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Abstract: The historically rooted suburbanization of Flanders and the Brussels Capital Region (BCR)
in Belgium has resulted in severe urban sprawl, traffic congestion, natural land degradation and many
related problems. Recent policy proposals put forward by the two regions aim for more compact
urban development in well-serviced areas. Yet, it is unclear how these proposed policies may impact
residential dynamics over the coming decades. To address this issue, we developed a Residential
Microsimulation (RM) framework that spatially refines coarse-scale demographic projections at the
district level to the level of census tracts. The validation of simulated changes from 2001 to 2011
reveals that the proposed framework succeeds in modelling historic trends and clearly outperforms
a random model. To support simulation from 2011 to 2040, two alternative urban development
scenarios are defined. The Business As Usual (BAU) scenario essentially represents a continuation
of urban sprawl development, whereas the Sustainable Development (SUS) scenario strives for
higher-density development around strategic well-serviced nodes in line with proposed policies.
This study demonstrates how residential microsimulation supported by scenario analysis can play a
constructive role in urban policy design and evaluation.

Keywords: Residential location choice; Urban sprawl; Compact development; Discrete choice
modelling; Scenario analysis; Flanders

1. Introduction

Flanders, the northern part of Belgium, is among the regions that are most strongly characterized by
urban sprawl in Europe [1]. This has contributed to an unsustainable mobility model that is excessively
dependent on private car use [2]. Predictably, Flemish roads are also among the most congested in
Europe [3,4]. Urban sprawl and road congestion contribute significantly to negative environmental and
health impacts [5,6], greenhouse gas emission [7], landscape and ecosystem degradation [8–10] and
economic losses [3,11]. The problematic spatial organization of Flanders has a long history, going back
to nineteenth-century industrialization, and is aggravated by poor coordination between the political
regions of Belgium, which transitioned from a unitary to a federal governance model in the 1970s [12,13].
Both Flanders and the Brussels Capital Region (BCR) have recently pointed out the need for more
sustainable urban development strategies [14,15]. Higher-density development around well-serviced
urban hubs, decreasing private car use and improving interregional cooperation are important features
of the strategies proposed in the two regions. What is lacking, however, is an understanding of how
strategic plans may affect residential dynamics, i.e., where different types of households will end
up living over time. Having spatially detailed knowledge on expected demographic changes is of
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considerable importance for regional and municipal governance, to better plan its infrastructure and
services, or to adjust strategies should they potentially yield undesirable results. In this research, we
address this topic by means of Residential Microsimulation (RM) and scenario analysis.

RM is a modelling approach that considers residential activity of individuals and households [16].
If the microsimulation has a path-dependent temporal dimension and covers geographic units, it is said
to be dynamic and spatial [17,18]. The idea of microsimulation has been around since the 1950s [19],
yet it expanded into a research field mainly from the 1970s onward, driven by developments in
computational capacity [16,18,20]. RM draws heavily on residential location choice modelling, which
can be described as a behavioral modelling approach that attempts to quantify the process of deciding
one’s place of residence. Although several methods are suited to performing this type of analysis [21],
discrete choice modelling based on the random utility framework is widely used [22,23]. Important
examples of spatial dynamic RM applications include UrbanSim [24–26], ILUTE (Integrated Land Use
Transport Environment) [27,28] and ILUMASS (Integrated Land Use Modelling and Transportation
System Simulation) [29]. RM can be used to spatially disaggregate regional demographic projections
to smaller geographic units [30,31]. Another feature of RM is its ability to spatiotemporally assess
changing relations between various aspects of the urban environment. By doing so, it can yield
emerging behavior, i.e., outcomes that are difficult to predict based solely on an understanding of the
underlying system at one point in time. Hence, RM is considered to be a useful tool to support integrated
urban modelling or to evaluate policy [32]. Spatial dynamic RM is often used to investigate the effects
of economic or social policy on residential activity, particularly in relation to demography [33,34],
taxation [35], the housing market [36], public health [37,38] and transport [27,28]. RM rests on inductive
logic, using regression-based or other data-driven algorithms, and typically involves large numbers of
choice agents and location alternatives. Consequently, RM can be computational and data intensive,
requiring considerable information on the involved population and environment [16,39,40].

Spatial dynamic RM is often accompanied by one or more scenario to support simulation into the
future. A scenario is a timeline entailing assumptions, constraints and events, designed according to
a narrative of what the future may look like [41,42]. Scenarios are thus idealized representations of
the future, used to deal with the complexity and uncertainty of modelling phenomena beyond the
present [43]. They are by definition subjective, and should not be interpreted as predictions per se,
but more as complementary visions. As such, scenarios can be used to set the topic of discussion
or to compare the expected outcomes of strategies and policies [44]. Originating from military and
corporate backgrounds, scenario planning has only slowly found its way into science, in part due
to its somewhat ambiguous conceptual foundation [42]. Over the past decades, several authors
have contributed to creating a stronger theoretical and practical basis for scenario development and
its application [42,43,45,46]. Among these authors, it is generally agreed that scenarios should be
relevant, plausible, consistent and unique. Scenarios should, furthermore, have clearly identified
topics, stakeholders, spatiotemporal scope and drivers of changes. If scenarios are used to perform
quantitative analyses, suitable metrics must also be defined. Scenario analysis is increasingly used in
sustainability research to explore alternative development pathways [47–49].

Some studies combine RM and scenario analysis to answer questions related to (hypothetic)
policies [24,34,50,51], e.g., “what are the expected impacts of policy measures X and Y on residential
dynamics, and how do they compare?”. So far, however, few studies apply RM in the context of
assessing impacts of spatial planning scenarios, particularly with regard to urban sprawl versus more
sustainable forms of urban development. In [52], RM is used to project the future urban development
of Montreal for three urban planning scenarios depicting alternative assumptions with regard to the
evolution of housing stock distribution. Another Canadian study on the city of Hamilton [53] simulates
residential relocation for six urbanization scenarios representing varying degrees of urban sprawl and
assesses the impact of these scenarios on transport-related emission and energy consumption. In a
similar study on Beijing, [54] use RM and urban densification scenarios to explore future transport
emmission up to 2030. An American study by [55] simulates residential and firm locations in Austin
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(Texas) under, among others, an urban growth boundary scenario, with the intent to also forecast
greenhouse gas emission. The urban planning scenarios in the above studies, while useful in their
respective research contexts, are quite vaguely defined and lack a more explicit spatial basis to support
their validity with regard to spatial policy and its associated tools, i.e., legislated regional strategies,
zoning restrictions, historic/ecologically protected areas and use of land registry data, etc.

The overarching objective of this research is to demonstrate that spatial dynamic RM supported by
spatially explicit scenario analysis can contribute to a better informed discussion on urban development
policy. To do so, we address the so far underexploited potential of RM for exploring sustainable urban
development pathways. Countering urban sprawl in Brussels and Flanders is a particularly relevant
case to illustrate this point. The objectives of this study are: (1) developing and presenting a spatial
dynamic RM framework; (2) testing and validating this simulation framework for a timeframe covering
the last two Belgian Censuses; (3) defining two alternative urban development scenarios for our case
study, using all the relevant spatial information at our disposal; and (4) applying the RM framework
to simulate residential dynamics up to 2040 for both scenarios. With this work, we try to contribute
to narrowing the gap that is still present between the fields of spatial modelling and strategic level
spatial planning.

The rest of this paper is structured as follows. Firstly, the study area of this research is delineated.
Secondly, we give an overview of the used datasets. Thirdly, the Methods section covers the
microsimulation framework, validation strategy and scenario analysis. Finally, our results are
presented and discussed.

2. Study Area

The study area of this research entails three districts located in the centre of Belgium: the BCR,
Halle-Vilvoorde and Leuven (Figure 1). Together, the districts of Halle-Vilvoorde and Leuven form
the province of Flemish Brabant. The study area covers two political regions, the BCR and Flanders,
and 84 municipalities. While the BCR is quite densely built-up in accordance with its economic
activities, the districts of Halle-Vilvoorde and Leuven are characterized by extensive urban sprawl.
In 2011, the year of the last Census, 980,701 households resided in the three districts of the study area
and 1,084,039 people were employed in it [56,57]. Despite the BCR being the largest employment
centre in the country, it also has the highest regional unemployment rate [58], as much of its workforce
comes from Flanders and Wallonia. The pervasiveness of private car commuting combined with
the poorly designed road infrastructure in and around the BCR frequently results in extreme road
congestion. According to the TomTom [59] and INRIX [60] congestion indices, Brussels is among the
most congested cities in the world, despite being a relatively small city. In addition to these challenges,
Brussels and its urban periphery are projected to be among the fastest growing areas of the country in
terms of residential [61] and economic activity [56].
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Figure 1. The study area of this research entailing the districts of the Brussels Capital Region (BCR), 
Halle-Vilvoorde and Leuven, located in the centre of Belgium. Sealed surface density from the 
European Settlement Layer is added for visual support. 

3. Data 

Table 1 shows an exhaustive list of the data sources used in this research. Besides the Census 
and relocation data, which are privacy sensitive, most of the other datasets used are open data that 
are freely available for download on the web portals of their respective data providers. The first four 
rows in Table 1 are the main datasets for this study. A complete list of households residing in the 
study area, with observed locations on ward level in 2001 and 2011, was obtained from the last two 
Censuses. The Census data also provides certain characteristics of the Reference Person (RP) of each 
household. Demographic trends on a district level were provided by HPROM (Household Projection 
Model) projections produced by the Federal Planning Bureau. Employment potential was derived by 
combining multiple sources. The locations of all company establishments in Belgium were identified 
by geocoding the Crossroads Bank for Enterprises database using the Central Reference Address 
Database. The number of employees per establishment was estimated using additional data from the 
Federal Public Service (FPS) Mobility and Transport and the National Social Security Office. 
Residential relocation frequency was quantified by means of a microsample made available for this 
research by Statistics Belgium. The microsample covers a randomly drawn 20% sample of all Belgian 
households with the corresponding sector of residence at the start of 2003 and 2004. It is considered 
representative of household movements taking place within the Belgian territory. 

Given the strong relation between public/private transport and urban sprawl, information on 
the availability and proximity of transport infrastructure and its use was included in the modelling. 
A zoning map showing areas with good and poor access to public transport and services was derived 
from a policy support study on densification-oriented urban development for Flanders [62]. This map 
constitutes one of the key inputs in the scenario definition. To address the socio-economic realities 
faced by households relating to housing costs and social housing [63–65], use was made of data 
provided by Statistics Belgium, the Brussels Institute for Statistics and Analysis and the Flemish 
Society for Social Housing.  

To define urban development scenarios in a spatially explicit fashion, a spatial analysis of 
zoning, parcel and building data proved essential to quantify feasable evolutions of housing stock 

Figure 1. The study area of this research entailing the districts of the Brussels Capital Region (BCR),
Halle-Vilvoorde and Leuven, located in the centre of Belgium. Sealed surface density from the European
Settlement Layer is added for visual support.

3. Data

Table 1 shows an exhaustive list of the data sources used in this research. Besides the Census
and relocation data, which are privacy sensitive, most of the other datasets used are open data that
are freely available for download on the web portals of their respective data providers. The first
four rows in Table 1 are the main datasets for this study. A complete list of households residing in
the study area, with observed locations on ward level in 2001 and 2011, was obtained from the last
two Censuses. The Census data also provides certain characteristics of the Reference Person (RP)
of each household. Demographic trends on a district level were provided by HPROM (Household
Projection Model) projections produced by the Federal Planning Bureau. Employment potential was
derived by combining multiple sources. The locations of all company establishments in Belgium were
identified by geocoding the Crossroads Bank for Enterprises database using the Central Reference
Address Database. The number of employees per establishment was estimated using additional data
from the Federal Public Service (FPS) Mobility and Transport and the National Social Security Office.
Residential relocation frequency was quantified by means of a microsample made available for this
research by Statistics Belgium. The microsample covers a randomly drawn 20% sample of all Belgian
households with the corresponding sector of residence at the start of 2003 and 2004. It is considered
representative of household movements taking place within the Belgian territory.

Given the strong relation between public/private transport and urban sprawl, information on
the availability and proximity of transport infrastructure and its use was included in the modelling.
A zoning map showing areas with good and poor access to public transport and services was derived
from a policy support study on densification-oriented urban development for Flanders [62]. This map
constitutes one of the key inputs in the scenario definition. To address the socio-economic realities faced
by households relating to housing costs and social housing [63–65], use was made of data provided
by Statistics Belgium, the Brussels Institute for Statistics and Analysis and the Flemish Society for
Social Housing.
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Table 1. Data used in this study.

Data
Name Dataset (Publisher)

Brussels Flanders

Household location and features Census 2001 and 2011 (Statistics Belgium)
Demographic projections HPROM (Federal Planning Bureau and Statistics Belgium)

Employment potential
CBE Open Data (Crossroads Bank for Enterprises), Federal Inquiry on Commuting 2011 (FPS

Mobility and Transport), (National Social Security Office), Central Reference Address
Database (Flanders Information Agency)

Residential relocations 2003-2004 (Statistics Belgium)
Access to public transport Node value (Flemish Planning Bureau for the Environment and Spatial Development)
Access to services Access to services (Flemish Planning Bureau for the Environment and Spatial Development)
House selling price Average selling price of ordinary houses (Statistics Belgium)
Social housing (Brussels Institute for Statistics and Analysis) (Flemish Society for Social Housing)
Parcels (Land Registry Office)
Buildings (Land Registry Office)
Dwellings per sector in 2001 and 2011 Census 2011 (Statistics Belgium)

Zoning Demographic Regional Zoning Map
(Perspective.Brussels)

Spatial accounting (Spatial Development
Department Flanders)

Highway ramps Urbis (Brussels Regional Informatics Centre)
Number of travelers per railway station iRAIL (National Railway Company of Belgium)
Metro stations Urbis (Brussels Regional Informatics Centre) n/a

Flood hazard Flood hazard map (Brussels Environment) Flood-prone areas (Coordination
Committee on Integrated Water Policy)

Ecologic value Biologic valuation map
(Research Institute for Nature and Forest)

To define urban development scenarios in a spatially explicit fashion, a spatial analysis of
zoning, parcel and building data proved essential to quantify feasable evolutions of housing stock
distributions. Because urban development does not occur in a vacuum, it is also important to
address additional geographic constraints. Hence, we included information on cultural heritage and
ecologically protected areas in the scenario definition. Knowing that flooding is a frequent occurrence
in Brussels and Flanders [66], and that historically many flood-prone areas have been developed
despite this knowledge [67], the choice was made to integrate flood-prone areas in the scenario analysis.

4. Methods

4.1. Overview Research

For this research, we developed a spatiotemporal microsimulation framework and applied it to
simulate residential dynamics in the BCR and the two surrounding Flemish districts. In our approach,
we used HPROM household projections [61,68,69] for different household types, which are defined on
a district level as an exogenous demographic model. Relocation behavior was modelled by means of a
microsample made available by Statistics Belgium. Simulation was performed by letting households
choose from individual dwellings defined on a statistical ward level, the finest scale on which statistics
are published in Belgium. As such, our microsimulation constitutes a spatial disaggregation of the
HPROM projections from the district to statistical ward level. We first performed RM between 2001
and 2011, the years of the last two Censuses, to assess simulation accuracy. Scenario analysis was
then performed to simulate residential dynamics for the period 2011-2040. To do so, we defined two
scenarios representing alternative urban planning policies with regard to residential development.
The first scenario is called Business As Usual (BAU) and is based on current planning practice that has
led to extensive urban sprawl. The second scenario is called Sustainable Development (SUS) and is
based on recently proposed spatial planning strategies for Flanders and the BCR, aiming at denser
urban development in well-serviced areas. Both scenarios were defined in a spatially explicit fashion,
using land registry, zoning and other relevant spatial data. Essentially, the scenarios quantify how
housing stock may evolve over time, using their respective underlying rationales.

Figure 2 shows a time-scale perspective overview of the two residential microsimulation
experiments and the supportive analyses performed for this research. The first part of the research
covered testing the proposed RM framework between 2001 and 2011. To do so, we drew on Census



Sustainability 2020, 12, 2370 6 of 28

data, particularly the locations of each household in 2001 and 2011, as well as the evolution of
the housing stock between those years. The former served as a driver of change in residential
activity. The latter provided us with constraints, i.e., the number of dwellings available per ward.
Simulation was performed on the ward level, yet an accuracy assessment was performed on the
more spatially aggregated level of the municipality. In a second phase, we performed scenario
analysis between 2011 and 2040 by defining our two alternative urban planning scenarios, BAU and
SUS. The corresponding residential constraints were quantified in a spatially explicit fashion using
parcel-level data. District-level demographic projections were derived from HPROM. Scenario analysis
simulation output was analysed on a ward municipality level.
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microsimulation experiments of this research. Secondary analyses were performed to support
residential microsimulation.

In the following the household segmentation and residential location choice model is explained.
Then, the simulation framework and its components are covered. Finally, the validation strategy used
to assess simulation performance is discussed.

4.2. Residential Microsimulation

4.2.1. Household Segmentation

Households were partitioned in 12 segments to address the variations in residential location
behaviour and enable coupling between the microsimulation and HPROM demographic projections
(Table 2). The variables used to define the segmentation, i.e., age, home ownership, household
composition (children/no children) and education, are often identified as important determinants of
residential location choice behaviour [70–72]. Some of the used variables relate to a reference person
of a household. Despite being a simplification of reality, we assumed equal within-segment location
choice behaviour with stochastic variation.
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Table 2. Household segmentation used to perform residential microsimulation. The variables used to
construct this segmentation were derived from Census data, of which some relate to a reference person
of a household.

Age Children Home
Ownership Highest Degree Segment 2001 Count 2011 Count

< 60 years

Yes
Own

Higher education (H) 1 80,513 95,202
Primary/Second (P/S) 2 113,031 98,917

Rent
H 3 26,693 34,580

P/S 4 70,399 94,143

No

Own
H 5 48,590 58,055

P/S 6 72,941 62,698

Rent
H 7 83,620 95,905

P/S 8 120,379 151,192

>= 60 years
Own

H 9 34,068 49,159
P/S 10 153,367 146,642

Rent
H 11 9151 14,487

P/S 12 72,946 79,721

Total 885,698 980,701

4.2.2. Location Utility and Choice Probability

Conditional logistic regression (CLR), as implemented in the Python-based module Pylogit [73],
was used to model residential location choice behaviour. Logistic regression uses an abstract unitless
measure called utility to estimate choice probabilities. A choice alternative with higher utility has a
larger probability to be chosen compared to a choice alternative with lower utility. Separate utility
models were developed for each of the 12 household segments:

U j = X jkβk+ ∈ j (1)

with U utility, j the choice alternatives (dwellings), X a matrix containing k location feature values for
every choice alternative, β a parameter vector describing the relation between location features and
utilities, ∈ the stochastic component of utility [74].

CLR assumes that ∈ is independent and identically distributed, implying that the logit model can
be used to define the following choice probabilities:

P j =
eX jkβk∑J

i=1 eXikβk
(2)

with J the number of choice alternatives.

4.2.3. Parameter Estimation and Choice Set Generation

The parameters of the utility models of each household segment s were estimated by maximizing
the log-transformed likelihood L of a choice set:

ln Ls =
O∑

o=1

J∑
j=1

doj ln
(

eCojkβk∑
i eCoikβk

)
(3)

with C the choice set, O the number of observations (households) in the choice set, J the number of
considered choice alternatives per observation, doj a Boolean indicating if alternative j is chosen in
observation o [74].
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Choice sets were generated per household segment by randomly sampling 1000 chosen dwellings,
i.e., dwellings occupied by a household from the corresponding segment from the complete 2001 set
of dwellings in the study area. Since it is computationally unfeasible to consider each non-chosen
alternative, nine non-chosen dwellings were randomly sampled for each chosen dwelling. By using
this random sampling scheme, the choice probability model (2) remains valid despite only considering
a subset of non-chosen alternatives [22].

4.2.4. Model Selection

The 12 location features used to construct utility models are displayed in Table 3. Similar location
features are often used in residential location choice research [63–65]. Location features were defined
on a statistical ward level, with the exception of % social housing and average house selling price, which
were defined on a municipality level due to the lack of spatially more detailed data. The feature
access to public transport, originally considered in the set of location features, was not retained due to
it causing multicollinearity. The conditional number of the correlation matrix of the design matrix,
constructed with the 12 retained features, had a value lower than 15, indicating absence of excessive
multicollinearity. All features were standardized prior to model fitting. Whereas static features remain
constant throughout simulation, dynamic features depend on the outcome of previous simulation
years. Hence, they were updated and standardized at the start of each simulation year.

Table 3. Location features defined on a statistical ward level used to construct location utility and
choice models.

Static features

Distance to nearest highway entrance/exit
Access to services
% attached single dwelling houses or apartments
% social housing (defined on municipality level)
Average house selling price (defined on municipality level)
Job density
Employment potential (i.e., jobs within 5km)

Dynamic features

Household density
% households owning their dwelling
% households with children
% households with reference person younger than 60 years
% households with reference person having a higher education degree

To select which features were retained for each segment’s utility model, the Akaike Information
Criterion (AIC) was used. The AIC of a model is defined as:

AIC = −2 lnL− 2I (4)

with lnL the log-likelihood of the model, here defined in (3), I the number of independently adjusted
parameters in the model [75].

The AIC penalizes model fit for the number of estimated parameters. A model with a smaller AIC
value is considered more parsimonious, i.e., yielding a similar model fit using less parameter estimates,
compared to a model with a higher AIC value. Final models were obtained by means of backward
iterative feature selection resulting in the highest decrease in AIC.

4.2.5. The Simulation Framework

The microsimulation starts with a given distribution of households at the ward level, belonging
to one of the 12 segments, over all of the dwellings in the study area (Figure 3). Households are
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considered the agents of choice, relocating as a single unit between dwellings. Dwellings are the choice
alternatives and are spatially defined on a statistical ward level. Each ward is characterized by a set
of location features and a residential capacity, i.e., the number of dwellings, which is updated yearly.
For simplicity, we assumed that each dwelling can host one household of any segment. Due to the
lack of more spatially detailed data, we also assumed that all dwellings that belong to the same ward
have identical attributes, being the characteristics of the ward in which they are located. Simulation
was performed in yearly time steps, the distribution of households at the start of each year depending
on the output of the previous simulation year. During each simulation year, residential dynamics
were emulated by means of relocation and demographic change. Demographic change is evaluated
last, after relocations have occurred, to ensure that yearly simulation output respects the HPROM
projections defined on a district level.
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4.2.6. Allocation

The allocation module takes lists of relocating or newly formed households, respectively provided
by the relocation and demographic change modules, and allocates them to individual dwellings.
Allocations are performed iteratively and in a random order. The dwelling that a relocating household
is leaving is first randomly sampled. For this sampling, we use the distribution of the corresponding
segment at the start of the simulation year as weights. Then, the relocating household is probabilistically
allocated to a new dwelling, using the choice probabilities derived from Equation (2). Dwelling
occupancy is updated after each allocation. Occupied dwellings have their choice probabilities set to
zero for subsequent allocations. Dwelling utilities are updated at the start of each simulation year.

4.2.7. Relocation

During each simulation year, the number of relocations for each segment is estimated. For this we
used relocation fractions derived from the number of observed relocations/non-relocations between the
start of 2003 and 2004 (Figure 4). This information was derived from the microsample made available
for this research. We multiplied these fractions with the current populations of the corresponding
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segments to produce a list of all relocations to be performed. This list was then passed on to the
allocation module discussed above.
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4.2.8. Demographic Change

The demographic change module provides yearly predicted changes in household populations per
district. If a segment decreases in size, a corresponding number of households is randomly removed
from the district. If a segment increases in size, a corresponding number of entries are added to a list of
households to be allocated to a dwelling in the district. As before, this list is then passed on to the
allocation module. Demographic change between 2001–2011 was derived from linear interpolation
between the observed values of the last two Censuses. For the period 2012–2040, we used the HPROM
model from the Federal Planning Bureau [61,68]. HPROM covers the natural growth, migration and
household (de)formation components of demographic change. To refine the LIPRO typology [76]
used in HPROM to our 12 household segments, we used membership rates of segments versus LIPRO
classes. This information was derived from the 2011 Census data.

4.2.9. Accuracy Assessment

To assess to what extent the RM framework can recreate past residential dynamics, simulation
was performed between 2001 and 2011, the years of the last two Censuses. Similar to demographic
change for this time period, the yearly number of dwellings per statistical ward was derived by
linearly interpolating the number of dwellings between 2001 and 2011. Considering the stochastic
component of RM and the high level of spatial detail on which dwellings are defined (wards), some
degree of spatial aggregation was required to properly assess simulation performance [77]. Hence,
validation was performed on the 84 municipalities in the study area. Also, since the objective of
RM is to simulate household location dynamics, we focused on assessing the accuracy of simulated
changes per household segment. Scatterplots visualizing simulated versus actual change between
2001 and 2011 were made for each household segment, similar to [38]. To quantify the extent to which
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the scatterplot point cloud approximates the diagonal line, the latter representing perfect accuracy, a
measure called Standard Error around Identity (SEI) was used. SEI is defined here as:

SEI = 1−

∑M
m=1

(
yest,m − yre f ,m

)2

∑M
m=1

(
yre f ,m − yre f

)2 (5)

with yest change in households estimated by means of simulation, yref observed change in households
or a reliable estimate thereof, yre f the mean of yref, M the number of municipalities [31]. SEI values
range between an arbitrary negative value and a maximum positive value of 1. SEI values of 1 indicate
perfect accuracy [77].

When spatiotemporally modelling change of any kind, it is considered good practice to check that
the proposed model outperforms a random model [78–80]. In this study, a random model is defined as
a model with uniform dwelling utilities for each household segment, meaning that each dwelling has
an equal probability to be chosen by any household. SEI values of simulated changes obtained with
the proposed and uniform utility models were compared, both overall and on a per-segment basis.
Overall SEI is defined as a weighted average of per-segment SEI values:

SEI =
S∑

s=1

hs∑
h j

SEIs (6)

with hs the 2011 total number of households from segment s and S the number of household segments,
i.e., 12.

4.3. Scenario Definition

4.3.1. Rationale for Scenario Definition

In this study, scenario analysis was used to explore alternative futures in terms of how spatial
planning policy affects residential dynamics in the study area. The baseline scenario BAU assumed a
continuation of current planning practices. In this scenario, new residential development can occur
in any area where zoning allows it, without spatial prioritization. An alternative scenario, SUS,
envisioning a more sustainable form of urban planning, was also defined. The SUS scenario draws on
the spatial planning strategies of the Flemish and Brussels regional governments. The main objective
of the Spatial Policy Plan for Flanders (SPPF) is to achieve a more sustainable form of spatial planning
that addresses expected demographic and socioeconomic changes in Flanders over the coming decades.
It envisions the concentration of new development near already built-up areas, with the intent of
achieving a higher spatial efficiency, protecting remaining open spaces, countering urban sprawl and
decreasing private car usage. The densification of the existing urban fabric is an important tool to
achieve these goals [14]. The Brussels Regional Plan for Sustainable Development (RPSD) defines 12
high-priority neighbourhoods to address its future expansion. These neighbourhoods are intended to
spatially connect high-density residential–economic activity with the blue and green network, and with
the transport networks of the region. Decreasing private car use is one of the core objectives of this
strategy [15]. In addition to the RPSD, the Brussels region has also developed an urban renewal plan
dedicated to its canal area [81]. Both the SPPF and RPSD acknowledge the importance of interregional
cooperation, particularly in addressing the dire mobility situation plaguing the BCR and its Flemish
vicinity. Considering the importance of more sustainable mobility for both regional spatial strategies,
it makes sense that the SUS scenario uses (metro) railway station neighbourhoods as priority areas
for denser urban development. Figure 5 shows that the vicinities of railway stations are generally
characterized by good access to public transport and services [62].
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4.3.2. Implementing the Two Scenarios

A set of residential constraints, i.e., yearly estimates of dwellings per ward, were defined for
each scenario. The constraints guided microsimulation beyond 2011, which was considered to be the
current situation given the data used. Decision trees were designed for each scenario to estimate the
maximum number of extra dwellings per statistical ward, on top of the dwellings already present in
2011 (Figure 6). The decision tree analysis was performed on a parcel level using land registry and
other data, though results were used on ward level.

BAU decision tree requires parcels eligible for new development to be unbuilt and located in
residential zoning or mixed zoning, including residential. BAU does not consider access to public
transport, services, flood risk or ecological value. Each new parcel outside an urban core that is less
than 2500 m2 in size can only contain one dwelling. This area threshold was based on a random sample
of parcels containing at least one building. Larger parcels are divided in units of 900 m2 per household,
which is the Flemish average. In the BAU scenario, only parcels located in urban cores are considered
for denser dwelling development, following the surrounding dwelling density. Here we defined urban
cores morphologically based on ward-level surface sealing being at least 25%.

In the SUS scenario, residential development is firstly limited to low flood hazard and to areas
with low ecological value. Contrary to BAU, both built-up and free parcels are considered for new
development. Empty parcels within 2250 m of railway stations are candidates for denser development.
The 2250 m threshold represents a short trip covered by bike or public transport [82]. The highest
dwelling densities are appointed to housing expansion areas, i.e., currently empty reserve areas for
new residential development, within the above-mentioned distance from train stations. Note that
contrary to BAU, SUS uses a default residential parcel size of 200 m2 instead of 900 m2. Empty parcels
located further than 2250 m from railway stations are only developed in this scenario if they are located
in an urban core. Built-up parcels follow a separate branch in the decision tree and are densified using
surrounding dwelling density. Another separate branch of SUS decision tree is dedicated to parcels
located within 600 m of important railway stations or any metro station, regardless of whether they are
built-up or not. A railway station is considered important if at least 2000 travellers use it on an average
weekday. The 600 m distance threshold represents short trips on foot [82]. Here, empty space within
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non-historically protected parcels is densified up to 150 dwellings/ha. Overall, residential development
is denser in SUS.
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Starting with the 2011 housing stock, it was assumed that, in the simulation, housing supply on a
district level follows demand dictated by the total number of households plus a 5% margin where
possible. Ward level housing stock never exceeds the scenario-based constraints. In BAU iterative
random sampling of new dwelling locations is applied over all wards until the current year’s housing
demand is met. SUS uses sampling weights proportional to the maximum number of extra dwellings
per ward, reflecting the prioritization of new residential development in areas that are deemed more
interesting according to the logic of the scenario.

Two microsimulations were performed using the residential constraints of the BAU and SUS
scenarios. Apart from the yearly estimates of dwellings per ward, all simulation input was the same.
Simulations begin in 2011, using observed household distributions from the last Census, and progress
to 2040. The output of the two simulations was mapped, analysed and compared.
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5. Results

5.1. Microsimulation Performance

Microsimulation was performed between 2001 and 2011 using choice probabilities derived from
the household location choice models fitted for each household segment. The summaries of these
conditional logistic regression models are shown in Appendix A of this document (Table A1). Validation
scatterplots showing simulated versus observed changes in numbers of households per segment are
shown in Figure 7. Visual inspection of the scatterplots indicates that the microsimulation correctly
reproduces positive and negative trends for each segment. Most observations, i.e., municipalities, are
situated close to the 1:1 line of the scatterplots. Most relative errors, i.e., the absolute error divided by
the 2011 number of households per corresponding segment, are reasonably small, ranging between
0% and 20%. Some larger errors can, however, be observed. An examination reveals that for 9 out of
12 segments, the municipality of Leuven exhibits the largest absolute error (dots with red edges in
Figure 1). The municipalities of the BCR (dots with blue edges in Figure 1) also often display large
errors. Except from segment 12 (renting households whose reference person is older than 60 and does
not hold a higher education degree), all household segments have SEI values larger than 0.
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To perform a somewhat fairer assessment of the microsimulation’s performance, outlier errors
were removed from the scatterplot and SEI values were recalculated (Figure 8). Outlier errors were
identified here as errors located further than 3 standard deviations from the mean error. Between 1
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and 3 outliers were identified and removed per segment. In addition, a comparison was made with
simulation accuracy obtained with a uniform household location choice model, i.e., one with identical
utilities for each dwelling. Note that all segments have positive SEI values for the corrected output,
and 8 out of 12 segments have SEI values over 0.5. Segment 12 still has a notably low simulation
accuracy after correction, with SEI equal to 0.1, though its improvement compared to the uncorrected
SEI is the largest of all segments. Apart from segment 5 (homeowner households without children
and a reference person younger than 60 holding a higher education degree), all household segments
have higher SEI values for the proposed simulation compared to simulation with a random model.
The weighted average SEI values are 0.35 and 0.58 for the uncorrected and corrected simulation output
respectively. For the random model, overall SEI amounts to −1.16.
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5.2. Scenario Predictions

Microsimulation was performed between 2011 and 2040 using the HPROM derived demographic
projections and the BAU and SUS scenario constraints. Overall district-level changes in residential
activity are equal for each scenario; only their spatial distribution over wards differs. Figure 9 shows the
simulated changes between 2011 and 2040. Figure 10 shows the differences between the 2040 scenarios.
The inspection of both maps reveals that new development in SUS is spatially more concentrated
compared to simulated development in BAU. Remote, poorly serviced rural areas are characterized by
negative change in SUS, whereas the same areas often have strong growth in BAU. Within the BCR,
SUS development is grouped around public transport hubs whereas BAU development is spread out
over the region, with some degree of clustering in the municipalities of Sint-Gillis and Vorst, south of
the city center of Brussels.

Outside the BCR, SUS development is clustered around secondary (Leuven) and tertiary urban
cores, and to a lesser extent in the areas between those cores. BAU development outside the BCR
shows some clustering around urban cores, although clearly much of its new residential activity is
scattered over the rural areas of the study area.
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BAU and SUS simulation results are mapped for different segment groupings in Figure 11. Overall,
SUS seems to yield more extreme differences between areas of growth and decline. For households with
children, SUS predicts a pronounced concentration of growth near well-serviced urban hubs, resulting
in negative growth in most other areas, particularly in the districts of Leuven and Halle-Vilvoorde.
Growth of households with a reference person older than 60 seems to be most spread out over the whole
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study area, both for BAU and SUS. Growth in homeowner households and household with a RP holding
a higher education degree is quite dispersed within the districts of Leuven and Halle-Vilvoorde, yet in
SUS these households are drawn to the higher-density development areas identified by the scenario.
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6. Discussion

6.1. Considerations Regarding Microsimulation Performance

The validation of the RM performed between 2001 and 2011 shows its capability to reproduce
changes in residential activity with reasonably accuracy. We show that the proposed models clearly
outperform a uniform household location choice model assigning households randomly to available
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dwellings. Some issues remain to be addressed. From a methodological point of view, we acknowledge
that microsimulation performance may be improved by using more advanced discrete choice algorithms,
such as nested and mixed logistic regression [64,72,83]. These techniques are better suited to address
issues such as agent heterogeneity and spatial autocorrelation. Such models are, however, also more
difficult to calibrate, and do not always yield expected increases in modelling accuracy [84].

The inspection of simulation performance shows that the municipality of Leuven exhibits
disproportionally large errors for each household segment. This can be explained by the fact that
Leuven is a university city with a high share of residing students relative to its population. Belgian
fiscal policy makes it advantageous for students to formally reside with their parents while renting a
second student home in the city where they study. As a result, considerable portions of the housing
stock in university cities are taken up by people that are not official residents. The issue of dealing with
student populations in RM for the UK is addressed in [33,85]. Yet, for this study it was not possible to
obtain reliable data to account for this phenomenon. Secondly, we observe that the microsimulation
performs poorly, in terms of 2001–2011 accuracy, for segment 12, i.e., older lower educated renting
households. This is somewhat to be expected, given that the more complex housing situations of this
segment (retirement/nursing homes, service flats, intergenerational living, social housing reserved for
elderly) are difficult to capture with the limited data at our disposal.

6.2. Scenario Analysis

This paper focuses on the definition of a spatial simulation framework for policy-inspired scenario
assessment. Such an exercise is necessarily bound to the political and socio-economic realities of the area
on which it is performed. The results obtained with the household location choice models (Figures 7
and 8) and the scenario-based microsimulation (Figures 9–11) should thus be interpreted in light of the
rather unique context of residential dynamics in Flanders. Many Flemings prefer to live close to their
family network [86] and/or live in a suburban–rural neighbourhood [87]. This behaviour effectively
reduces the number of longer distance relocations and contributes to the societal normalization of
commuting. Suburban–rural living, and the private car commuting needed to support it, are made
fiscally attractive in Belgium, e.g., by heavily subsidizing company cars [88]. Many Flemings perform
long distance commutes to Brussels on a daily basis. In addition to congestion and its many related
issues, this contributes to the absence of a clear spatial pattern in the residential locations of the Brussels
workforce, contrary to most other European cities [89].

The urban planning scenarios developed for this research represent alternative forms of spatial
planning policy, with BAU akin to weak regulation and SUS representing strong regulation in favour
of residential development in well-serviced areas. Some of the simulated differences between the 2040
scenarios may have a considerable impact on municipal socioeconomic fabric and fiscality. Compared to
BAU, SUS scenario predicts much more concentrated growth of households with children, homeowner
households and higher educated households around urban cores, whereas older households are
spread out more evenly over the study area. SUS even predicts net 2011–2040 negative growth in
households for most rural areas of the study area. Whereas this may make sense from a sustainable
transport perspective, it is likely that measures leading to this outcome will face resistance from rural
populations, unless suitable financial compensation is provided for planned changes in land use. It is
also likely that policies promoting relocation to more urbanized areas will face resistance from many
Flemings who generally prefer rural/suburban living [86,87]. The increase in residential activities
in urban areas predicted by SUS are founded on a spatially explicit analysis of available space on a
parcel level, using areal estimates based on insight from contemporary urban planning. Yet, these
higher densities will have far-reaching implications on how urban spaces are to be designed, including
the private, public or ecosystem facilities needed to support such densities. Policy-makers, planners
and other stakeholders must consider how further increasing density in an area that is already quite
densely urbanized, the BCR, will impact living conditions, and if they are prepared—both politically
and logistically—to take the measures required, and to maintain them over longer periods of time,
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in order to guide this process to an outcome that ultimately benefits a large majority of the population.
We believe, however, that the highest dwelling density proposed in this research (150 dwellings/ha)
allows sufficient provision of green space, services and other urban qualities, if designed properly.

Obviously, the performed scenario analysis has its shortcomings, one of them being that it only
covers two visions of future urban development — for the rather complex case-study of BCR–Flanders.
Secondly, we only explored the impact of differing spatiotemporal distributions of housing stock
defined according to the logic of our urban development scenarios. It goes without saying that
many more factors play important roles in the process of future urban development, including social
inequality, transport infrastructure, social housing, financial crises, urban economy, real estate, and the
popularity of alternative housing strategies (e.g., co-housing). However, as stated above, the proposed
scenario-driven RM is not intended to be final or exhaustive, but only to show that it can be of use to
explore the impact of alternative planning decisions, and how this can contribute to a better informed
debate on the recently proposed strategies of Flanders and the BCR. One possible way to do this would
be by quantifying where 2011–2040 demographic growth will be located in terms of current access to
public transport and services, as determined by [62]. Such a possible analysis is illustrated in Figure 12,
which shows histograms weighed according to predicted changes in households on a statistical ward
level for each scenario. Both in terms of services and transport, and particularly the latter, the SUS
scenario predicts a considerably better 2040 situation compared to residential development predicted
by the BAU scenario. Remarkably, while still being considerably better compared to BAU, most SUS
growth is located in average public transport accessibility areas. This can be explained in part by
the limited space left for new development in areas with good public transport servicing. Another
explanation lies in the constraint of the SUS scenario excluding densification in historically valuable
neighbourhoods, many of which are located in well-serviced areas of the BCR. This constraint could
be partially relaxed in an alternative scenario definition, if deemed necessary. Findings from this,
or similar considerations, could in turn be used to quantify related positive impacts, e.g., reductions in
transport related greenhouse gas emissions, air pollution or road congestion.

Another potentially interesting way to valorise our microsimulation output would be by comparing
it to other demographic projections on spatially detailed geographic units. Such projections have
been made at the level of Flemish municipalities up to 2035, named after the Study Department of
the Flemish Government (SVR) [90,91]. In Figure 13, a comparison is made between SVR and our
own 2011–2035 projected increases in households over the Flemish municipalities of our study area.
Remarkably, BAU predictions seem to correspond strongly to the SVR projections. A comparison
to SUS estimates reveals that the SVR projections have more small growth municipalities in which
SUS growth is (near) zero or even negative. Conversely, SUS also predicts more concentrated growth
compared to the SVR. The SVR projections are based on the cohort-component method [92], which
is a stepwise numerical extrapolation approach supported by assumptions of fertility, mortality and
migration. The cohort-component method does not take into account spatially explicit information
related to how and where expected growth can be allocated. Considering our findings in Figure 13,
it could be stated that BAU is in fact similar to a non-spatial scenario, or at least a spatially trivial
scenario, representing a mere extrapolation from the 2011 spatial distribution of households, itself a
result of decades of urban sprawl. The SUS scenario on the other hand does constitute a clear break
with urban sprawl.
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6.3. Future Opportunities

This study aims to support the claim that the combined use of RM and scenario analysis should
play a more prominent role in integrated urban modelling applications and spatial policy assessment,
as recently proposed by [32]. What sets this study apart from earlier research, e.g., [52–55], is its focus
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on providing a more formal scenario analysis that draws on an extensive set of revelant spatial data.
In addition, we explain in detail which urban planning logic and assumptions are used to define our
scenarios, as well as how this relates to current and potential future planning practice. As agreed upon
in the literature, scenarios should be defined in a transparant reproducable fashion, aiming to be as
relevant as possible to the involved stakeholders [42,43,45,46].

Particularly for the selected case study, there is a need for more scientifically grounded information
to support, or debunk, different narratives on how we can tackle the issues of urban sprawl and
congestion. What is key in this debate, or any discussion involving the future, is open and transparent
communication of the assumptions made to support one’s vision. The analysis proposed in this research
leaves plenty of room for further refinement. Generally, this research would greatly benefit from a more
interdisciplinary approach and the direct involvement of stakeholders, including planning officials,
politicians and citizens. Scenario-wise, there are important developments that could be explored by
means of microsimulation. One such example is the planned construction of the new North–South
metro line in the BCR. Scenario-based RM can be used to assess how this new infrastructure may
impact residential patterns in the region, giving a new perspective on this highly debated project.
A similar analysis can be performed on the GEN railroad network, an ongoing, yet strongly delayed,
project intended to provide better public transport connection between the BCR and its periphery.

7. Conclusions

In this paper a spatial dynamic microsimulation framework is proposed to simulate residential
dynamics in the Brussels Capital Region and Flemish Brabant up to 2040. Simulation is based on two
scenarios entailing alternative visions on future urban development. The BAU scenario constitutes a
status quo with regards to historic urban sprawl, whereas the SUS scenario defines a viable pathway to
more compact urban development. Both scenarios are supported by spatially explicit analysis and rely
on a set of urban development rules. For SUS, inspiration is further drawn from recently formulated
strategic policies in Flanders and the Brussels Capital Region.

The validation over the time period between the last two national Censuses shows that the
proposed simulation approach succeeds in modelling past trends, at least on a municipality level,
outperforming a random model. Running the BAU and SUS scenarios until 2040 results in different
evolutions of ward-level housing stocks. The scenario-based microsimulation results suggest potentially
far-reaching implications: BAU leads to even more urban sprawl; SUS counters this trend at the
cost of strong concentration of growth around urban cores, particularly for the younger household
segments. Spatially detailed information on future distributions of different types of households as
provided by the scenarios may be of use to assess the economic, social and environmental impacts
of alternative pathways of urban development to make better informed decisions on a spatial policy
level and to better prepare for their outcomes. With this work, we contribute to an emerging body
of research underlining the value of spatial microsimulation, used in combination with scenarios,
for policy assessment or integrated urban modelling [32,34,51]. We believe that the modelling approach
proposed in this study, and the outcomes of the scenario analysis presented, will positively contribute
to the ongoing debate on countering urban sprawl in Flanders.
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Appendix A

Table A1. Summaries of the conditional logistic regression models fitted for each household segment.
See Table 2 for household segment definitions.

Segment 1
N = 1000
McFadden R2 = 0.073
AIC = 4284
LL = −2135

Feature coef std err z P>|z| [0.025 0.975]

Household density −0.0766 0.052 −1.486 0.137 −0.178 0.024
Job density −0.0874 0.065 −1.345 0.179 −0.215 0.04
% attached single dwelling houses or apartments 0.1561 0.082 1.907 0.057 −0.004 0.316
% social housing −0.0982 0.044 −2.216 0.027 −0.185 −0.011
% households with children 0.2102 0.07 2.998 0.003 0.073 0.348
% households owning their dwelling 0.4725 0.094 5.012 0 0.288 0.657
% households with RP having a HE degree 0.3828 0.037 10.467 0 0.311 0.455

Segment 2
N = 1000
McFadden R2 = 0.086
AIC = 4217
LL = −2103

Feature coef std err z P>|z| [0.025 0.975]

Distance to nearest highway entrance/exit 0.074 0.035 2.107 0.035 0.005 0.143
% households with RP younger than 60 0.3287 0.084 3.907 0 0.164 0.494
% households with children 0.1895 0.076 2.497 0.013 0.041 0.338
% households owning their dwelling 0.4656 0.063 7.403 0 0.342 0.589
% households with RP having a HE degree −0.472 0.049 −9.624 0 −0.568 −0.376

Segment 3
N = 1000
McFadden R2 = 0.07
AIC = 4297
LL = −2141

Feature coef std err z P>|z| [0.025 0.975]

Employment potential −0.0818 0.052 −1.574 0.115 −0.184 0.02
Job density −0.0925 0.051 −1.822 0.068 −0.192 0.007
% attached single dwelling houses or apartments 0.4049 0.083 4.872 0 0.242 0.568
% households with RP younger than 60 −0.3952 0.069 −5.762 0 −0.53 −0.261
% households with children 0.5783 0.079 7.323 0 0.424 0.733
% households owning their dwelling −0.5308 0.073 −7.226 0 −0.675 −0.387
% households with RP having a HE degree 0.6094 0.039 15.581 0 0.533 0.686

Segment 4
N = 1000
McFadden R2 = 0.104
AIC = 4137
LL = −2063

Feature coef std err z P>|z| [0.025 0.975]

Household density −0.0926 0.038 −2.469 0.014 −0.166 −0.019
% attached single dwelling houses or apartments 0.452 0.081 5.606 0 0.294 0.61
% households with children 0.6775 0.071 9.534 0 0.538 0.817
% households owning their dwelling −0.6722 0.064 −10.443 0 −0.798 −0.546
% households with RP having a HE degree −0.1644 0.047 −3.531 0 −0.256 −0.073

Segment 5
N = 1000
McFadden R2 = 0.039
AIC = 4437
LL = −2302
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Table A1. Cont.

Feature coef std err z P>|z| [0.025 0.975]

Job density −0.067 0.046 −1.442 0.149 −0.158 0.024
% attached single dwelling houses or apartments 0.3149 0.073 4.342 0 0.173 0.457
% households with RP younger than 60 0.2581 0.075 3.419 0.001 0.11 0.406
% households with children −0.2873 0.078 −3.697 0 −0.44 −0.135
% households owning their dwelling 0.7175 0.092 7.798 0 0.537 0.898
% households with RP having a HE degree 0.3121 0.039 8.086 0 0.236 0.388

Segment 6
N = 1000
McFadden R2 = 0.057
AIC = 4355
LL = −2170

Feature coef std err z P>|z| [0.025 0.975]

Access to services 0.1092 0.059 1.849 0.064 −0.007 0.225
Employment potential −0.1372 0.058 −2.381 0.017 −0.25 −0.024
Job density −0.1106 0.069 −1.605 0.108 −0.246 0.024
% households with RP younger than 60 0.5304 0.085 6.214 0 0.363 0.698
% households with children −0.4487 0.077 −5.853 0 −0.599 −0.298
% households owning their dwelling 0.7301 0.094 7.758 0 0.546 0.915
% households with RP having a HE degree −0.3372 0.047 −7.148 0 −0.43 −0.245

Segment 7
N = 1000
McFadden R2 = 0.156
AIC = 3903
LL = −1942

Feature coef std err z P>|z| [0.025 0.975]

Distance to nearest highway entrance/exit −0.1214 0.065 −1.859 0.063 −0.249 0.007
Household density 0.063 0.044 1.423 0.155 −0.024 0.15
Employment potential −0.1221 0.058 −2.101 0.036 −0.236 −0.008
% attached single dwelling houses or apartments 0.3754 0.104 3.62 0 0.172 0.579
Average house selling price 0.1093 0.045 2.423 0.015 0.021 0.198
% households with RP younger than 60 0.4454 0.076 5.861 0 0.296 0.594
% households with children −0.2064 0.087 −2.384 0.017 −0.376 −0.037
% households owning their dwelling −0.1977 0.094 −2.097 0.036 −0.383 −0.013
% households with RP having a HE degree 0.3901 0.062 6.255 0 0.268 0.512

Segment 8
N = 1000
McFadden R2 = 0.094
AIC = 4191
LL = −2086

Feature coef std err z P>|z| [0.025 0.975]

Access to services 0.1572 0.101 1.55 0.121 −0.042 0.356
Household density −0.0707 0.043 −1.635 0.102 −0.155 0.014
Employment potential 0.1428 0.062 2.301 0.021 0.021 0.264
Job density −0.1036 0.04 −2.577 0.01 −0.182 −0.025
% attached single dwelling houses or apartments 0.263 0.119 2.216 0.027 0.03 0.496
% households with RP younger than 60 0.3042 0.073 4.152 0 0.161 0.448
% households with children −0.3408 0.09 −3.788 0 −0.517 −0.164
% households owning their dwelling −0.2391 0.076 −3.129 0.002 −0.389 −0.089
% households with RP having a HE degree −0.3049 0.054 −5.695 0 −0.41 −0.2

Segment 9
N = 1000
McFadden R2 = 0.153
AIC = 3912
LL = −1949

Feature coef std err z P>|z| [0.025 0.975]

Distance to nearest highway entrance/exit −0.1019 0.055 −1.86 0.063 −0.209 0.005
Access to services −0.1682 0.084 −1.998 0.046 −0.333 −0.003
% attached single dwelling houses or apartments 0.3947 0.095 4.146 0 0.208 0.581
% households with RP younger than 60 −0.8148 0.078 −10.444 0 −0.968 −0.662
% households with children 0.2572 0.086 2.984 0.003 0.088 0.426
% households owning their dwelling 0.327 0.097 3.382 0.001 0.138 0.516
% households with RP having a HE degree 0.8761 0.041 21.579 0 0.797 0.956
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Segment 10
N = 1000
McFadden R2 = 0.061
AIC = 4336
LL = −2163

Feature coef std err z P>|z| [0.025 0.975]

Distance to nearest highway entrance/exit 0.1209 0.039 3.131 0.002 0.045 0.197
Employment potential −0.1874 0.055 −3.389 0.001 −0.296 −0.079
% attached single dwelling houses or apartments 0.3046 0.071 4.317 0 0.166 0.443
% households with RP younger than 60 −0.3645 0.067 −5.419 0 −0.496 −0.233
% households owning their dwelling 0.5533 0.086 6.427 0 0.385 0.722

Segment 11
N = 1000
McFadden R2 = 0.13
AIC = 4019
LL = −2003

Feature coef std err z P>|z| [0.025 0.975]

% attached single dwelling houses or apartments 0.3852 0.073 5.3 0 0.243 0.528
% social housing −0.0658 0.04 −1.653 0.098 −0.144 0.012
Average house selling price −0.0625 0.041 −1.526 0.127 −0.143 0.018
% households with RP younger than 60 −0.7572 0.064 −11.789 0 −0.883 −0.631
% households owning their dwelling −0.6641 0.073 −9.148 0 −0.806 −0.522
% households with RP having a HE degree 0.5994 0.049 12.295 0 0.504 0.695

Segment 12
N = 1000
McFadden R2 = 0.116
AIC = 4081
LL = −2034

Feature coef std err z P>|z| [0.025 0.975]

Employment potential −0.0792 0.051 −1.556 0.12 −0.179 0.021
% attached single dwelling houses or apartments 0.4104 0.09 4.538 0 0.233 0.588
% households with RP younger than 60 −0.5349 0.066 −8.073 0 −0.665 −0.405
% households with children 0.1282 0.082 1.565 0.118 −0.032 0.289
% households owning their dwelling −0.745 0.062 −11.937 0 −0.867 −0.623
% households with RP having a HE degree −0.0971 0.05 −1.954 0.051 −0.194 0
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