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Abstract—Urban sprawl has been identified as a major issue
for sustainable development. Energy consumption isuburban
buildings, in particular, is a widespread issue beause detached
types of houses require significantly more energyotbe heated
than more compact urban forms. Energy efficiency isoften
presented as a viable approach to the mitigation oflimate
change, but research and studies mainly contend it
individual buildings and do not address this issueat larger
territorial scales or for a whole building stock. In this respect,
this paper first presents a morphological definitiom of urban
sprawl. This definition uses territorial and cadastal data
available for the Walloon region of Belgium. Using this
definition, a suburban type classification adaptedto thermal
studies is drawn up. A representative block of eacliype is
selected to model energy use and to determine thatdl energy
consumption of the whole suburban building stock. A
application is then presented concerning a compaims of
potential energy savings associated with several mevation
strategies. The results of this exercise are preged and
highlight the benefits of combining Geographic Infemation
Systems (GIS) tools, territorial data and thermal Bnulations
for the efficient energy management of suburban aw@s at the
scale of the whole building stock.

Keywords-urban sprawl; territorial data; urban GlSenergy
consumption.

l. INTRODUCTION

The expansion of urban areas, commonly referreasto
urban sprawl, has been identified as a major ideue
sustainable development [1]. Although opponentsprawl
argue that more compact urban forms would signifiya

Much research has focused on urban sprawl andrhas i
particular identified energy consumption in subuarb@auses

as a major issue because detached houses consume

significantly more energy than compact urban forms
[1][9][10][11]. In the actual context of increasing
environmental awareness, energy efficiency in lngsl is in
fact a topic widely studied in the literature anéteo
presented as a viable approach to the mitigatioadliofate
change. It has also become a central policy targehe
European Union at both the national and local E{E2]. A
well-known example of this dynamic is the adoptior2002
and the progressive integration into local laws tbé
European Energy Performance of Buildings Directive
(EPBD). This directive requires all European coigstrto
strongly enhance their building regulations and saim
primarily to establish minimum standards for theergry
performance of new buildings and existing buildingger
than 1000 mz2 that are subject to major renovati@j [
Although this is a good step towards more sustditab
in the building sector, two objections can be meaehis
directive and to much of the existing research amudlels.
First of all, they adopt the perspective of theividlal
building as an autonomous entity and neglect thgoitance
of phenomena linked to larger scales, although siat
made at the neighborhood and regional levels haperitant
consequences for the performance of individual diujs
and the transportation habits of the occupants[I4][]L5].
Moreover, this approach is difficult to generalipeaddress
the sustainability of a whole territory. Secondlye EPDB
Directive mainly applies to new buildings, whereth®
existing building stock is huge, often poorly omrasulated

reduce energy consumption both in the building andnd takes a very long time to be renovated.

transportation sectors [2][3][4][5], low-density sidential
suburban districts are a reality in our territorzesl continue
to grow. Such patterns of development are foundbath
developed and developing countries [6][7][8].
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To effectively address the issue of energy efficiem
the whole suburban building stock and to help retieh
climate change targets adopted in the scope afigtienal
agreements, it is essential to surpass this “single-
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building” approach. A large amount of territoriahtd is
available, but it is rarely used where the sustility of the
territory, in particular the issue of energy congtion in
buildings, is concerned. We propose to exploit ehgeta, in
combination with thermal simulations and
performance indicators, to draw a regional cadastemergy

buildings) varies from a census block (i.e., a heaghood in
urban areas and a village in rural areas with ntioae 150
inhabitants) to an aggregation of several censuxkbl
separated by less than 100 meters. Updated in[2@]1this

energyclassification more adequately fulfills our purpoas it

embraces morphologically contiguous urbanized aseab

consumption in suburban areas and to test the impfac crosses over municipalities’ boundaries. Howeveralrand

regional strategies applied to the whole suburbaitdibg

stock. Note that the definition and the buildingpay

classification presented in this paper can alsadspted to
urban and rural areas to cover the whole regi@mnetdry.

In Section 2, the paper presents a morphologice

definition of urban sprawl adapted to thermal stadiThe
suburban building stock referred to by this defamitis then
classified into representative categories of bnddi and
neighborhoods (Section 3). This typological apphohaas
already been used in the literature and proved eoob
interest [2][11][16][17]. Two applications are piged in
Section 4 to highlight the usefulness of this applo a
calculation of the energy consumption of the whsalburban

area of the Walloon region and a comparison of ethre

renovation strategies at a regional scale. Our rfiadings
and the reproducibility of this approach are disedsin
Section 5.

II. A MORPHOLOGICALDEFINITION OFURBAN SPRAWL

In this section, the existing classifications conmigo
used in Belgium are presented together with thmiitdtions
as far as morphological studies are concerned. |Dese on

this basis, our classification of urban types isspnted and

compared with existing ones and with an empiricaysy.

A. Theexisting classifications

Based on qualitative and quantitative data, Van d

Haegen and Van Hecke’s urban type classificati@)[19]
(Figure 1) assigns the 262 Walloon municipaliti689 in
Belgium) to four categories based on the leveladilities
provided and on residents’ locations with respectvork,
shopping and services. This classification follaivs same

suburban areas are not differentiated.

v
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Figure 1. Van der Haegen and Van Hecke’s urbandigssification.
“Operational agglomerations” are black; “suburbe? dark blue, dark
yellow and dark green; “alternating migrants area®’light blue and light

green and “other areas” are white.

Figure 2. Very different types of districts are fauinside each urban type
highlighted in Van der Haegen and Van Hecke’s diaasion. Example of
a very dense district and a suburban district éxtat the “operational
agglomeration” (municipality of Liege).

philosophy as the UK's OPCP and the ECOTEC'’s urban

categories. The “operational agglomeration” is Hase the
morphological agglomeration. The “suburbs” are fhst
suburban area of a city. The density of populatimains
less than 500 inhabitants per square kilometera#\tecated
further from the city, while keeping strong relatships with
it (namely through home-to-work commutes), conttitilhe
“alternating migrants area,” whereas the remairiragns are
grouped under the “other areas” term. This catedbug
comprises not only rural and suburban districts &isb
secondary cities and municipalities located outstte

influence of the main agglomerations. Although urba

sprawl is particularly linked to the “suburbs” artte
“alternating migrants areas” [20], low-density sthman

neighborhoods are found in the four urban categorie _

because the boundaries of the urban types are eatlapt
administrative borders, as observed in Figure 2.

The Belgian urban settlements zoning (Figure 3pis

finer representation [21]. The size of an urbartlesaent
(defined as groups of population living in neighimod
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Figure 3. The Belgian urban settlements zoninggd).
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B. Drawing a morphological urban type classification

Although the two previous classifications are oftexed
in national and regional research dealing with peian and
socio-economic issues, they do not seem adapted
morphological studies and do not allow the clear
identification of suburban areas. To propose a ebett
definition, an extensive review of the literatureditated to
urban sprawl was performed and three main charsibtsr
of this phenomenon were highlighted: (1) low dens{2)
mono-functionality and (3) discontinuity with trédnal
urban cores. The first parameter in particular liesely
linked to the morphology of buildings.

To determine our morphological urban type
classification, we used the following territorichte set at a
disaggregated scale:

Cartography (1/10,000) of the buildings and pldts o
the Walloon region drawn by the regional

administration in charge of cartography;

Cadastral database: buildings’ date of construgction
type of buildings (i.e., housing, commercial).

We calculated the density of dwellings (shops, etho
and others buildings were eliminated) in each &f 730
census blocks of the Walloon region of Belgium. Sehe
census blocks were then classified according tovéthge of
this index. The frequency distribution was dividatb four
parts, each containing a quarter of the populgfiogure 4).
The two central intervals (density in the range5ofo 12
dwellings per hectare) are identified as the sudnurb
territory, as 52% of the building stock of Belgium
composed of detached and semi-detached housesusCen
blocks presenting a dwelling density higher than 12
dwellings per hectare are identified as “urbanritst’, and
those with a density lower than 5 dwellings pertaiec are
considered to be “rural districts”. Figures 5, @l ahpresent
the census blocks associated with each type. Tpsoach
crosses over municipalities’ boundaries and disistges
three urban types based on morphological crit®@e that
in the rest of the paper, we will only consider tuburban
territory (Figure 6). However, the developmentsspraed
below are also easily applicable to urban and ianeds.

500

5, 035753
5013209
11,738604
49,58429583

400

300+

200

100+

0
0,010169

T T T
12468373 24 926576 37384780 49,842983

Figure 4. The frequency distribution of the densityhe 9,730 census
blocks. Quatrtiles are used to determine the urbem @ensity > 12
dwellings per hectare), the suburban area (5 dwihensity < 12 dw/ha)

and the rural area (density < 5 dw/ha).
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Figure 5. The urban area: districts presentingilh density higher than 12
dwellings per hectare.

Figure 6. The suburban area: districts presentimgjladensity in the range
of 5 to 12 dwellings per hectare.

A

Figure 7. The rural area: districts presentingié Bansity lower than 5
dwellings per hectare (including unbuilt censuskg).
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C. Comparison of our classification with existing ones answered “suburban area” instead of “rural areal’ @®%

The main assumption that guided the definition of o rural area” instead of “suburban area”. This lestult can
classification is that suburban districts are spreat over D€ explained by the large dispersion of suburbatricis
the whole territory, as observed in Figure 6. Tdedinition ~ Within the territory; several people chose “ruraiea
thus resolves the issue highlighted in Section 2 anPecause of a huge distance to the city center. Astoine
overcomes the two disadvantages of the existin?”t’?”‘"1 given by the respondents to define urbgawl and
classifications as far as morphologic researctoicerned. Justify their choice, low-density, a large detactmedise with
Note that our definition of the urban areas comesis fairly ~ & 9arden located in a green environment, a quigtagmment
well to the urban settlements zoning. In addition,are able @nd the distance to city centers were most ofteeri ci
to differentiate suburban and rural areas.

The number of suburban districts in each munidipali ] i THETYPOLOGICALCLASSIFIC_ATION
was then calculated and is presented in Figuretgtdight Finally, we studied a random selection of 300 heuse
the parts of the territory where urban sprawl isiown. This ~amongst the 702,000 suburban buildings identifigdobr
confirms that central municipalites (in particulahe  definition (Figure 6). We extracted, for each orbe
municipality of Namur in the center of the regioterritory) ~ following data: the type of neighborhood in whitte thouse
may also contain a huge number of suburban lowitjens is located, the dimensions, the number of levéls,type of
districts and that classification based on munlitipa’  house (detached, semi-detached and terraced) amd th
boundaries is not adapted to research dealing with dimensions of the plot on which the house is built.
morphology of the urban form. The north part of the The neighborhood classification only takes intocact
Walloon region (the Walloon Brabant, in the inflcenarea the shape of the neighborhood, as our study deats w
of the metropolitan area of Brussels) is partidylar morphological criteria. The neighborhood classtfma
concerned with urban sprawl. To a lesser extertyrhan  assigns the 300 samples to four main categoriesi@&i9).
districts are also located in the southern, lesaselg ~ The linear district is composed of houses locatedboth
populated part of the region, and particularlytie extreme sides of a road linking former villages or townsisT type

south under the influence of the metropolitan acfa represents 21% of the suburban building stock. Jérai-
Luxembourg. detached district (8%) consists of detached andi-sem

detached houses. The “plot” district (20%) comesnfithe
division by a private developer of a large sit@imtdividual
plots and internal roads. The mixed district (30%0)nore
heterogeneous and is made up of individual housgether
with older types of buildings (farms, old houset;.)e A
“composite” type is added to classify suburban kdéoc
consisting of two different types of structures {9%2% of
our sample does not correspond to any of thesestype
considered these biases as acceptable in a staliggleith
the whole suburban building stock of a region.

Secteurs statistiques "périurbains" A
- 100
* 500
* 1,000

@ 500 —
@ 0000

Figure 8. The number of suburban districts (bugihsity in the range of 5
to 12 dwellings per hectare) per municipality.

D. Comparison of our classification with a sample of Figure 9. lllustrations of the four suburban blacksThe linear block; 2.
inhabitants The semi-detached block; 3. The plot block; 4. Tritbeed block.

To test the relevance of the definition of urbarasp in Analyses were then performed to identify the main
our urban type classification, a survey was cor@llict characteristics of the suburban building stock. akgé
amongst a sample of 480 people working at the Usityeof  amount of the suburban building stock is composéd o
Liege [23]. These people were asked, amongst othefouses with a surface area in the range of 105@a#. The
questions dealing with urban sprawl and their qyialf life,  mean surface area of the suburban building stod2@sm?
to give their address and to specify in which atesy live  (standard deviation=40). The linear type is paktidy made
(Wlth a choice available between Urban, suburbamnuoal up of houses with a surface area in the range bpftad 50
districts) without any former indications. Theirsppnses mgz Large houses are also mainly found in plotridist
were encoded in a GIS and compared with our cleasn  \whereas semi-detached districts are mainly madeofup
based on the built density. The results are quitedgas the pyildings with a surface area less than 100 m2. ffibed
majority of the answers given by the sample of PeOp type is characterized by a wider distribution amtmey four

corresponded to our classification. Only 2.7% spandents  classes, confirming the definition of this type,igthis based
chose “suburban area” instead of “urban area’, 1.9%
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on the diversity of the type and surfaces of boidi
encountered. Buildings larger than 200 m2 are akahly
found in the plot (very large houses on very |gptyes built
by rich households) and mixed (old farms) typeslisfricts.
The size of the plots is not linked to the sizéhaf houses as
a Rz of only 0.2 has been calculated.

The “before 1930” and “between 1961 and 1980" @sass
of ages are well represented, which highlights edfifit
phenomena. First of all, the existing suburbanding stock
is old, and the renovation of the building stockasticularly
low. Secondly, urban sprawl was particularly popdtam
the “golden sixties” until the eighties. After thathe
phenomenon was still present but slowed down. Bigkl
built before 1930 are mainly located in mixed disér
(64.8%), whereas those built after 1960 are mdmiynd in
plot and, to a lesser extent, linear districts. iSg@ached
districts are represented in each class of agerdtauction,
which tends to prove that these kinds of suburbmamg
(mainly social housing built by public developeraje
developed in all time periods.

TABLE I. SURFACEAREA OF THESUBURBAN BUILDING STOCK
Partition by age class
50-100 m? 101-150 m2 150-200 m2 | >200 m?
31.5% 4.5% 15.0% 6.0%
TABLE II. AGE OF THESUBURBAN BUILDING STOCK

Partition by age class
1931-1960 1961-1980

14.3% 30.0%

Before 1930
38.3%

1981-1996
10.4%

After6199
7.0%

We finally combined the surface area of the hotise,
age of construction and the type of district tohfight the
most common combinations:

and the evolution of construction techniques, tive fige
categories (pre-1930, 1931-1960, 1961-1980, 1986 5ad
1996-2008) were used to approximate a mean thermal
conductivity of external fagades from a “standard”
composition of facades and from glazing attributasthe
building envelope in each category. Detailed valiggazing

and wall heat transfer coefficients and composjtiane
available in [11]. Dynamic thermal simulation scdiw was
then used to model each type of building and tcutate
their energy requirements for heating (in KWh/mérye

The annual energy requirement for heating the whole
suburban building stock was calculated accordinght®
partition of each type of building in the whole sutan area
of the Walloon region. The total annual energy negment
is equal to 19,914 GWh. The mean consumption fatihg
is equal to 232.8 kWh/m2.year.

A clear difference is observed between the heating
energy requirements of houses and neighborhoods bui
before and after the first thermal regulations aedpn the
Walloon region. Houses built after the first regiglias
consume 130 kWh/m2 or less annually, whereas thage
before 1980, especially dispersed houses, consuumeZ35
to 401 kWh/m2 annually. For semi-detached and ¢eda
houses, the annual energy consumption falls bet&éeamd
319 kWh/m2 depending on the age of the buildingr Fo
buildings of the same age, semi-detached and &gtrac
houses consume 14.6% to 23.6% less energy thachéeta
houses, highlighting the effect of connectivity the energy
performance of buildings.

B. Theimpact of renovation strategies

Figure 10 presents the potential energy savings
associated with three renovation strategies dealirtty
energy efficiency in comparison with the existiriguation
(EX as calculated in the previous section). We rdeteed
the potential energy savings associated with & liglgrade

+ 101-150 m2 houses built before 1930 in a mixed(insulation in the roof and new high-performancazgig) of

district (11.9% of the suburban building stock).

50% of the pre-1981 building stock (SC 1). This@otould

« 101-150 m2 houses built between 1961 and 1980 in Egduce energy consumption of the whole suburbaldibgi

linear district (6.9%).

stock by 10.8%. Adopting a more ambitious policy

e  50-100 m2 houses built before 1930 in a mixed(improvement of the insulation of the whole builglin

district (5.1%).

envelope) targeted at the 1961-1980 building s{&¢k 2) is

. 101-150 m2 houses built between 1961 and 1980 in MOre interesting as far as energy savings are ooede

plot district (5.0%).

¢ 101-150 m2 houses built between 1961 and 1980 in

plot district (5.0%).

IV. APPLICATION. ENERGY MODELING

In this section, the energy modeling of existinglding
stock based on the previous classification of udypes is
first presented. The suburban type classificatiothén used
to compare three renovation strategies at a regsmade.

A. Energy modeling of the existing building stock

A representative block and a representative bugldif
each type highlighted in the classifications wezkected to
model the energy use of the whole suburban teyridbrthe

250

232.8 kWh/m?*.year

200 207.7 kWhim®.year
150
100
50
o T
sc1 sc2

EX

173.8 kWh/m?.year

l;hm.year
5C3

Figure 10. Potential energy savings (in kWh/m2.yeelated to three

Mean energy consuption in kWh/m?2.year

Walloon region of Belgium. Based on the evolutioh o renovation strategies dealing with the improvenwrnergy efficiency in

regional policies concerning building energy parfance
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the existing suburban building stock.
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In fact, as cavity walls became widely used afte6Q,
these houses are particularly well adapted to meswlation
techniques used to retrofit existing walls (insolatis blown
into the cavity), and insulating the roofs, thebslaand
replacing glazing is fairly easy to achieve. Thigpm@ach

[3] P. Newman and J.R. Kenworthy, “Cities and Automebil
Dependence: A sourcebook,” Aldershot: Gower Pubigh
Co, 1989.

[4] P. Newman and J.R. Kenworthy, “Sustainability arte€:

overcoming automobile dependence,” Washington Bfant
Press, 1999.

could reduce energy consumption of the whole suburb |5, K steemers, “Energy and the city: density, buifgirand

building stock by 26.5%. In the last scenario (SC \8e

transport,”. Energy and Buildings, vol. 35(1), 20pB. 3-14.

assumed that the whole suburban building stock wag] K. S. Nesamani, “Estimation of automobile emissi@msl

retrofitted to fit actual standards for new builgn The

control strategies in India," Science of the T&alironment,

resulting energy savings are huge (62.6%). However, Vol. 408, 2010, pp. 1800-11.

retrofitting the whole building stock is a veryfitifilt target
to reach even if households could significantlyue their
energy consumption.

V. CONCLUSIONS ANDFUTURE WORK

Based on cadastral and territorial data, we deeelap
morphological definition of the Walloon suburbamritery
and a typological classification of suburban disériand
residential buildings. The proposed definition a#al us to
guestion the relevance of the existing classificatf urban
types and to prove the validity of a finer repreagan,
especially as far as morphological studies are eromed.
Thermal simulations were thus performed on a repitasive
block / building of each type highlighted in thessification
to estimate the energy consumption of the wholeudhan
building stock at a regional scale. The classificatvas then
used to assess the impact of two renovation stestegd to
compare their value as far as energy savings areecoed.
The paper has thus highlighted the benefits of qusatS
tools for territorial management and thermal topithe
combination of thermal simulations with territoridhta, in
particular, is relevant and useful to effectiveljdeess the
issues related to energy efficiency in the buildsegtor at a
territorial scale. The same exercise will now bedu®r the
urban and rural parts of the territory to addrdss whole
regional building stock and to highlight the urlidacks that
are a priority for retrofitting or for increasedrdity. Finally,
the method is sufficiently general, and the datedus
Belgium are widely available in other regions, whinakes
the definition and the suburban type classificateasily
reproducible in other territories.
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