.925)

-0.229***
(0.0732)
40.74
(42.60)
1.770
(14.85)
-2.596
(9.598)
-3.286
(12.80)
Yes
Yes
155
31
0.334

We may also be concerned that these results are reliant on a particular city or
particular industry in the data. To assess this concern, I calculate additional results
where I drop one industry or one city at a time. The estimating equation for this
exercise uses the log of coal use as the key explanatory variable, as in Column 3 of
Table 6. The distribution of coefficients and p-values obtained are shown in Figure
2. When dropping cities, the largest change occurs when Bath is excluded. This
was the only city with a declining population over the study period despite having
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Figure 2: Robustness of results to dropping industries or cities
Dropping one city at a time
Coefficients
P-values

Dropping one industry at a time
Coefficients
P-values

very low pollution levels. When dropping industries, the largest impact occurs when
the metal and machinery industry is excluded. This industry was by far the largest
generator of industrial coal-based pollution in the country. Overall, we can see that
the results are not driven solely by any particular industry or city, though the metal
and machinery industry is playing a fairly important role.
Finally, while the previous results use working population in a city in the analysis
industries, I can also look at the impact of coal use on overall city population. This
is done in Table 8. In general these results look very similar to those obtained in the
baseline regressions.
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Table 8: Impact of coal use on total city population
DV: First-differenced log of total city population in analysis industries
(1)
(2)
(3)
(4)
(5)
∆ ln(P redW ORKP OPct ) -0.774**
0.673
0.910
2.175*
(0.363)
(0.776)
(0.991)
(1.241)
∆ ln(P redCOALct )
-1.580*** -2.281** -2.127**
-3.481***
(0.498)
(1.060)
(0.961)
(1.197)
∆SALARIEDshrct
12.99
81.38**
(19.13)
(37.32)
∆EXP shrct
-2.629
(12.20)
∆HHshrct
-12.54
(8.157)
∆CAP shrct
-11.79
(10.54)
City effects
Yes
Yes
Yes
Yes
Yes
Decade effects
Yes
Yes
Yes
Yes
Yes
Observations
155
155
155
155
155
Cities
31
31
31
31
31
R-squared
0.341
0.365
0.369
0.372
0.391
Robust standard errors in parenthesis. *** p<0.01, ** p<0.05, * p<0.1. The estimates use
data from 1861-1911, with 1851 values used as the basis for constructing the explanatory
variables.

7

Aggregate effects

This section considers how changes in the growth of coal use in British cities would
have affected the British urban system using the results obtained in the previous
section. In particular, I consider a the impact of a technology that reduced the
growth rate of coal use in any decade by 10 percent in each British city starting in 1861
without any direct impact on industry employment growth. I have chosen to explore
a 10 percent reduction in coal use growth because, while this would have represented
a substantial improvement, it was also likely within the realm of possibility. Because
I’m interested in overall city population, I use the estimated impact of coal use from
Column 3 of Table 8.
Figure 3 describes the population predicted by the model given this coal-reducing
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Figure 3: Predicted city population given 10% reduction in coal growth
Population in analysis cities
Share of national population

technology across the 31 analysis cities. The results in the left-hand panel suggest
that this reduction in the growth of coal use in cities would have made led to a
substantial increase in population in these cities over the 1861-1911 period. By 1911
the difference amounts to 1.87 million people, or about 16 percent of the population
of these cities. The right-hand panel of Figure 3 shows that this would have increased
the share of the English and Welsh population living in the analysis cities from 32
percent to 37 percent.

8

Conclusion

This study shows that the endogenous disamenity value of coal-based industrial pollution had a substantial effect on the size of British cities in the late 19th and early
20th centuries. These results show how a city’s industrial composition can be an
important determinant of its amenity value, and how we can empirically identify this
contribution. Thus, they contribute to existing work on endogenous amenities in
cities (Diamond (2012)). Previous work has tended to focus on the role played by the
composition of residents, while my results highlight the role of industry heterogeneity. These two factors – industrial composition and resident composition – are likely
to be interconnected. Understanding the role of these relationships in generating
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endogenous city-amenities is an interesting direction for future work.
My findings have implications for a large body of empirical literature that uses
Bartik instrumentation to generate exogenous variation in the features such as the
share of skilled workers in cities. If these features are correlated with industry pollution levels then the results they generate are potentially biased. Because I find that
pollution can have substantial impact on cities, this may be an important concern,
though it is likely to be less important in modern economies characterized by low
levels of industrial pollution than in the context I consider.
These findings have implications for local policies aimed at fostering industrial
growth in cities. Often, these policies focus on the easily observable direct effects of
industry growth, particularly jobs. Yet I find evidence that, for polluting industries,
the negative indirect effect of pollution can be substantial. Policymakers should be
cognizant of these potential indirect costs when considering policies that affect the
growth of polluting industries.
My results contribute to our understanding of the importance of pollution in
British cities during the 19th century. Williamson (1981) has argued that the aggregate impact of this disamenity was “trivial”. In contrast, by using more detailed data
I show that pollution had a substantial aggregate impact.
Finally, this study shows that much can be learned about the impact of pollution
on cities, even in a relatively data-sparse environment. This is important because,
for many of the questions that we may want to ask about industrial pollution in
cities, detailed measures of pollution levels are unavailable. This issue is particularly
acute when studying the long-run impact of pollution or the experience of cities in
developing countries.
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Appendix
Further details on the empirical setting

Figure 4: English cities included in the study
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Table 9: History of British air pollution regulation, 1851-1911
1853-6 Smoke abatement acts relating
to the Metropolitan area

1882

Formation of the National
smoke abatement institution

1866

The Sanitary Act empowered
sanitary authorities to take
action in cases of smoke nuisances

1891

The Public Health (London)
Act

1899
1875

The Public Health Act
containing a smoke abatement
section on which legislation to
the present day has been based

Formation of the Coal
Smoke Abatement Society

1909

Sheffield smoke abatement
exhibition, at which was set up
the Smoke Abatement League
of Great Britain (mainly for
the provinces and centered later
in Manchester and Glasgow).

1881

Smoke abatement exhibition
at South Kensington organized
by the Public Health and
Kyrle Societies

Source: The Glasgow Herald (Sept. 24, 1958)

A.2

Data appendix

This appendix provides additional details on the new data sets used in this study,
beginning with the data gathered from the 1907 Census of Production. I do not
review the construction of the Census of Population data, which is describe in more
detail in the online appendix to Hanlon & Miscio (2014). At the end, I discuss the
construction of additional control variables using the Census of Production data.

A.2.1

Census of Production data

The 1907 Census of Production, Britain’s first industrial census, provides the earliest
comprehensive look at the characteristics of British industries. For the purpose of this
paper, the most important piece of information provided by the Census of Production
is the amount of coal and coke burnt in each industry. Figure 5 shows an example of
what these data look like for the iron and steel industries.
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Figure 5: An example of the Census of Production fuel use data

To construct coal use per workers in each industry, I begin by adding together
coal and coke used in each industry. Next, I inflate that value to reflect the fact that
only a fraction of firms in the industry furnished particulars to the census office. I
then match the industries listed in the Census of Production to the broader industry
categories available in the Census of Population data and sum across each of the
Census of Population categories. Finally, I divide by the number of workers in the
industry, which is also reported in the census of production.
It is necessary to make an additional modification for one industry, “Chemicals,
coal tar products, drugs and perfumery”, which was one component of the broader
“Chemical and allied trades” category. The adjustment is necessary due to the fact
that a large amount of coal was used by that industry to produce coal-based products
such as coal tar. Since this coal wasn’t burnt, I don’t want to count it toward industry
coal use. Unfortunately, the Census does not separately report the amount of coal
used for produces such as coal tar and the amount burnt for energy. To separate these
amounts, I use the horsepower of engines in the industry, which is reported in the
Census. I then calculate the amount of coal used per horsepower in all of the other
branches of the “Chemicals and allied products” sector and then multiply the number
of horsepower used in the “Chemicals, coal tar products, drugs and perfumery” by
this value to obtain an estimate of the amount of coal burnt in that subsector. The
result of this adjustment is a reduction of about one-third in the amount of coal use
per worker in the Chemical & Drug sector.
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In addition to data on coal use, the Census of Production provides counts of the
number of wage and salaried workers in each industry. These are used to construct
measures of the salaried worker share by industry.

A.3

Board of Trade data

This study also takes advantage of new data from a 1908 report from the Labour
Department of the British Board of Trade. The goal of this report was to document
the conditions of the working class in the various major towns of Britain, including
the rents and prices they faced for common goods such as bread, meat and butter,
and the wages they earned.
The first piece of data provided by these reports is rental rates. The rental data
provided were “obtained from officials of the local authorities, from the surveyors
of taxes, or from the house owners and agents in the various towns...A considerable
number of houses in each town were visited, partly for purposes of verification and
supplementary inquiry, and partly that some account might be given of the character
of the houses and accommodation afforded.” All rents were then converted to an
index, with London as the base, by comparing the rent of the most predominant
dwelling type in a town to the rental rate for that dwelling type in London. It is
worth noting that these index numbers reflect the cost of housing relative to a similar
accommodation in London, not the amount spent by a worker on housing relative to
a similar worker in London.
Price data for the towns was obtained by surveying “representative tradesmen
in possession of a working-class custom,” as well as co-operative societies and larger
multi-branch retail firms. The prices were quoted for October 1905. The center of
the price ranges for each item in a town is then used. To weight the items, the
Board of Trade used information from an inquiry into the expenditures of workingclass families in 1904. These data were obtained from 1,944 surveys filled out by
a workmen throughout the country. Together, these data allow the construction of
index numbers describing the price level of goods commonly purchased by workers in
each city. The Board of Trade also constructed a combined index of prices and rents
in which prices were given a weight of 4 and rents a weight of 1.
Wage data are also available from these reports. These data come from four
trades which were present in nearly all towns: construction, engineering, printing and
furnishing. For the construction and engineering trades, separate wage data were
collected for skilled workers and unskilled laborers. The wage data are weekly wage
rates and may be affected by variation in the standard number of hours worked across
locations.
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A.4

Constructing additional control variables

One of the main threats to identification in this study is the possibility that there
may be other industry features that vary across industries in a way that is correlated
with industry coal use and impact overall city size.25 For example, if coal using
industries use less skilled labor, and skilled workers produce spillovers that benefit
other industries in a city, then this may bias the estimated impact of coal use on city
size. If features like this are related to industry size then they will vary along with
my measure of city coal use, so controlling for fixed effects alone will not eliminate
this concern.
One way to address some of these concerns is to draw on additional data describing
other industry features. In particular, I use information from the 1907 Census of
Production giving the share of salaried (higher skilled) workers in each industry,
and on data from Thomas (1987) describing the share of industry output that was
exported, sold to households, or used for capital investments. The control variables I
construct are:
P redEXPct =

P redCAPct =

P


−c
EM Pic,1851 ∗ GREM Pit,1851
∗ EXP perEM Pi
,
P redW ORKP OPct

P


−c
EM Pic,1851 ∗ GREM Pit,1851
∗ CAP perEM Pi
,
P redW ORKP OPct

i

i

P
P redHHct =

i


−c
EM Pic,1851 ∗ GREM Pit,1851
∗ HHperEM Pi
,
P redW ORKP OPct
P

P redSALARIEDct =

i


−c
EM Pic,1851 ∗ GREM Pit,1851
∗ SALARIEDi
.
P redW ORKP OPct

Here EXP perEM Pi , CAP perEM Pi , and HHperEM Pi represent, respectively, export sales, sales for capital investments, and sales of final goods, per employee in each
industry. SALARIEDi represents the share of salaried workers in the industry. Note
that the construction of these control variables is very similar to the construction of
the P redCOALct variable, except that I divide by the predicted working population
to convert the data into shares. Thus, P redSALARIEDct give the predicted share
of salaried to wage workers in a city in a year, P redEXPct gives the share of employment related to export sales, P redCAPct gives the share of employment related
to capital goods sales, and P redHHct gives the share of employment related to final
goods sales.

25

A similar concern applies to all studies using a Bartik instrumentation approach.
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A.5

City quality-of-life estimates

Figure 10 plots the resulting quality-of-life measures. Cities toward the top left on
these graphs have high wages relative to their cost of living, indicating low quality-oflife. Cities towards the bottom left have high quality-of-life. In general, these figures
are consistent with historical evidence: port cities, such as Portsmouth, Plymouth and
Southampton, tended to offer residents higher quality-of-life, while industrial towns
were characterized by lower quality-of-life. A couple examples can help illustrate this
point. Wigan, one of the cities showing the lowest quality of life in the sample, was a
notoriously poor place to live, as described by George Orwell in “The Road to Wigan
Pier.” In contrast, one of the towns with high quality of life measures is Southampton,
which John Choules described in his 1854 book “The Cruise of the Steam Yacht North
Star,” saying, “I hardly know a town that can show a more beautiful Main Street
than Southampton, except it be Oxford...The shops are very elegant, and the streets
are kept exceedingly clean.”

Table 10: City amenity graphs
Using skilled builder’s wages

Using skilled engineer’s wages

Data from 51 towns

Data from 45 towns
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A.6

Additional quality-of-life results

Table 11: Comparing QOL measures to city coal use per capita
DV: QOLBuilderc
DV: QOLEngineerc
-0.00228
-0.00157
-0.00154
-0.00231
-0.00129
-0.00133
(0.00146) (0.00153) (0.00158) (0.00154) (0.00176) (0.00170)
ln(P OPc )
-0.00618
-0.00682
-0.00679 -0.0246** -0.0255** -0.0260**
(0.00911) (0.00899) (0.00914) (0.0115)
(0.0107)
(0.0107)
Salaried worker shr.
0.138
0.915
(0.599)
(0.574)
Latitude
-0.00971
-0.00859
-0.0149
-0.00732
(0.0121)
(0.0136)
(0.00888) (0.00823)
Constant
0.0903
0.602
0.530
0.323**
1.108**
0.633
(0.114)
(0.639)
(0.760)
(0.148)
(0.497)
(0.484)
Observations
51
51
51
47
47
47
R-squared
0.041
0.060
0.061
0.106
0.149
0.190
Robust standard errors in parenthesis. *** p<0.01, ** p<0.05, * p<0.1. The QOL measure
is constructed using data from the 1908 Board of Trade report. Coal per capita is calculated
using industry coal interacted with city’s industrial composition in 1901 divided by the city’s
working population in 1901. CityPop is the population of the city in 1901. Salaried worker’s
share is the predicted share of salaried workers based on industry’s salaried worker share in
the 1907 Census of Production interacted with the city’s industrial composition in 1901.
Coal per capita
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A.7

Additional mortality results
Table 12: Industrial coal use per worker and mortality

DV: Overall city mortality rate
1871
1881
1891
1901
COALperCAP IT Act
0.000991
0.00128
0.000635
0.00124
(0.00119) (0.000986) (0.00117)
(0.00123)
ln(T OT P OPc )
0.0138*
0.00784
0.00661
0.00262
(0.00779)
(0.00656)
(0.00727)
(0.00784)
DV: Mortality rate due to respiratory system
1871
1881
1891
1901
COALperCAP IT Act
0.000451
0.000341
0.000473
0.000558
(0.000538) (0.000320) (0.000420) (0.000410)
ln(T OT P OPc )
0.00649*
0.00489**
0.00410
0.00267
(0.00353)
(0.00213)
(0.00262)
(0.00262)
DV: Mortality rate due to heart/circulatory system
1871
1881
1891
1901
COALperCAP IT Act
5.51e-05
0.000293
0.00134*
0.00160*
(0.00139) (0.000767) (0.000709) (0.000861)
ln(T OT P OPc )
-0.00128
-0.000848
-0.00187* -0.00271**
(0.00186)
(0.00100) (0.000915) (0.00118)
Observations
31
31
31
31
Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1. Data
due to respiratory or heart-related causes is not reported in 1911.

1911
0.00157
(0.00130)
-0.00102
(0.00793)

31
on mortality

Table 13: Industrial coal use per worker and mortality – panel data regressions
Overall
Respiratory Heart-related
mortality
mortality
mortality
COALperCAP IT Act
0.00157
0.000434
0.000205
(0.00127)
(0.000884)
(0.000379)
Ln(T OT P OPct−1 )
-0.0185***
-0.00789*
-0.00449**
(0.00495)
(0.00435)
(0.00186)
City FEs
Yes
Yes
Yes
Decade effects
Yes
Yes
Yes
R-squared
0.957
0.840
0.660
Observations
155
124
124
No. cities
31
31
31
Robust standard errors in parentheses. *** p<0.01, **
p<0.05, * p<0.1. Data on mortality due to respiratory
or heart-related causes is not reported in 1911.
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