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Abstract

With global environmental change and the rise of global megacities, environmental and social ex-
ternalities of urban systems, and especially of urban form, become increasingly prevalent. The
question of optimal urban form has been debated and investigated by different disciplines in nu-
merous contexts, including those of transport costs, land consumption and congestion. Here we
elucidate theoretically how urban form and the urban transport system systematically modifies
sustainability concerns, such as greenhouse gas emissions, local air pollution and congestion. We
illustrate our analytical considerations with empirical analysis. Denser urban form would almost
unambiguously mitigate climate change, but it would also lead to undesired effects, such as a higher
proportion of urban dwellers affected by air pollution. Our study presents a ’sustainability win-
dow’ by highlighting trade-offs between these sustainability concerns as a function of urban form.
Only a combination of transportation policies, infrastructure investments and progressive public
finance enables the development of cities that perform well in several sustainability dimensions. We
estimate that a residential population density between 50 and 150 persons/ha and a modal share
of environmental modes above at least 50% corresponds to the sustainability window of urban
form. The parameters of the sustainability window of urban form is subject to policy changes and

technological progress.

1. Introduction

The sustainability of cities challenges scientific constituencies that emphasize issues participation

1], or global environmental governance [2], or the transportation system [3]. By 2050, about
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67% of the world’s population is expected to live in cities — a total of 6.3 billion urban dwellers
in a world population of 9.3 billion people [4]. Issues of urbanization and global environmental
change, local environmental challenges along with equity concerns become increasingly prevalent.
Catching perhaps the highest attention, cities also enter the spotlight as places combatting climate
change. Inversely, climate change literature focuses progressively on cities, revealing a significant
local mitigation and adaptation potential in an age of rapid expansion of urban areas [5]. About 40%
of all transport emissions occur in urban areas [6], and therefore CO2 reduction efforts increasingly
focus on this mitigation potential [7] [§].

The key issue underlying the city-transport-climate nexus is, arguably, urban form. It has long
been argued that higher urban density translates into lower per capita transport energy consumption
[9], a relationship which also emerges straight from theory, specifically from the canonical framework
of urban economics [I0, I1]. Detailed analysis elucidates that this relationship can in fact be
explained by more specific urban form indicators, such as ’distance to work’ and ’connectivity’ [12].
Nonetheless, urban population density remains a reasonable proxy for energy use in transportation.

Clearly, urban modifications are subject to multiple objectives. Urban transport - especially
individual motorized transport - causes manifold environmental and social externalities that go
beyond the climate change externality. Air pollution from vehicle exhaust constitutes one of the
most serious public health hazards in cities, and congestion is an economic externality with high
costs. For example, in emerging economies like China, urban transport, air pollution and congestion
are perceived as much stronger concerns than climate change [I3] and in the 1980s, the European
environmental debate focused on acid rain as one of the most negative consequences of transport.
However, the magnitudes of all of these externalities change with urban density [14] [13] [15]. Im-
portantly, while energy use reduces with increasing urban density, air pollution and costs of living
become increasing burdens for residents. Hence, the local and global rationales for policies influ-
encing urban form indicate a considerable trade-off between the benefits and harms of increasing
urban density. The increasing pervasiveness of the climate change mitigation challenge, along with
local environmental and social urban issues calls for a fundamental overhaul of urban mobility. This
debate is spanning from the climate change community over urban planners, architects and also
local initiatives who think about the wider goal of ’sustainable cities’ and liveable urban centers
[16]. The debate hence needs to tackle many issues simultaneously.

Urban density alone, however, cannot explain urban transport energy use. Modal shares also
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influence urban energy use and emissions. Higher modal shares of public transit, cycling and
walking — i.e. lower modal shares of car use — typically result in lower greenhouse gas emissions
in urban transport systems [7, [I7]. Urban form and modal shares are co-dependent on each other.
A minimum urban density is required to enable a shift towards low-carbon modes and, in fact,
increases financial viability of public transport systems [I1]. Sprawling cities with long distances
such as Los Angeles or Houston encounter tough challenges to enable bike commuting, or to get
sufficient ridership numbers for public transport systems in suburban areas. Choosing the right
infrastructure design plays another important role for enabling modal shift to cycling. This been
demonstrated by the city of Copenhagen, which has driven a massive modal shift to cycling by
providing the pertinent infrastructure for its citizens, and also improved urban quality of living [I§]
[16]. Besides urban energy use, modal shares also have relevant impacts on congestion, air pollution
and urban quality of life. Hence, there is a strong rationale to include modal shares as a co-factor
of urban form when investigating the trade-offs of urban form and the environment.

Here we contribute to this challenge by systematically analyzing how urban density and modal
share modify global and local environmental and social benefits. We are basing this study on a
straightforward monocentric urban economics model. This allows us to conceptualize trade-offs
between the individual dimensions and to identify a ’sustainability window’ of urban form where
all of these concerns are adequately addressed. The choice of a monocentric city model means that
the study stays conceptual, and that we do not account for policentricity, technological change or
other more complex issues that lie in the very nature of urban studies. We conclude by indicating
policy options that can modify the sustainability window to further improve the benefits in at least
some dimensions.

We proceed as follows. In section 2, we explain how urban form modifies climate change, conges-
tion, air pollution and urban land rent. We provide an analytical model that predicts how transport
costs and modal shares influence these sustainability concerns, and how changes in urban form can
realize concurring benefits. In section 3, we present the results of this conceptual analytical model
and the emerging ’sustainability window’. We also provide examples of policy options that improve
the performance of the sustainability window. In section 4, we statistically analyze the factors
contributing to the sustainability window. Section 5 discusses policy implications and concludes

the article.
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2. Urban form, urban transport and its co-benefits

The quality of urban life depends on multiple dimensions and on the local context, but it seems
clear that it is virtually always influenced by a few important dimensions. At the heart of our
analysis lie the sustainability concerns of urban transport and urban form. A thorough and general
description of urban transport externalities is given by [14], for example. In the following, we
first describe the classic urban economics framework upon which our study is built. It is used to
compute density profiles for several types of cities, differing from each other through their modal
shares and urban densities. The key control variables which influence the externalities of urban
transport are the generalized transport price and a parameter modifying the share of individual
motorised transport. Section follows by describing the implementation of each sustainability
concern, or in economic parlance, externality, that can be attributed to car transport: air pollution,
road congestion and climate change. A social concern to represent variability of land rents with

density is also described.

2.1. Modelling urban form and the dimensions of urban transport

We have chosen to use a straightforward monocentric city model (see description below) and
thus build on the well-founded framework of urban economics. It is straightfoward to implement the
sustainability concerns and conceptually present the influence of urban density and modal share.
We briefly want to shed light on the extensive science of urban modelling, which offers much more
advanced approaches. A concise overview is given by [I9], who, apart from classic urban eco-
nomic models, highlights the philosophy of model-building and categorizes the most relevant urban
modelling disciplines into the land-use transportation community and those researchers relying on
agent-based or cellular automata models. Agent-based models (an extension of cellular automata)
join into complexity science and are increasingly used for urban planning, partly because of their
aptitude to capture dynamic processes [20] 2I]. Land-use transportation (LUT) models are based
on the basic theory of urban and regional economics and include a multitude of variables and in-
formation from a specific region. Hence, they tend to be case-specific and very well suited e.g. for
regional case studies, see e.g. [22]. In fact, [23] have employed LUT models to capture trade-offs of
urban compaction under sustainability dimensions, albeit focused on case-studies. We now present

a conceptual framework for a more generalized analysis.
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2.1.1. The classic urban economics framework

The study builds on the classic urban economics model as introduced by Alonso, Muth and
Mills, hence the model is referenced to as the AMM model. Tt is thoroughly explored by [10]. This
theory assumes a monocentric city, in which residents commute into the city centre. All residents
share the same income Y and the same utility function. Income Y is spent on commuting costs

T(r), rent R(r)s(r) and bread consumption z.
Y =z+ R(r)s(r) + T(r)
Residents maximise their utility, which is assumed a log-linear Cobb-Douglas function.
U(z,s) =alog(z) + B log(s) with max U(z,s) (1)

In the case of constant urban population (closed city case) and absentee landownership, bid rent

¥ (r), dwelling space s(r) and population density p(r) are described by [10]:

U(r,u) = ao‘/ﬁﬂ (Y — T(r))l/’B e~ u/B .= R(r) (2)
() = [a=/7 (v — T(ry) 2 7] 3)

Bid-rent ¢ (r,u) is assumed to equal per-area rent R(r,u). The urban population density p(r,u) is
the central parameter to describe urban form. In this model, utility u is constant over r and can

therefore be dropped. Total population IV is normalised to N = 1:

N:/ p(rydr=1
0

2.1.2. Extension: Modelling different modal shares
We assume that a part of the population uses public transport (comprising non-motorized
transport), and the other part uses car transport. Therefore, we arithmetically decompose the

density profile provided by equation [3|into these two parts by applying

p(r) := [Gpr(r) + Cear(r)] p(r)

where

Cpt(r) + Ccar(r) =1Vre [O7TC]
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The public transport density profile (. is created by applying a logistic function to the generic
density profile.

Ge(r) = 0.8 (1 +eM)™t p(r)
with

s 0

In equation , parameters x and 7 are scaling parameters influencing the shape of the logistics
function. In the following model runs, k is held constant, while v is varied to create a range of
different mixes of modal shares, as is illustrated in Fig. (A.6)). The per-distance price of the public
transport mode, m,;, is assumed to be lower than the car-commuting price m. Time costs and
similar factors are not accounted for. This leads to a utility increase for public transport users.
This is discussed in further detail and in

We emphasize that the existence of a public transport price m,: # m does not feed back into the
economic model, as it is done in [I1]. We have chosen this non-dynamic approach because the main
purpose of this paper lies in comparing the externalities and impacts of urban car transportation
and setting up of a model to simulate different city types. A dynamic model with feedback of

externalities could be a possible future extension of this study.

The public transport modal share equals the total fraction of public transport users over the
complete number of urban residents, integrated from the city centre at » = 0 to the outer city limit
at r = r.. The total number of residents is normalised and we have:

Te .
pt = M = / ppu(r) dr
o p(r)dr 0

Then, the modal share of car transport is
Near = 1-— Tpt

2.1.8. Numerical Implementation
The Alonso-Muth Mills model is implemented numerically. The routine iterates utility u to
determine a density profile for a given population number N = 1 and a given transport cost m in

the standard economic model described above. The utility obtained equals the analytical utility

from equation [[] The code, written in the Python language, is contained in
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2.2. Sustainability concerns

Here we describe four sustainability concerns and how we implement them into the model.
We regard C'Os emissions — associated with a climate change impact — and local air pollution as
environmental dimensions, with the latter also playing a strong role in public health concerns. We

see congestion primarily as an economic concern, and cost-of-living as a social concern.

2.2.1. Greenhouse gas emissions

CO; emissions from urban transport contribute to anthropogenic climate change [24]. The Inter-
national Energy Association (IEA) estimates that urban areas contribute 71% of global greenhouse
gas emissions [6], and the Global Energy Assessment (GEA) reports a share between 53% and 87%
[25].
Crucially, denser cities dramatically reduce urban transport distance traveled, transport energy use
and associated COq emissions [9]. Detailed analysis elucidates that this relationship in fact can be
explained by more specific urban form indicators, such as ’distance to work’ and ’connectivity’ [12].
In addition, population density appears as a highly significant factor in a comparison of transport
GHG emissions of global cities, but much less so in a comparison of cities within the same continent
[26]. A sophisticated statistical treatment (by hierarchical threshold regression) of worldwide cities
highlights the importance of urban form, but suggests an interpretation in the context of economic
development, income growth, and regional fuel prices [27]. In addition, urban form influences not
only transport emissions but also residential household emissions. For example, a non-linear econo-
metric analysis demonstrates that urban population density is an important classifier of emission
types of human settlements, and that its importance as drivers of emissions depends on the socioe-

conomic context [28].

The emission of climate-change causing COs is assumed to be proportional to transport distance.
Integrated over distance travelled as a function of marginal transport costs, and with everything

else constant (see [I1]), we specify the climate change externality as

Cco, = 5002/ r Pear(r) dr
0

with Cco, specifying the external effects of climate change, and bco, as a scaling factor. r is the
distance from the city centre, the integration boundaries are the city centre at r = 0, and the outer

city limit at r = r.
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2.2.2. Air pollution

Urban air pollution has always been a disturbing hazard in industrial cities. Emblematically,
the Great London Smog caused more than 12,000 premature deaths in 1952 [29]. Its current extent
becomes most visible in Chinese megacities, where air pollution causes millions of premature death
[30] and even impacts the distant Californian coast [31]. There is extensive research on air pollution
modelling, ranging from street-level scale studies (see the review by [32]) over applied models for
operational forecasting [33] up to regional and continental-scale air pollution transport modelling
studies [34]. Models have introduced crucial parameters, such as the essential role that trees play
in removing air pollution from cities [35]. One attempt to describe the impact of air pollution for
housing choice in urban economics has been presented by [36]. As a social cost factor motivating
urban and regional policy making, air pollution often outpaces climate change [37, [38] [39]. Air
pollution impact depends on the scale and the nature of emissions, as well as on local climate and
on urban form. The latter aspect is of particular relevance for our analysis.

Generally, air pollution from internal combustion engines comprises several gases and aerosols,
most particularly NO, SO2, O3 or particulate matter of a specific size such as PMy 5 (the weight
concentration of particles of an equivalent diameter smaller than 2.5 um). In the remainder of this
paper, we use PMs 5 as a proxy for air pollution. In contrast to greenhouse gas emissions, it is
the concentration of pollutants that is important, and more specifically, the intake volume [40] [4T].
Intake volume specifies the level of pollutants breathed in by humans and therefore depends on
population density p(r) at location of emission. In other words, intake fraction increases with the
number of receiving individuals who are close to the emission source. Pollutants from cars are
emitted in the streets, where individuals walk. This makes cars much more relevant for urban air
pollution than, for example, industrial plants. If advection is considered as the dominant removal
process of pollutants, the intake fraction scales with population over the square root of city area
[40]. We make use of this relationship in our model: the emission of pollutants is assumed to be
proportional to through traffic, which can be specified as the number of people living further away

from the city center than the location under consideration.

Cap =bap /0”“ p(r)Q(r)dr (5)
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Equations and @ are useful approximations to link air pollution to urban form. However, they
take into account neither meteorological parameters nor pollution removal processes, technological
factors or other properties of urban form. We are aware of these shortcomings, but believe that a

simple approach helps convey the basic message in the following sections.

2.2.3. Congestion

Congestion is an extensively studied externality of urban transport. It is most prevalent in ex-
panded cities, although decentralization reduces its impact [42]. The economic cost of congestion is
often assumed to be the sum of the marginal cost of driving plus the additional travel time spent due
to congestion. Congestion is dynamic and non-linear with traffic. Physically, it is described in dif-
ferent forms such as bottleneck congestion or flow congestion. So-called textithypercongestion is the
most severe consequence of congestion, when traffic comes to a standstill [I4]. Many infrastructure
measures, such as the creation of efficient public transport or support of bike traffic can stimulate
a shift of travellers to other modes of travel and therefore relieve streets from cars. Congestion
can be reduced with congestion charging, which can stimulate a modal shift or departure time
shift. London, Singapore, or Stockholm are important examples. The study of optimal congestion
charging has produced numerous analyses and estimations of the cost of congestion. Given that one
way to look at congestion is working time lost, the cost of congestion is proportional to GDP. For
the London congestion charge, the ' ROCOL’ working group [43] estimates a congestion cost of 15.6
Euros per hour. For a possible Paris congestion zone, lower values were used [44]. In Beijing alone,
the annual cost of congestion is estimated at the equivalent of 3 billion Euros per year by [13]. In
the urban economics literature, numerous studies focus on commuters’ endogenous departure time
choices, the social and personal costs of congestion and effects from congestion charging, such as
[45], [46], [47] or, more recently, [48]. [49] found that when accounting for congestion in a classic
urban form model, optimal density is much higher than market density, which neglects the social

cost of congestion.

A very simple model of congestion in the monocentric model is discussed by [50] and employed

here. Congestion at radius r depends on the population living outside 7, denoted by Q(r) (equation
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Cor=bes [ (52) 7)

beo is a scaling factor, 2 is as in equation [f] m is introduces a non-linearity, we use m = 2.
This formal approach to congestion modelling is fairly basic, however, it provides a straightforward
description of congestion based on the urban density profile. Note that the model discussed here does

not include a feedback of congestion on the urban density profile. We discuss further shortcomings

in sections B.1] and .5

2.2.4. Infrastructure cost and aggregate utility

The relationship between urban form, modal share, and overall utility is complicated and deeply
entangled with a number of factors, such as income and marginal transport costs. Urban economic
theory suggests a strong relationship between urban form and transport costs during the histori-
cal development of a city: higher marginal transport costs cause a denser growth of urban areas.
Clearly, however, in urban planning, fuel prices are usually not considered a policy instrument, as it
is outside the repertoire and responsibility of urban planners. First, for economic agents this means
that a higher share of their income will be invested into transportation costs and land rent, and
thus their overall utility decreases if everything else remains equal. This relationship between urban
density and transport costs holds for many examples throughout the world [10, 1T}, 51]. In turn,
higher income and lower transport costs translate into urban sprawl and higher utility within the
native urban economic framework. Second, the introduction of public transport reduces marginal
costs of travel for those with access to it, which increases utility. Third, the public transport infras-
tructure needs to be paid for, with especially high costs for low-density developments: lower density
developments support lower public transport ridership numbers and hence reduce the return-on-
investments for the infrastructures [27]. High-density public transport infrastructure can be very
expensive to build on a per-distance basis, both due to high land-prices and expensive engineer-
ing (e.g. subway tunnels). Such investments can usually be justified, however, by high passenger
numbers [52, [I1]. Wealthy cities tend to have a higher car modal share, particularly compared
to developing countries and under comparable transport policies. Wealthier municipalities have
more public transport funding available, pointing into a different direction than the urban sprawl

effect of higher incomes. Altogether, the availability of a municipal budget appears to be a crucial

10



230

235

240

245

250

255

intermediate variable. However, some examples, such as the creation of good public transport in-
frastructure in former Sovjet Republics despite budget constraints, depicts the necessity of political
willingness. In so far as the financing of the infrastructure could be recovered by marginal user fees
and higher land rents (land value capture), the issue, at least in theory, is less one of municipal
budget but of financing institutions. We have chosen to capture these dynamics by assuming that
the public transport system is financed by municipal taxpayers. This is captured in a conceptual
fashion as described below and outlined in equation

Overall utility effects of dense developments are difficult to evaluate, as higher density and higher
accessibility may support additional economics of density. These include, for example, those that
rely on face-to-face communication such as banking [53] and other areas where agglomeration eco-

nomics play a strong role.

We conceptualize possible impacts of public transport infrastructure financing by accounting for
it in the population’s utility. We use an approach in which the endogenous utility from the urban
economics model is modified by three components. Public transport users are supposed to have
their utility increased because savings in transport payments (due to m,;, < m) gives them a higher
bread consumption. However, all inhabitants suffer a utility loss from financing public transport
infrastructure, which depends on the size of the city. To reflect this, we introduce an impact called
aggregate utility (Uagg), which accounts for these effects. It is the weighted average for the city’s
population as specified by:

Uagg = Teart + NptUpt — Uis (8)
This approach is described in more detail in Time costs, the possibility of increased

dwelling space or dynamic feedbacks onto the urban density profile are not accounted for in this

study. Possible impacts of dynamic effects are discussed in section [3.1]

3. The sustainability window of urban form

The interaction between the urban transport system and population density shapes a distinct
sustainability outcome for each of the four environmental and socio-economic concerns (a) GHG
Emissions, (b) air pollution, (c¢) road congestion and (d) aggregate utility. Figure [1| displays the

sustainability outcomes as a scatterplots showing a range of cities with different modal shares of

11
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public transport and non-motorised modes and different mean urban population densities. The
color-coding qualifies the impact of the respective concerns: green for low, orange for medium and
red for high values. The values for urban population density shown in this plot are chosen to fit
the selection of cities shown in Figures [4] and

The model indicates that urban form and transport parameters lead to varying outcomes for
each of the sustainability dimensions. Greenhouse gas (GHG) emissions of urban transport (Fig.
) decrease with public transport and non-motorised modal shares, and with population density.
Per-capita GHG emissions are lowest in dense cities with a high share of public and non-motorised
transport.

Air pollution from traffic (Fig. ) shows a different dependency. In the model, air pollution
decreases with non-motorised transport share, but increases with urban density. High urban density
leads to a high intake fraction and therefore cause a high health impact of air pollution, despite
lower emissions of pollutants. This means, that the impact of air pollution is lowest in low-density
cities with a high share of public transport.

For congestion (Fig. ), the model suggests a qualitatively similar image to GHG emissions.
However, the influence of urban density is not straightforward and, the model results are not
confirmed by empirical data: The model predicts higher congestion with low density, while empirical
analysis suggest the opposite. This contradiction is discussed, and conceptually resolved, in sections
M3 and [4H

The aggregate utility that we compute in our model is depicted in Fig. (seefor a detailed
description). Note that, in contrast with the other dimensions, a high utility value is perceived as
a positive outcome. The aggregate utility increases with population density and decreases with an
increasing public transport modal share, resulting in two areas of high values: Sprawling cities with
high car transport shares, and very dense cities with high public transport modal shares.

We mask the most detrimental areas in each concern that is shown in the panelplot (Figure|l]) on
top of each other and the obtain a ’sustainability window’ of urban form. This sustainability window
is shown in Figure [2| Graphically, the sustainability window is constituted by the area indicated
by the green areas. Distinctively, the best overall value in all dimensions seems to be achieved in
the areas of medium urban density and high public transport plus non-motorised transport modal
shares. Scaling the urban population density from the urban economics model to fit the range found

in an empirical dataset (section [d)) we find that cities have the most favorable impact on climate

12
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Figure 1: Scatterplots depicting the four environmental, social and economic concerns: (a) GHG Emissions, (b) air
pollution, (c) road congestion and (d) aggregate utility for different city types. The colors show the model output for
different combinations of urban population density and public transport plus non-motorised transport modal shares.
The population density values provided are scaled to fir the selection of cities shown in Figures [ and [f] The dots
are color coded to depict low, medium and high values of the four dimensions normalised to their maximum values.
We have chosen not to quantify the numerics more precisely in order to focus the attention on the conceptual idea
we are presenting. GHG emissions colors are plotted on a logarithmic color scale. High utility (red) is considered as

a positive outcome.
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Figure 2: This graphic uses all four panel plots from Fig. and combines them using a weighting function, masking
all the points which do not suffice sustainability standards. The dots which are red are supposed to be unreasonable
in at least one of the four dimensions. We refer to the green area as the 'window of most sustainable urban form’ or

’sustainability window’.

change, air pollution, congestion and urban price index when population density is between 50 and
150 persons/ha and when public transport modal share exceeds 50% (60% for population densities
above 100 persons/ha).

Clearly, the specific shape and location of the sustainability window depends on the relative
weighting of the environmental and socio-economic dimensions. Any specific policy advice could
not be based on this model alone, but would require a more detailed approach. However, we can
make use of the sustainability window to demonstrate the effect of policy options and technological
advances. For example, if vehicles switched from gasoline to electric propulsion, on-street air
pollution would be massively reduced, making the air pollution impact of urban transport a much
smaller issue. As a result, the window of sustainability would be increased for cities with very high
population density. This is shown in Figure [Bp. In another example, public policies put a higher
weight on climate change mitigation. Then, the minimal requirements on both population density
and public transit modal shares would increase. The effect on the sustainability window can be

seen in Figure [Bp.
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Figure 3: Modifications of Figure (a) shows the impact of GHG emissions from transport is doubled, and (b)
shows a the equivalent sustainability window for a case without air pollution impact. The former could correspond to
more serious climate change mitigation efforts, the latter could represent the (extreme) case of a city with exclusively

electric cars, trams and cycling leading to the absence of tailpipe emissions.

8.1. Dynamic effects of sustainability outcomes

How do the environmental and socio-eonomic effects dynamically interact with urban form?
Many studies exist that formally internalise the dimensions — externalities in an economic frame-
work — as an extension to the basic urban economics model. As examples, [54] endogenizes loca-
tional choice with respect to transport availability, [36] formally endogenizes air pollution into a
location-choice model, and [46] provides a formal description of the effects that congestion has on
the urban density profile. Further examples have been given in section[2.2] From a formal economic
perspective, our paper is limited, as it does not consider dynamic, endogenous effects of conges-

tion, air pollution and public transport on urban form. We briefly discuss possible effects as follows.

Dynamically, congestion in a mono-centric city leads to flatter urban land rent and density func-

tions, causing excessive urban extension [55]. Market densities would need an upward correction to
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mitigate the external effects of congestion [49]. The effects of congestion pricing on urban form have
been extensively investigated upon, but remain unclear. [5I] highlights that urban location theory
as well as empirical analyses all indicate that decreasing costs of travel support urban sprawl and
employment concentration, while worsening transportation results in more decentralised and denser
urban form. However, [51] also points out that these effects are not clear and that empirics show
numerous influences and effects that are prevalent in the land-use transportation system. Air pol-
lution considerations are likely to lead to lower density developments, because those living in high
density areas are most negatively affected. The dynamic effects of public transport were recently
analyzed in [I1]. A key result was that the dynamic interaction between optimal public transport
provision and urban form leads to a slightly denser urban core, which, however, has a relatively flat
density profile due to the lower marginal costs of public transport. Looking at congestion and air
pollution, one of the dynamic effects point to denser cities, and two ones to more sprawling cities.
The weighting of the different concerns will thus determine the absolute change in urban form due
to the endogenity of these sustainability dimensions. However, the sprawling patterns of richer
economies suggest that, if anything, the congestion and air pollution dynamics effects dominate,
leading to more sprawling cities, this worses the climate change costs while alleviating air pollution
and, to lesser degree, congestion. The individual budget of economic agents is a key variable in
mode choice. When economies become richer, residents tend to switch to car commuting, and thus
increase the impact of air pollution and congestion. Here, policy makers come into play to mitigate
these effects, for example by investing into public transport and hence making it more attractive

as an alternative means of travel.

Numerous studies investigate the effects of several externalities simultaneously related to urban
transport, albeit with a largely static urban form. One example are the studies by [2I] and [56],
which analyse the effect of congestion pricing on air pollution, but without feedbacks to urban form.
A good reason for omitting dynamic feedbacks, though, is the long-term inertia of urban infrastruc-
ture, housing markets and urban form which plays on much larger timescales than economic agents’
reactions to certain policy measures. On the other hand, studies such as [57] perform very detailed
studies of possible future evolutions of a specific city. Exciting and recent advances to overcome
this situation have recently been addressed by [58], who introduce a systematic modelling approach

across several disciplines related to urban studies. This approach combines socio-economic models
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s and land-use models with physical impact models with the goal of policy assessment making. How-
ever, to our best knowledge, no study has so far dynamically internalized sustainability outcomes

of urban road transport into a formal urban economics setting. This is subject of future research.
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4. Analysis of empirical data
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Figure 4: Two scatterplots showing 41 cities plotted in a modal share (public transport plus non-motorised modes) —
urban density space and color-coded to denote (a) per capita transport (CO2) emissions and (b) PMa 5 concentration

levels as a proxy for local air pollution. For COs emissions: green < 2.0—C€92_  vellow 2.0 — 4.0 €02 red
cap year cap year

> 4.0%. For PM2 5 concentration: green < 10.0%7 yellow 10.0 — 20.0%, red > 20.0%.

Data: [59] and [60].

This section presents how the sustainability concerns vary across different cities. For this, we
perform a basic statistical analysis by looking at how modal share of public and non-motorised
transport, urban population density, and urban gross-domestic product (GDP) can explain GHG
emissions, local air pollution, congestion levels and general cost-of-living. We base the analysis on
the dataset of 100 cities reported by the UITP (International Union of Public Transport) [59], as it
focuses explicitly on a correct representation of urban transport statistics. We then added data on
per-capita COq emissions and on air pollution (PMs 5 concentration) published by the OECD [60],
congestion levels from a TomTom traffic survey [61] and a price index as a proxy for the cost of
living [62]. Taking into account data availability from all sources, 41 cities remain in the analysis.
Given that this relatively small size imposes serious limitations on statistical analyses, we have
carried out further analyses taking into account per capita transport energy use and NOx pollution

levels from the UITP data set as additional proxies for GHG emissions and air pollution (86 cities in
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total here), and investigate the impact of air pollution by analyzing intake fractions (IF) obtained
from [63]. We also identified existing literature that substantiate our observations in each section.
The statistical models tested explain only the data partially. Data quality might be impacted by
inconsistent use of urban spatial boundaries in data collection, and the small sample size.

Figs. [] and [5] contain the 41 cities plotted in a modal share - urban population density space.
The large North American cities are located in the bottom left corner with urban densities of around
30 persons/ha, while European cities tend to have both higher urban densities and higher NMT
modal shares. This plot visualizes that a certain minimum density is required to acquire higher
modal shares of non-car transport. The strong spread also shows that local policy measures for
improving public transport and stimulating bike usage — good examples are Copenhagen (cycling)
or Madrid (public transport) — are necessary to achieve high modal shares.

We used ordinary least squares models to explain the external dimensions in the empirical data.

Table [] lists the most relevant results from the analysis. GHG emissions are approximated in

emitted CO2 tonnes per inhabitant C;pC(y’jm [60] and per-capita transport energy use % [59]. Local

air pollution level is measured by the PMj 5 concentration in units #9£422 [60], by the NOy levels

per capita Ci—gp [59] and additionally by the intake fraction of pollutants in parts-per-million ppm

[63]. Congestion is measured in the ”percentage increase of overall travel times when compared
to a Free Flow situation” [6I]. The price index is an artificial index representing overall living
costs in percent, compared to a reference city (Prague) and serves only as a first approximation for

affluence [62]. The gross domestic product (GDP) variable is in GDP per capita for the selected
3

cities in units ,
year

assuming purchase power parity. The urban population density p is in persons
per hectare[59], non-motorised and public transport modal share 7,; is the percentage number per
trip [59]. We tested several linear regression models using the logarithm of GDP, a linear modal
share and the logarithm of population density. We tested both linear and logarithmic dependent

variables, Table |1| shows the model results, which yielded the most convincing outcomes.

4.1. Climate Change

Per-capita CO5 emissions are highest for low density and low public transit modal shares, but
residential population densities above 50 persons/ha seem to suffice to enable low emissions (Fig.
). Sprawling American cities such as Los Angeles or Atlanta show particularly high per-capita

CO3 emissions, a relationship originally investigated by [9] (see [II] for a causal explanation).
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Dependent Variable Data Units Data Source  log(gdp) Npt log(p) R?

log(CO2) o2 OECD [0.052] —0.014 -0.014 0.52
cap year
log(energy) MT; UITP 0.27 —0.013 —0.39 0.89
log(PM2.5) % OECD [=0.019] 0.0064 0.13 0.30
log(NOx) Le UITP [0.072] —0.0071 —042 041
cap
log(IF) ppm Apte2012 —0.12 —0.021 0.21 0.34
congestion % TomTom —-2.5 —0.14 6.9 0.29
log(price) % Expatistan 0.27 [—0.00088] [—0.00091] 0.48

Table 1: Regression models of sustainability dimensions, correlation coefficents and p-values from a statistical analysis
of a dataset comprising 41 cities (86 for the UITP data, 15 for Apte2012). Coefficients listed are for the following
model: By + B1 log(GDP) + B2 npt + B3 log(p). Brackets around values, e.g. [log(gdp)], denote regression models in
which removing the respective variable from the model changed R? by less than 0.01 (the results presented always
include the variable in question). Data sources: OECD: [60], UITP: [59], Apte2012: [63], TomTom [61], Expatistan
[62]. The explanatory variables are all from the UITP source [59].

Here, we proceed by analyzing the relationship between urban form, modal share, GDP and
CO3 emissions. We have carried out a multivariate regression analysis (Table . It reveals both
for per capita transport CO5 emissions from the OECD data and per capita transport energy use
from the UITP data (as a proxy for COs emissions) that COq emissions in transport decrease with
higher modal share of environmental modes and with higher population density, but increase with
affluence. This is exactly in agreement with our theoretical prediction. In the OECD dataset,
removing GDP from the regression model changes R? by less than 0.01

The question of causality is, however, tantalizing. Urban economics suggests a strong causality
between urban density and modal split: higher density enables financially viable public transit and
short distances for non-motorized transport [II]. We therefore expect urban density to be the true

causal driver of per-capita COq emissions.

4.2. Local air pollution

Figure [@p suggests that air pollution is acceptable for population densities of about 50 person-
s/ha and below: The cities below this approximate threshold tend to have lower concentrations of
particulate matter. In some cities, such as Amsterdam or Prague, not even a high modal share
of non-car transport does helps to mitigate air pollution, presumably due to the high population

densities in the central cities. We analyzed the relationship between the concentration of particulate

20



415

420

425

430

435

matter (PMs5) and nitrous oxide NOy (see as a function of residential population density,
the public plus non-motorised modal share and GDP (table . We find inconsistent effects for
all components of the regression model. Taking GDP out of the model changed R? by less than
0.01. The air pollution measurements used here reflect concentrations of pollutants. However, the
relevant measure, representing the impact of air pollution, as we have modeled, is intake fraction
(IF). We therefore consulted a set of 20 cities, reported by [63]. We find that population density
alone strongly influences intake fraction (R?=0.61). A regression analysis with a sample of 15 cities
suggests that GDP and modal share of environmental modes influence intake fraction negatively,
but that increasing population density leads to higher intake fractions (table . This analysis of
air pollution outcomes, albeit building on a small data set, is in accordance with our theoretical

analysis.

4.8. Congestion

The congestion data indicates that the situation is more complex than suggested by our model.
In fact, some of the highly sprawling cities demonstrate low congestion levels; congestion partic-
ularly increases with higher urban density and low modal share of public transit (Fig. ) The
multivariate regression analysis suggests that congestion decreases with modal share of environ-
mental modes, but increases with density (Table . Density has a stronger predictive power than
modal share. The empirical results for congestion do not reproduce the model outcome, particularly
for very dnese cities, for which the model suggests high congestion levels. The model relies on a
monocentric city and bottleneck congestion. Most likely policentric configurations of more sprawled

cities, a specification not included in the model, reduces congestion significantly.

4.4. Urban cost of living and affluence

As a proxy for the urban costs of living presented in Figure[5p, we rely on a price-index measured
for cities worldwide [62]. ”Expensive” cities such as London, New York or Oslo stand out: Most
cities with high urban costs of living are medium-sized cities from OECD countries, which have a
high income and it is very likely that economic affluence would explain these statistics. Indeed,
GDP plays the dominant role in the multivariate regression model: higher income leads consistently

to higher price indices and modal share and density play only a small role in the analysis (Table.
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Figure 5: Two scatterplots showing 41 cities plotted in a modal share (public transport plus non-motorised modes)—
urban population density space and color-coded to denote (a) relative congestion levels and (b) cost of living. The
congestion levels are indicating the overall increase in travel time due to congestion [6I]: green < 24%, yellow
24% — 30%, red > 30%. The cost of living index presented by [62] compares urban cost of living to a reference city
(Prague): green < 170%, yellow 170% — 200%, red > 200%. Modal share and urban density data from [59].

4.5. Empirical Analysis: Summary

We have performed a multiple regression analysis using the modal share, the urban population
density and gross-domestic product as explanatory variables to explain the four different dimensions
of urban transport previously discussed: COs emissions, local air pollution, congestion and the
overall cost of living. This statistical investigation provides context to our modeling results, the
conceptual core of this paper.

The data confirm that COs emissions decrease with higher population density and higher modal
share of environmental modes; and that impact of local air pollution (intake fraction) decreases with
modal share of environmental modes but increases with population density. The limited size of the
dataset, in particular for intake fraction, and the constrained data quality particularly for con-
gestion demand for continued scrutiny in further studies. Other variables, not captured in our
statistics, or in the model, may be of equal importance. For example, it is likely that polycentric
configurations reduce congestion more than the theoretic prediction in a monocentric model. While

the model assumes that lower density leads to higher modal shares of cars that simultaneously
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enter the city center (see section 7 sprawling cities tend to also be more polycentric with em-
ployment locations and migration trends to suburbia. For example, Houston hosts several business
districts, one of them is the Texas Medical Center, which forms a distinct center, remote from the
geographical city centre. Polycentricity could hence explain the relatively low congestion costs of
low density cities. High-density cities in turn have lower car modal shares, and cars have an alto-
gether smaller street space available. We suspect that an additional measure of policentricity will
increase the match between model and data, especially for the congestion metric. Further empirical
and theoretical analysis could be the subject of future research, aiming to bridge the gap between

idiosyncratic and city-specific factors to general models.
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5. Discussion and Conclusion

This paper investigates how sustainability concerns - or in economic language: environmental
externalities - impact what constitutes the optimal urban form and modal share. We show that
climate change, air pollution, congestion and cost considerations of citizens point to different and
distinct optimal configurations of urban form if considered on their own. This observations prompts
us to introduce the ’sustainability window’ of urban form. The shape and location of the sustain-
ability window identifies the ’sweet spot’, in which urban form and modal share are determined
so that all dimensions perform consistently at high quality level. As the main result we find that
residential population densities between 50 and 150 persons/ha, and modal shares of public and
non-motorized transport combined of more than about 50% are best suited to realize the sustain-
ability window. However, as our paper is mostly conceptual in nature, and data resolution is of
mostly insufficient quality for fine-grained observations, we add that these results are incomplete
for specific policy advise of individual cities.

Our results have implications for the call for higher density development coming from those
concerned with climate change mitigation. Higher density indeed reduces transport energy use.
However, higher density also leads to a utility loss of residents, as they have to live with less
available space. Also, higher density increases the impact of air pollution as more residents are
susceptible to inhaling exhaust fumes. Our results highlight that investments into public transport
and cycling transport infrastructure can counteract the latter effect by reducing air pollution and
congestion in denser inner city areas. Investments into public transport in lower density suburban
areas, however, seem less reasonable, as they implicate high financial costs, and less counterfactual
reduction in air pollution.

The empirical analysis presented in section [d] indicated that cities such as Amsterdam, Madrid
or Vienna lie in the ’sustainability window’. Crucially, more than 90% of the reduction of GHG
emissions - measured against the most sprawling cities such as Los Angeles or Denver - occurs
with an increase of population density up to 50 persons/ha. Such a reduction is caused by reduced
commuting distance. At a threshold of 50 persons/ha, modal shift gains additional importance for
further reduction of CO2 emissions. Intermodal concepts such as car-sharing and ride-sharing in
combination with public transport infrastructure, and modal shifts enabled by more cycling-friendly
streets and less car-focused infrastructure, can realistically only be realized in compact cities. These

density thresholds co-align with detailed empirical observations on employment density shown by
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[64], which identifies a population density of 50 persons/ha as crucial for an increase of public
transport modal share, and with a modeling study focusing on the dynamic interaction between
urban form and modal share [I1]. Interestingly enough, residential non-transport emissions are also
significantly reduced and modified above a threshold of 50 persons/ha in one study [28].

The form of the sustainability window changes with technological development. For example,
if cars are equipped with highly efficient pollution filters or switch from liquid fuels to electricity,
air pollution is drastically reduced (Figure ) Then, the optimal modal share tips slightly over
towards more cars. More generally, advanced technology favors less dense cities with more cars. In
contrast, congestion indicates a hard boundary to urban car transport which can only be overcome
by mass-transit and other mobility alternatives to car such as cycling.

We briefly discuss this study’s caveats. We focus exclusively on residential urban density and
modal shares as factors shaping sustainability outcomes. Clearly, however, other factors can be
at least equally important. As pointed out above, fuel standards, shifts to electric vehicles or
bikes play a crucial role in reducing air pollution and are by no means discussed here exhaustively.
Congestion depends on further factors, such as polycentricity, the design of the traffic systems, as
well as on parking management or congestion charging policies [43]. In addition, economic affluence
shapes all of the sustainability outcomes. A certain municipal budget is require to finance transport
infrastructure, while the affluence of citizens also influences their choice of residence and transport
mode. Future studies could include and address both empirically and analytically many more of
these factors, possibly requiring different modelling approaches and higher resolutions.

In summary, our study provides evidence for a ’sufficiency’ level of urban population density
needed to achieve the sustainability effects studied in this paper. However, higher population
density would increase welfare outcomes if air pollution could be technologically controlled. The
optimal mix of population density and modal share values cannot easily be obtained through short-
term policy measures. A combination of push, pull and land-use instruments, however, especially
of vehicle pricing measures together with coordinated urban planning, would enable the majority
of cities worldwide to achieve a more sustainable urban form in the long run. Long-term temporal
dynamics associated with urban infrastructures alongside issues of path dependence need to be
taken into account when studying adequate transition to more sustainable cities. This is a topic

we leave open for further studies.
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Appendix A. AMM model runs
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Figure A.6: Density curves of the AMM model run. The solid lines represent the endogenous density profile from the
monocentric city model, the dashed lines represent the density profile of public transport / NMT users. The model

is run in a finer resolution (in terms of m and g), but figure shows the maximum range of parameters used in the

model runs.
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Appendix B. Utility

The infrastructure cost for operating public transport infrastructure is approximated using the

product of city size and public transport modal share, corrected with a parameter epsilon:
Ujs = €]S * Acity *Tpt (Bl)

Households using public transport infrastructure are expected to have a higher utility than house-
holds using cars, because the marginal cost of transport is lower with public transport infrastructure.
These money savings are used by the households to increase their bread consumption. The public

transport cost is modeled using a factor f,; with the condition.
0< fpe <1 (B.2)
This yields the marginal transport price of public transport users:
Mpt = fpr - M (B.3)
The bread consumption of a household is specified using the budget equation
z=Y —mr—gs (B.4)
and for every household using public transport:
2 =Y —mpr —qs =Y —mfur —qs (B.5)

Condition (B.2)) gives z,; > z. The difference between the two consumption quantities, i.e. the

additional bread consumption of public transport users

Az =zy —z=(1— fp)mr (B.6)
and with z,+ = 2 + Az these households have a utility

Upt = alog(zp1) + Blog(s) (B.7)

Typically, up: > u. The utility combines the generic utility from the AMM model, the infrastructure
costs and the elevated utility of households using public transport. The utility components are

weighted with the modal shares of the respective transport modes:

Ucombined = MNearth + NMptUpt — Uis (B8)
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Appendix C. Code

The Python routine consists of a main routine, subfunctions and a number of plotting routines
for visual output. The formulas described above are coded into the subfunctions. The main routine
calls the subfunctions and compute the urban density profile and to calculate the externalities
associated with the different density profiles.

The main routine (called AMM_basic) is an iteration to find the density profile p(r). The density
curve is given by the standard economic model for a given population number N = 1 and a given
transport cost m, using equation [2| for the bid rent ¥(r) and equation |3| for the dwelling space s
at distance r. This iteration assumes an inital utility © = ug, the density profile simply results
through p(r) = %, and u needs to be adapted so that the correct population count is achieved: The
population count for the density profile is denoted with N*, and presumably N* # N, depending
on the initial guess of utility. This utility is re-guessed according to the difference between N* and

N, and the iteration stops as soon as | I\7N| < e. € is a small number.

Once the density profile is determined, the equations for the externalities can be applied to it and

the externalities can be calculated. AMM iteration:

def AMM basic(r, m, y, u0, alpha, beta, N):

Nstar = 0

ustar = ul

while np.abs(N — Nstar)/N > 0.003:
rc, rci = city_-boundary(r, m, y, Ra)
Tr = mr [0: rei ]
psi = bid_rent(y, Tr, ustar, alpha, beta)
s, rho = dwelling_surface(y, Tr, ustar, alpha, beta)
Nstar = population_1D (rho[0:rci], r[0:rci])
z =y —mkr[0:rci] — psi[0:rci] % s[0:rci]

ustar = ustar * (1 + 0.1 % (Nstar/N — 1))
z =y —mkr[0:rci] — psi[0:rci] x s[0:rci]

ucd = alpha * np.log(z[0:rci]) + beta % np.log(s[0:rci])
if np.abs(ustar—ucd[0])/ustar > 0.005:
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def

def

def

def

print ”Error.in AMM._function..Utilities.not.equal!”

bid_rent (y, Tr, u, alpha, beta):
psi = alphaxx(alpha / beta) =x
beta * (y — Tr)*%(1/beta) % np.exp(—u/beta)

return psi

dwelling_surface(y, Tr, u, alpha, beta):
s = alphaxx(—alpha / beta) x

(y — Tr)*x(—alpha/beta) * np.exp(u/beta)
rho = 1./s

return s, rho

consumption(r, m, psi, s, y):
Z =y — mxr — pPsSixs
return z

population_1D (rho, r):
N = sp.integrate.simps(rho, x = r)

return N

30



595

600

605

610

615

References

1]

[10]

K. E. Portney, J. M. Berry, Participation and the pursuit of sustainability in u.s. cities, Urban
Affairs Review 46 (1) (2010) 119-139.

H. Bulkeley, M. M. Betsill, Cities and climate change: urban sustainability and global envi-

ronmental governance, Vol. 4, Psychology Press, 2005.

P. Newman, J. Kenworthy, Sustainability and cities: overcoming automobile dependence, Is-

land Press, 1999.

UN DESA, World urbanization prospects: The 2011 revision, Tech. rep., United Nations,
Department of Economic and Social Affairs, New York (2012).

K. C. Seto, A. Reenberg, Rethinking global land use in an urban era, MIT Press, 2014.
I. E. Agency, World energy outlook, Tech. rep., International Energy Agency (2008).

S. Kahn Ribeiro, M. J. Figueroa, F. Creutzig, S. Kobayashi, C. Dubeux, J. Hupe, Chapter 9 -
energy end-use: Transport, in: The Global Energy Assessment: Toward a Sustainable Future,
ITASA, Laxenburg, Austria and Cambridge University Press, United Kingdom and New York,
NY, 25 USA., 2012, pp. 575-648.

R. Sims, R. Schaeffer, F. Creutzig, X. Cruz-Nunez, M. D’Agosto, D. Dimitriu, M. J.
Figueroa Meza, L. Fulton, S. Kobayashi, O. Lah, A. McKinnon, P. Newman, M. Ouyang,
J. J. Schauer, D. Sperling, G. Tiwari, Transport, in: Climate Change 2014: Mitigation of
Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E.
Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann,
J. Savolainen, S. Schlémer, C. von Stechow, T. Zwickel and J.C. Minx (eds.)]. Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY, USA., Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 2014, pp. —.

P. W. G. Newman, J. R. Kenworthy, Gasoline consumption and cities, Journal of the American

Planning Association 55 (1) (1989) 24-37.

M. Fujita, Urban Economic Theory, 1st Edition, Cambridge University Press, 1989.

31



620

625

630

635

640

[11]

[12]

[13]

[14]

F. Creutzig, How fuel prices determine public transport infrastructure, modal shares and urban

form, Urban Climate 10 (2014) 63-76.

R. Ewing, R. Cervero, Travel and the built environment: A meta-analysis, Journal of the

American Planning Association 76 (3) (2010) 265-294.

F. Creutzig, D. He, Climate change mitigation and co-benefits of feasible transport demand

policies in beijing, Transport Research D 14 (2009) 120-131.

I. W. Parry, M. Walls, W. Harrington, Automobile externalities and policies, Journal of eco-

nomic literature (2007) 373-399.

F. Creutzig, E. McGlynn, J. Minx, O. Edenhofer, Climate policies for road transport revisited
(I): evaluation of the current framework, Energy Policy 39 (5) (2011) 2396-2406.

J. Gehl, Cities for people, Island press, 2013.

D. Bongardt, F. Creutzig, H. Hiiging, K. Sakamoto, S. Bakker, S. Gota, S. Bohler-Baedeker,
Low-carbon Land Transport: Policy Handbook, Routledge, 2013.

J. Pucher, R. Buehler, Making cycling irresistible: Lessons from the netherlands, denmark and

germany, Transport Reviews 28 (4) (2008) 495-528.

M. Batty, Urban modeling, International Encyclopedia of Human Geography. Oxford, UK:

Elsevier.

A. J. Heppenstall, A. T. Crooks, L. M. See, M. Batty, Agent-based models of geographical

systems, Springer Science & Business Media, 2011.

B. Kickhofer, K. Nagel, Using high-resolution first-best tolls as a benchmark for policy eval-
uation: The case of air pollution costs, in: Proceedings of the Kuhmo Nectar conference on

transportation economics. Also VSP WP, 2012, pp. 12-06.

M. Wegener, Overview of land use transport models, in: Handbook in Transport, Vol. 5.

Transport, Geography and Spatial Systems. Oxford: Pergamon/Elsevier, 2004, pp. 127-146.

M. H. Echenique, A. J. Hargreaves, G. Mitchell, A. Namdeo, Growing cities sustainably, Jour-
nal of the American Planning Association 78 (2) (2012) 121-137.

32



645

650

655

660

665

[24]

[25]

[26]

[28]

[29]

[32]

T. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,
P. Midgley (Eds.), Technical Summary, Cambridge University Press, Cambridge, United King-
dom and New York, NY, USA, 2013, book section TS, pp. 33-115.

A. Grubler, X. Bai, T. Buettner, S. Dhakal, F. D., T. Ichinose, J. Keirstead, G. Sammer, D. Sat-
terthwaite, N. Schulz, N. Shah, J. Steinberger, H. Weisz, Urban Energy Systems, Cambridge
University Press, Cambridge, UK and New York, NY, USA and the International Institute for
Applied Systems Analysis, Laxenburg, Austria, 2012, Ch. Urban Energy Systems, pp. 1307 —
1400.

A. H. Baur, M. Thess, B. Kleinschmit, F. Creutzig, Urban climate change mitigation in eu-
rope: Looking at and beyond the role of population density, Journal of Urban Planning and

Development 140 (1) (2013) 04013003.

F. Creutzig, G. Baiocchi, R. Bierkandt, P.-P. Pichler, K. C. Seto, Global typology of urban
energy use and potentials for an urbanization mitigation wedge, Proceedings of the National

Academy of Sciences 112 (20) (2015) 6283-6288.

G. Baiocchi, F. Creutzig, J. Minx, P.-P. Pichler, A spatial typology of human settlements and
their co 2 emissions in england, Global Environmental Change 34 (2015) 13-21.

M. L. Bell, D. L. Davis, T. Fletcher, A retrospective assessment of mortality from the london
smog episode of 1952: the role of influenza and pollution., Environmental Health Perspectives

112 (1) (2004) 6.

I. A. Yang, S. T. Holgate, Air pollution and lung health: An epilogue, Respirology 18 (1)
(2013) 3-4.

J. Lin, D. Pan, S. J. Davis, Q. Zhang, K. He, C. Wang, D. G. Streets, D. J. Wuebbles, D. Guan,
China’s international trade and air pollution in the united states, Proceedings of the National

Academy of Sciences 111 (5) (2014) 1736-1741.

S. Vardoulakis, B. E. Fisher, K. Pericleous, N. Gonzalez-Flesca, Modelling air quality in street
canyons: a review, Atmospheric Environment 37 (2) (2003) 155 — 182.

33



670

675

680

685

690

695

[33]

A. Karppinen, J. Kukkonen, T. Elolahde, M. Konttinen, T. Koskentalo, E. Rantakrans, A
modelling system for predicting urban air pollution: model description and applications in the

helsinki metropolitan area, Atmospheric Environment 34 (22) (2000) 3723 — 3733.

C. L. Heald, D. J. Jacob, R. J. Park, B. Alexander, T. D. Fairlie, R. M. Yantosca, D. A. Chu,
Transpacific transport of asian anthropogenic aerosols and its impact on surface air quality in

the united states, Journal of Geophysical Research: Atmospheres 111 (D14) (2006) n/a-n/a.

D. J. Nowak, D. E. Crane, J. C. Stevens, Air pollution removal by urban trees and shrubs in

the united states, Urban Forestry & Urban Greening 4 (3—4) (2006) 115 — 123.

J. P. Nelson, Residential choice, hedonic prices, and the demand for urban air quality, Journal

of Urban Economics 5 (3) (1978) 357 — 369.

J. Woodcock, P. Edwards, C. Tonne, B. G. Armstrong, O. Ashiru, D. Banister, S. Beevers,
Z. Chalabi, Z. Chowdhury, A. Cohen, et al., Public health benefits of strategies to reduce
greenhouse-gas emissions: urban land transport, The Lancet 374 (9705) (2009) 1930-1943.

F. Creutzig, R. Miihlhoff, J. Romer, Decarbonizing urban transport in european cities: four

cases show possibly high co-benefits, Environmental Research Letters 7 (044042).

T. M. Thompson, S. Rausch, R. K. Saari, N. E. Selin, A systems approach to evaluating the

air quality co-benefits of us carbon policies, Nature Climate Change.

J. Marshall, T. Mckone, E. Deakin, W. Nazaroff, Inhalation of motor vehicle emissions: effects

of urban population and land area, Atmospheric Environment 39 (2) (2005) 283-295.

D. H. Bennett, T. E. McKone, J. S. Evans, W. W. Nazaroff, M. D. Margni, O. Jolliet, K. R.
Smith, Defining intake fraction, Environmental Science & Technology 36 (9) (2002) 207-216.

P. Gordon, A. Kumar, H. W. Richardson, Congestion, changing metropolitan structure, and

city size in the united states, International Regional Science Review 12 (1) (1989) 45-56.

ROCOL, Road charging options for london: A technical assessment, Tech. rep., Mayor of
London (2000).

R. Prud’homme, J. P. Bocarejo, The london congestion charge: a tentative economic appraisal,

Transport Policy 12 (3) (2005) 279-287.

34



700

705

710

715

720

[45]

[46]

[47]

[56]

[57]

A. A. Walters, The theory and measurement of private and social cost of highway congestion,

Econometrica: Journal of the Econometric Society (1961) 676-699.

W. S. Vickrey, Congestion theory and transport investment, American Economic Review 59 (2)

(1969) 251-60.

R. Arnott, A. d. Palma, R. Lindsey, Economics of a bottleneck, Journal of Urban Economics

27 (1) (1990) 111 — 130.

S. Gubins, E. T. Verhoef, Dynamic bottleneck congestion and residential land use in the

monocentric city, Journal of Urban Economics 80 (2014) 51-61.

W. C. Wheaton, Land use and density in cities with congestion, Journal of Urban Economics

43 (2) (1998) 258-272.

R. M. Solow, Congestion, density and the use of land in transportation, Swedish Journal of

Economics 74 (1) (1972) 161-173.

E. Deakin, Urban transportation congestion pricing: effects on urban form, in: T. R. Board
(Ed.), Curbing gridlock: peak-period fees to relieve traffic congestion. volume 2: commissioned

papers, Vol. 242, Transportation Research Board, 1992, pp. 334-355.
R. Cervero, The transit metropolis: a global inquiry, Island press, 1998.

G. M. Ahlfeldt, S. J. Redding, D. M. Sturm, N. Wolf, The economics of density: evidence from
the berlin wall, CEP Discussion Paper 1154.

M. Straszheim, The theory of urban residential location, Handbook of regional and urban

economics 2 (1987) 717-757.

A. Anas, R. Arnott, K. A. Small, Urban spatial structure, Journal of economic literature (1998)
1426-1464.

B. Kickhofer, K. Nagel, Towards high-resolution first-best air pollution tolls, Networks and
Spatial Economics (2013) 1-24.

V. Viguié, S. Hallegatte, J. Rozenberg, Downscaling long term socio-economic scenarios at city
scale: A case study on paris, Technological Forecasting and Social Change 87 (0) (2014) 305 —
324.

35



725

730

735

740

[58]

[62]

[63]

[64]

V. Masson, C. Marchadier, L. Adolphe, R. Aguejdad, P. Avner, M. Bonhomme, G. Bretagne,
X. Briottet, B. Bueno, C. de Munck, et al., Adapting cities to climate change: a systemic
modelling approach, Urban Climate 10 (2014) 407-429.

J. Kenworthy, F. Laube, The millennium cities database for sustainable transport., Interna-

tional Association of Public Transport (UITP).

O. Organisation For Economic Development and Cooperation, OECD metropolitan explorer
2014, (last accessed Dec 2, 2014).

URL http://measuringurban.oecd.org/

TomTom International B.V., ”tomtom traffic index 2014”, last accessed dec 2, 2014 (Dec. 2,
2014).

URL http://www.tomtom.com/de_de/trafficindex/

Expatistan.com (November 2014). |[link].

URL expatistan.com

J. S. Apte, E. Bombrun, J. D. Marshall, W. W. Nazaroff, Global intraurban intake fractions
for primary air pollutants from vehicles and other distributed sources, Environmental science

& technology 46 (6) (2012) 3415-3423.

L. D. Frank, G. Pivo, Impacts of mixed use and density on utilization of three modes of travel:

single-occupant vehicle, transit, and walking, Transportation research record (1994) 44-44.

36


http://measuringurban.oecd.org/´
http://measuringurban.oecd.org/´
http://measuringurban.oecd.org/´
http://measuringurban.oecd.org/´
http://www.tomtom.com/de_de/trafficindex/
http://www.tomtom.com/de_de/trafficindex/
expatistan.com
expatistan.com

	Introduction
	Urban form, urban transport and its co-benefits
	Modelling urban form and the dimensions of urban transport
	The classic urban economics framework
	Extension: Modelling different modal shares
	Numerical Implementation

	Sustainability concerns
	Greenhouse gas emissions
	Air pollution
	Congestion
	Infrastructure cost and aggregate utility


	The sustainability window of urban form
	Dynamic effects of sustainability outcomes

	Analysis of empirical data
	Climate Change
	Local air pollution
	Congestion
	Urban cost of living and affluence
	Empirical Analysis: Summary

	Discussion and Conclusion
	AMM model runs
	Utility
	Code

