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a  b  s  t  r  a  c  t

Zero-energy  buildings  (ZEBs)  are  attracting  increasing  interest  internationally  in policies  aiming  at  a more
sustainably  built  environment,  the  scientific  literature  and practical  applications.  Although  “zero  energy”
can  be  considered  at different  scales  (e.g.,  community,  city),  the  most  common  approach  adopts  only  the
perspective  of  the  individual  building.  Moreover,  the  feasibility  of this  objective  is  not  really  addressed,
especially  as  far  as  the  retrofitting  of  the existing  building  stock  is concerned.  Therefore,  this  paper  aims
first  to  investigate  the  opportunity  to  extend  the  “zero-energy  building”  concept  to the  neighbourhood
scale by  taking  into  account  two  main  challenges:  (1)  the  impact  of  urban  form  on  energy  needs  and
the  on-site  production  of renewable  energy  and  (2)  the  impact  of  location  on  transportation  energy
consumption.  It  proposes  a simplified  framework  and  a  calculation  method  that  is  then  applied  to two
aily mobility
n-site renewable energy
rban form
uilding stock
etrofitting
nergy mutualisation

representative  case  studies  (one  urban  neighbourhood  and  one  rural  neighbourhood)  to investigate  the
feasibility  of  zero-energy  in existing  neighbourhoods.  The  main  parameters  that  act  upon  the  energy
balance  are identified.  The  potential  of “energy  mutualisation”  at the  neighbourhood  scale  is  highlighted.
This  paper  thereby  shows  the potentialities  of  an  integrated  approach  linking  transportation  and  building
energy  consumptions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

.1. Zero-energy at the building scale

The building sector is a major consumer of energy worldwide
1–3]. For example, it represents over 40% of the overall energy
onsumed in the European Union [1–3]. In the current context of
rowing interest in environmental issues, reducing energy con-
umption in the building sector is an important policy target.
oliticians, stakeholders and even citizens are now aware of the
ssue of energy consumption in buildings, especially as a result
f the passage of the European Energy Performance of Buildings
irective and its adaptation to the Member States. Its main aim
as to establish minimum standards for the energy performance

f new buildings and existing buildings larger than 1000 m2 subject
o major renovation [4]. Another major trend commonly proposed
o reduce the energy consumption of the existing building stock is

he improvement of the thermal performance of the envelope of
xisting buildings (sometimes in combination with more efficient
eating/ventilation systems) [1,3]. As a result, new construction

∗ Corresponding author. Tel.: +32 4 366 93 67; fax: +32 4 366 29 09.
E-mail address: afmarique@ulg.ac.be (A.-F. Marique).

ttp://dx.doi.org/10.1016/j.enbuild.2014.07.006
378-7788/© 2014 Elsevier B.V. All rights reserved.
and renovation standards ((very) low-energy standards, passive
house standards) [5–7] have been developed to drastically min-
imise the energy consumption of new and retrofitted buildings and
the associated greenhouse gas emissions. During the last few years,
“zero-energy buildings” have aroused increasing interest interna-
tionally in the scientific literature (e.g., [8–14]), policies aiming at
a more sustainable built environment and even concrete applica-
tions.

In the literature, the “zero-energy” objective is most often con-
sidered on the building scale. Although existing definitions are
commonly articulated around an annual energy balance equal to
zero (the energy demand of the building is compensated by its
renewable production) [10,11], numerous differences exist and
several definitions coexist [8,12] depending on such elements as
specific local conditions, political targets, connection (or not) to the
grid and measures to address energy efficiency before using renew-
able energy sources. The “zero-energy building” (ZEB) is presented
as a general concept that also includes autonomous buildings not
connected to energy grids. The term “net zero-energy building”
(nZEB) “underlines the fact that there is a balance between energy

taken from and supplied back to the energy grids over a period of time,
nominally a year” [8, p. 220]. The concept of a “nearly zero-energy
building” is presented by the European Directive on the energy per-
formance of buildings [15] as a “building that has a very good energy

dx.doi.org/10.1016/j.enbuild.2014.07.006
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2014.07.006&domain=pdf
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dx.doi.org/10.1016/j.enbuild.2014.07.006
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erformance. The nearly zero energy or very low amount of energy
equired should be supplied to a very significant extent by energy from
enewable sources, including energy from renewable sources produced
n-site or nearby”.

Other derived concepts are also found in the literature based on
arious balance metrics [9]. For example, Torcellini and Crawley
9] defined four net zero-energy building balances (net zero pri-

ary energy, net zero site energy, net zero energy cost and net
ero emissions) and Mohamed et al. [16] investigated them for a
ingle-family house with different heating alternatives. For Voss
t al. [10,17], a clear definition, standardised balancing method and
nternational agreements on the meaning of “zero-energy building”
ZEB) are lacking.

To address this issue, Marszal et al. [12] recently proposed
 review of the existing ZEB definitions and various calculation
ethodologies. They highlighted seven main issues to be addressed

n further definitions: the metric of the balance, the balancing
eriod, the type of energy use included in the balance, the type of
nergy balance, the acceptable renewable energy supply options,
he connection to the energy infrastructure and finally the require-

ents for the energy efficiency, the indoor climate and, in the case
f grid-connected ZEB, the building-grid interaction. Amongst the
ore complete existing approaches, Sartori et al. [8] developed a

ystematic, comprehensive and consistent definition framework
or “net zero-energy buildings”. They considered “all the relevant
spects charactering net ZEB and aims at allowing each country to
efine a consistent (and comparable with others) net ZEB definition

n accordance with the country’s political targets and specific condi-
ions” [8, p. 221]. This framework is articulated around two  types
f annual balances: the import/export balance (balance between
elivered and exporter energy) and the load/generation balance
balance between load and generation). The monthly net balance
an also be determined according to the same philosophy [8]. Voss
t al. also [10] proposed a harmonised terminology and balancing
rocedure that takes into account the energy balance as well as
he energy efficiency and load matching and highlighted that “it is
he optimisation and not the maximisation of electricity exported to
he grid that is an essential planning goal for net zero-energy build-
ngs, in addition to the reduction of energy consumption” [10, p. 55].
hese authors proposed a new label (ZEB x) allowing the distinc-
ion between the need for seasonal compensation (the lower the
x” value, the lower this need for compensation). In the same vein,
rinivasan et al. [18] introduced a “renewable emergy balance” as a
ool to ensure that buildings are optimised for the reduced con-
umption of resources and that the use of renewable resources
nd materials is optimised over the entire lifecycle of the build-
ng. Pless and Torcellini [11] ranked the renewable energy sources
sed in a building to propose a classification grading system for ZEB,
ased on renewable energy supply options. The goal of this work

s to encourage, first, the utilisation of all possible energy-efficient
trategies and, then, the use of renewable energy sources and tech-
ologies located on the building [19]. Attia et al. [20] developed
ne of the only decision support building simulation tools that can
e used as a proactive guide in the early design stages of residen-
ial net zero-energy building design. This tool is designed for a hot
limate (Egypt) and allows for the sensitivity analysis of possible
ariations of nZEB design parameters and elements to inform the
ecision-making process by illustrating how these variations can
ffect comfort and energy performance.

As far as policies are concerned, the ZEB is currently receiving
n increasing amount of attention in several countries [12–14].
n Europe, the recasting of the European Performance of Build-

ngs Directive (EPBD) requires all new buildings, built in Member
tates, to be “nearly zero-energy” buildings (nZEB) by 2020.
s a consequence, Member States are currently implementing

his objective into their own national regulations [14]. The zero
 Buildings 82 (2014) 114–122 115

objective will then be extended to existing buildings undergoing
major retrofitting works [15]. In the United States of America, the
Energy Independence and Security Act (2007) [21], which concerns
the energy policy of the entire country, aims to create a nationwide
net zero-energy initiative for houses built after 2020 and commer-
cial buildings built after 2025. The Asia-Pacific Partnership on Clean
Development and Climate, a public-private partnership of seven
countries (Australia, Canada, China, India, Japan, South Korea and
the United States of America), aims also at promoting the develop-
ment of net zero energy homes [13].

In practice, several buildings have recently been built that prove
that “zero energy”, at the building scale, is feasible. Most of these
existing zero-energy buildings are (small or large) residential build-
ings and office buildings [17,22]. Fong and Lee [23] showed that the
net zero-energy target seems not to be possible for high-rise build-
ings in Hong Kong. However, they note that it is feasible for low-rise
residential buildings in this subtropical climate.

1.2. Zero energy at the neighbourhood/community scale

Generally speaking, most papers investigating energy issues at
the neighbourhood/community scale focus on either the impact of
urban form on energy consumption in buildings [e.g., 24–26] or
the potential of solar energy utilisation for active and passive solar
heating as well as photovoltaic electricity production, lighting and
related energy supply and demand [e.g., 27–30]. Hachem et al. [31]
studied and compared the electricity generation potential of neigh-
bourhoods and their energy performance in terms of heating and
cooling and found out that a significant increase in total electricity
generation can be achieved by the building integrated photovoltaic
systems of housing units of certain shape-site configurations, as
compared to their reference case. They also highlighted that the
energy load of a building is affected by its orientation and shape.
The impact of urban form on transportation energy consumption
has also be widely highlighted in the literature, but it is considered
either alone [e.g., 32–36] or, in a few studies, in comparison with
building energy consumption [e.g., 37–39].

Studies and reports dealing with zero energy at the neigh-
bourhood/community scales are few in number. The framework
proposed by Sartori et al. [8] can also be applied to a cluster of build-
ings. Kennedy and Sgouridis [40] addressed the question of how to
define a zero-carbon, low-carbon or carbon-neutral urban devel-
opment by proposing hierarchical emissions categories. Todorovic
[41] investigated the role of simulation tools in the framework of
zero-energy urban planning. The National Renewable Energy Lab-
oratory [19, p. 4] defined, in a technical report, a “zero net energy”
community (ZEC) as “one that has greatly reduced energy needs
through efficiency gain such that the balance of energy for vehicles,
thermal, and electrical energy within the community is met  by renew-
able energy”. They highlighted [19, p. 1] that “community scenarios
could link transportation, home and the electric grid as well as enable
large quantities of renewable power onto the grid”. They also applied
the ZEB hierarchical renewable classification proposed by Pless and
Torcellini [11] to the concept of community to focus on the mode
and location of production of renewables. A community that met
the zero energy definition thanks to renewable energies produced
within its built environment (or in brownfields) is at the top of the
classification (rank A) whereas a community that met  the definition
through the purchase of renewable energy certificates is ranked C.

Although not specifically dedicated to the “Zero-energy” objec-
tives, several neighbourhood sustainability assessment tools have
recently been developed [42]. Examples of these NSA tools are,

amongst others, the STAR Community Rating System (Sustaina-
bility Tools for Assessing and Rating Communities) [43] and the
US Green Building Council’s LEED-ND (Leadership in Energy and
Environmental Design—Neighbourhood Development) [44] in the
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nited States, BREEAM Communities (BRE Environmental Assess-
ent Method) in the United Kingdom [45], HQE2R (Haute Qualité

nvironnementale et Économique dans la Réhabilitation des bâti-
ents et le Renouvellement des quartiers) in France [46] and

ASBEE-UD (Comprehensive Assessment System for Built Environ-
ent Efficiency–Urban environment) in Japan [47]. These tools aim

o assess and rate communities and neighbourhoods against a set
f defined criteria and themes. They propose a checklist of criteria
mainly optional) and a range of various guidelines to help local
takeholders, designers and citizens move towards more sustaina-
ility. Although they all include a large theme dedicated to energy,
hey neither allow a quantitative assessment of energy consump-
ion or GHG emissions nor the evaluation of the energy efficiency
f retrofitting scenarios.

As far as concrete projects are concerned, the West Village
s a net zero-energy community, including 662 apartments and
43 single-family homes, under construction in Davis, California
48,49]. Another interesting development at the neighbourhood
cale is the Beddington Zero (fossil) Energy Development (BedZED)
ustainable neighbourhood, which was intended to be the UK’s
argest mixed-use zero-carbon community. However, the zero
bjective was not achieved. Others examples of very low energy
eighbourhoods include Hammarby Sjosjad, Augustenborg and
O01 in Sweden, Vauban and Kronsberg in Germany, Eva-Lanxmeer

n the Netherlands and Vesterbro in Denmark [50]. Finally, IEA-EBC
International Energy Agency’s Energy in Buildings and Com-

unities Programme) has currently a few Annexes/projects on
ero-energy communities [22].

.3. Aim of the paper

This paper aims to complete the existing approaches relating
o “zero energy” by developing and investigating the opportunities
inked to a new simplified framework dedicated to “zero-energy
eighbourhoods” and articulated around the following three main
hallenges:

1) The major challenge of the adaptation and retrofitting of the
existing building stock (especially in the large part of Europe in
which the renewal rate of the existing building stock is quite
low), in complementarity with the numerous studies dealing
with the production of new optimised buildings and commu-
nities, and the concrete feasibility of zero-energy in retrofitting.

2) The impacts of parameters linked to the urban form on the
energy efficiency of single buildings as well as on the choice
and efficiency of on-site renewable energy sources (e.g., the
possible mutualisation of energy supply and demand between
individual buildings).

3) The impact of the location of residences, work places and
services on daily mobility patterns and their related energy
consumption, which are considered together with building
energy consumption because building or retrofitting very effi-
cient buildings could be counterproductive if its location does
not allow alternatives to private cars for daily mobility (travel
to work, school, shops, etc.) and imposes long travel distances.

As architects and urban planners, we are particularly interested
n investigating the possibilities to adapt the existing building stock
n order to reach an annual zero-energy balance, at the neighbour-
ood scale, and in highlighting the main urban and architectural
arameters that act upon the energy balance of a neighbourhood.

hus, in the following, we will take into account three main themes
irectly related to the urban form of existing neighbourhoods:
uilding energy consumption, the on-site production of renewable
nergies and transportation energy consumption of inhabitants (in
 Buildings 82 (2014) 114–122

order to take into account the location of activities on the territory
in the balance).

1.4. Content of the paper

To this extent, Section 2 proposes a simplified framework and
a calculation method to assess zero-energy neighbourhoods. An
application of the proposed framework is then developed in Section
3 to test its applicability, investigate the feasibility of zero-energy
in retrofitting neighbourhoods and highlight key parameters in
the annual energy balance of two representative neighbourhoods
(in Belgium). Section 4 discusses key challenges to be addressed
and perspectives to be investigated in future research. Finally, the
research findings and strengths and weaknesses of the proposed
framework are summarised in Section 5.

2. A simplified net “zero-energy neighbourhood”
framework: method and assumptions

The net “zero-energy neighbourhood” framework (nZEN) pro-
posed in the scope of this paper aims to articulate the three main
energy uses (building energy consumption, the production of on-
site renewable energy and transportation energy consumption for
daily mobility), at the neighbourhood scale. A neighbourhood is
understood here as an “urban block” (that is to say the smallest area
of a city that is surrounded by streets) or a group of several “urban
blocks”. We  only consider residential neighbourhoods although the
general methodology could be extended to industries, shops, etc.
Also note that public services energy uses in a neighbourhood (e.g.,
street lighting, traffic lights) are not assessed. A previous research
[38] namely showed that street lighting energy consumption is
minimal in comparison with building and transportation energy
consumptions.

The nZEN is here described as a neighbourhood in which the
annual energy consumption for buildings and transportation of
inhabitants is balanced by the production of on-site renewable
energy. The main balance is annual, but monthly, daily or hourly
balances could also be studied according to the same defini-
tions to better capture the gaps between energy consumption
and production by renewable sources. As far as the metric of the
system is concerned, the balances are proposed in terms of pri-
mary energy. The conversion factors used to convert gross energy
into primary energy are 1 for natural gas and petrol and 2.5
for electricity, as stated in the Walloon regulation on the energy
performance of buildings [51]. Only the use phase of the neigh-
bourhood is taken into account in these balances (construction and
deconstruction phases are not assessed). Note also that a net zero-
energy neighbourhood implies interactions among the buildings in
the neighbourhood and between the building and transportation
energy consumptions. The zero-energy balance is thus considered
as a whole, and each building is not necessarily a zero-energy build-
ing. Finally, we  assume that the neighbourhood has an electric grid
that can provide energy to the neighbourhood when on-site gener-
ation from renewables is lower than the load. If greater, the on-site
production can be sent to the grid.

2.1. Energy consumption in buildings

The methodology used to assess building energy consumption
takes into account the annual energy consumption for space heat-
ing (ESH), space cooling (ECO), ventilation (EV), appliances (EA),
cooking (E ) and domestic hot water (E ). The neighbourhood’s
C HW
annual energy consumption for buildings (EB) is calculated using
Eq. (1).

EB = ESH + ECO + EV + EA + EC + EHW (1)
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.1.1. Energy consumption for space heating, cooling and
entilation

The method developed to assess energy consumption for space
eating, cooling and ventilation was extensively presented in a pre-
ious paper [38]. This method combines a typological classification
f buildings and neighbourhoods and thermal dynamic simula-
ions. This typological approach classified the residential building
tock of Belgium and was based on the following factors: common
wnership (detached, semi-detached or terraced houses, apart-
ents), the heated area of the dwelling in square meters (m2), the

eating and ventilation systems, the date of construction and the
evel of insulation, including retrofitting works performed by the
wners (e.g., insulation of the roof and/or replacement of the glaz-
ng, change of the heating and/or ventilation systems). Thermal
imulations were performed for all of the dwelling types of this
ypological classification of buildings. The results of these energy
imulations (ESH and EV) are stored in a database comprised of
he energy consumption of approximately 250,000 buildings. In
hese thermal simulations, Brussels meteorological data (temper-
te climate) are used. The minimum temperature in the dwellings
s 18 ◦C, and internal gains are defined according to the surface area
f the dwelling. A correction factor is applied to available solar
ain according to the neighbourhood type to take into account
he reduction of solar gains with increased built density. The net
nd gross energy consumption and primary energy consumption
or space heating, cooling and ventilation at the neighbourhood
cale are finally calculated by adding the results from the energy
onsumption analysis for each type of house according to their
istribution in the neighbourhood and the neighbourhood type.
ooling (ECO) is not taken into account in the case studies presented

n Section 3, in accordance with regional yearbooks [52]. Moreover,
he overheating indicator defined in the European Energy Perfor-

ance of Building Directive [4] as the ratio between the solar and
nternal gains of a building to transmission and ventilation losses

as calculated by [38] for Walloon residential buildings. It remains
nder the threshold value proposed in the Directive (29.8% under
he threshold value for the worst cases), which indicate that the
verheating is not unacceptable and does not require the installa-
ion of cooling system [4].

.1.2. Energy consumption for appliances, cooking and domestic
ot water

The annual energy consumptions related to appliances (EA),
ooking (EC) and domestic hot water (EHW) are assumed to depend
n the number of inhabitants in the building. In the following
pplication, regional mean values, gathered by a regional institute
n charge of environment (the “Cellule Etat de l’Environnement

allon” [53]), are used; however, in situ surveys could also be
mplemented in the model. The energy consumptions related to
ppliances and cooking are 1048 kWh  per person per year and
70 kWh  per person per year, respectively [53]. The energy con-
umption for heating water is obtained by multiplying the volume
f hot water needed annually at the neighbourhood scale (m3) by
he difference in temperature between cold and hot water and a
onversion factor, used to convert kilocalorie into watt-hour. This
actor is worth 1.163 kWh/m3 ◦C [54]. We  consider each inhabitant
o need 100 l of cold water (10 ◦C) and 40 l of hot water (60 ◦C) per
ay, in accordance with the regional trends [53].

.2. Energy consumption for daily mobility

The annual energy consumption for daily mobility (EDM) is

ssessed using a performance index introduced by Boussauw and
itlox [55] and adapted by Marique and Reiter [56]. This index

s expressed in kWh/travel per person and represents, for a ter-
itorial unit, the mean energy consumption for travelling for one
 Buildings 82 (2014) 114–122 117

person living within a particular neighbourhood. This index takes
into account the distances travelled, the means of transportation
used and their relative consumption rates, as expressed by Eq. (2). In
the equation, i represents the territorial unit; m the means of trans-
portation used (diesel car, gasoline car, train, bus, bike, walking);
Dmi the total distance travelled by the means of transportation m in
territorial unit i; fm the consumption factor attributed to the means
of transportation m;  and Ti the number of persons in the territorial
unit i. The consumption factors depend upon the consumption of
the vehicles (litres of fuel per kilometre) and their occupation rate.
In the Belgian context [56], these values are 0.56 kWh/person per
km for a diesel car, 0.61 kWh/person per km for a non-diesel car,
0.45 kWh/person per km for a bus, 0.15 kWh/person per km for a
train and 0 for non-motorised means of transportation, as the latter
do not consume any energy [56].

Energy performance index (i) =
∑

m

Dmifm
Ti

(2)

The energy consumption for daily mobility (EDM) is obtained
using Eq. (3) by multiplying the energy performance index by the
number of people (N) and the number of trips (T) in the neighbour-
hood.

EDM = Energy performance index × NT (3)

In our nZEN framework, we attribute all travels to and from
work and to and from school to the neighbourhood (rather than the
portion that is really consumed within the neighborhood) to focus
on the impact of residential locations on transportation energy con-
sumption.

Data used in the following case studies come from a national
census carried out in Belgium (the General Socio-Economic Survey
2001 [57]). Note that these data only concern home-to-work and
home-to-school travel; however, we could use the same methodol-
ogy with data from an in situ survey account for all travel purpose.

2.3. On-site energy production by renewable sources

On-site energy production via photovoltaic panels (EPV), ther-
mal  panels (ETH) and small wind turbines (EWT) are considered
when accounting for renewable energy sources. The annual renew-
able energy produced in the neighbourhood (ERP) is calculated
using equation 4.

ERP = EPV + ETH + EWT (4)

2.3.1. Photovoltaic panels (electricity)
The potential of neighbourhoods for active solar heating and

photovoltaic electricity production is obtained using numerical
simulations performed with Townscope software [58]. Only pho-
tovoltaic panels on roofs are considered because those on facades
are less effective in Belgium [59]. Townscope allows the calcula-
tion of the direct, diffuse and reflecting solar radiation reaching a
point and the radiation distribution on a surface. As calculations
are performed under clear-sky conditions, the software is used to
determine a first correction factor M (the difference between the
values calculated for the assessed neighbourhood and the clean
site) to apply to the mean solar radiation MSR  for the considered lat-
itude (MSR = 1000 kWh/m2·year for Belgium [60]). A second factor
F is applied to take into account the roof orientation and inclination
(Table 1) [61].

The solar energy received by the considered surface is obtained
using Eq. (5). The potential of roofs for photovoltaic electricity pro-

duction (EPV, in kWh  per year) is obtained by Eq. (6). In Eq. (6), S
represents the surface area of the considered roofs, C the percentage
of the roofs covered by panels (maximum 0.80), ŋpv the efficiency
of the photovoltaic panels, ŋinv the efficiency of the inverter and
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Table  1
Values of the correction factor F, which accounts for roof orientation and inclination
[61].

Inclination

0◦ 15◦ 25◦ 35◦ 50◦

Orientation East 0.88 0.87 0.85 0.83 0.77
Southeast 0.88 0.93 0.95 0.95 0.92
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Table 2
Main characteristics of the two case studies.

Case 1 Case 2

Type Urban Suburban
Surface area 0.97 ha 12.02 ha
Population 180 inhabitants 150 inhabitants
Buildings 57 55

Detached houses 7% 75%
Semi-detached houses 17.5% 19.6%
Terraced houses 75.5% 3.6%
Apartments 0% 1.8%

Density 60 dw/ha 5 dw/ha

ence is observed between the heating energy requirements of the
two neighbourhoods because the first is made up terraced houses,
which consume approximately 25% less energy for heating than
the less compact urban form. Similarly to the building scale, to
South 0.88 0.96 0.99 1 0.98
Southwest 0.88 0.93 0.95 0.95 0.92
West 0.88 0.87 0.85 0.82 0.76

 a correction factor taking into account electricity losses. In the
ollowing case studies, the efficiency of the photovoltaic panels is
xed at 0.145, the efficiency of the inverter at 0.96 and the elec-
ricity loss correction factor at 0.2; in accordance to the technical
haracteristics of the most used type of panels in Wallonia [62].

sol = MSR  × FM (in kWh/m2year) (5)

PV = EsolSC�pv(1−) (6)

.3.2. Thermal panels (hot water)
The solar energy received annually by the roof is obtained using

q. (5), where correction factor M is calculated with Townscope
nd correction factor F is defined according to Table 1. Eq. (7)
llows the determination of whether the roofs of the houses of
he neighbourhoods are adapted to the production of hot water.
n Eq. (7), Esol represents the solar energy received by the roofs,

 the surface area of the panel and ŋth the efficiency of the ther-
al  panels. We  consider that 55% of the production of hot water of

ach household must be covered through thermal panels (from a
echnical-economic viewpoint, the optimum is often considered to
e between 50% and 60%). Under these conditions, the efficiency of
he system is 0.35.

TH = EsolS�th (7)

.3.3. Wind turbines
The approximation used to evaluate the annual electricity pro-

uction of wind turbines (EWT) consists of multiplying the rated
ower of the wind turbine by the number of operating hours at this
ated power, as in Eq. (8), in which P is the rated power of the wind
urbine and OH the number of operating hours. This value is fixed
t 1000 h for a small wind turbine [63].

WT = P · OH (8)

.4. Annual balance at the neighbourhood scale

The annual energy consumption of the neighbourhood (EN) is
alculated by adding the building energy consumption (EB) and
ransportation energy consumption (EDM) and subtracting the on-
ite renewable energy production (ERP), as shown in Eq. (9).

N = EB + EDM − ERP (9)

The monthly balances can also be studied according to the same
ype of equation by replacing the annual energy consumption and
roduction by the corresponding monthly values.

. Results

.1. Presentation of the case studies
The case studies chosen are two common archetypes of neigh-
ourhoods (understood as urban blocks, that is to say the smallest
rea of a city that is surrounded by streets) and are representa-
ive of the building stock in Belgium [64]. The two neighbourhoods
%  of the surface area
occupied by buildings

29% 5%

contain essentially the same number of buildings but in a very dif-
ferent urban form. Each urban form presents its own specificities
and characteristics, especially as far as the built density and the
types of buildings are concerned, as highlighted on Table 2, and
requires personalised solutions regarding the energy efficiency in
the building and transportation sectors and the on-site production
of renewable energy.

The first case study (Fig. 1) is a dense neighbourhood (60
dwellings per hectare) representative of an old compact indus-
trial urban fabric. This neighbourhood is located close to good
transportation networks (trains and buses), work places, schools,
shops and services. Buildings are very poorly insulated, because the
neighbourhood was  built in the 19th century.

The second case study (Fig. 2) is a low-density suburban neigh-
bourhood (5 dwellings per hectare) located in the suburbs (18 km)
of the city centre. It is representative of the urban sprawl that
began in Belgium in the 1960s. Public transportation is minimal,
and car dependency is high. The neighbourhood is comprised of
detached houses built between 1930 and 2010. Some retrofitting
works (changing of the glazing, roof insulation) has been performed
by the owners.

3.2. Annual energy balance

In the current situation, the energy consumption for space heat-
ing is quite large in both neighbourhoods (184 kWh/m2 per year
in case 1 and 235 kWh/m2 per year in case 2), and the annual
zero-energy balance cannot be achieved (Table 3). A clear differ-
Fig. 1. Case study 1—a representative urban residential neighbourhood (Belgium).
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Table  3
Results of the application of the “zero-energy neighbourhood” framework to the two  case studies.

Case study 1 Case study 2

Consumption (kWh) Space heating and ventilation: ESH + Ev 1,421,694 2,754,341
(ESH  + Ev—low-energy retrofitting) (463,595) (703,235)
(ESH  + Ev—passive retrofitting) (143,156) (214,074)
Appliances: EA 161,139 155,485
Cooking: EC 26,277 25,355
Hot  water: EHW 152,950 127,458
Daily mobility: EDM 339,696 441,072

Production (kWh) Photovoltaic elec.: EPV
Hot  water heating: ETH
Wind turbine: EWT 
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ig. 2. Case study 2—a representative suburban residential neighbourhood
Belgium).

chieve a net zero-energy balance at the neighbourhood scale, the
nergy demand (heating in these case studies herein) must be
educed using energy efficiency measures (a major retrofitting of
he envelope of the building). The result must satisfy the (very) low,
assive or net zero-energy standards. Moreover, the results show
hat the zero-energy neighbourhood objective also needs to min-
mise the energy needs for appliances, cooking and hot water. It
s important to emphasise the influence of less energy-consuming
evices as well as adapted user behaviours and lifestyles, param-
ters that have already been studied in detail in other references
e.g., [65–67]).

Energy consumption for daily mobility is also higher (approx-
mately 30%) in the suburban neighbourhood, which is highly
ependent on private cars and for which travel for work and school

s across large distances. Taking into account energy consump-
ion from daily mobility, as highlighted in our assumptions, the
mpact of the location of the neighbourhood can be included in the
nnual balance. This is crucial to avoid simply proposing building
r retrofitting zero-energy buildings and neighbourhoods as the
ptimal solution to create a more sustainable built environment,
egardless of their location and the impact of this location on trans-
ortation energy consumption. Moreover, the results show that the
ero-energy neighbourhood objective also requires the minimisa-

ion of the energy needs for daily mobility, even in urban areas.

In contrast, as far as on-site renewable energy production is
oncerned, the photovoltaic production is higher in the subur-
an neighbourhood (case 2) because simulations performed with
139,945 314,669
80,417 67,170
0 50,000

Townscope to calculate solar radiation on roofs (see Section 2.3.1,
above) have shown that the shadowing effect is much lower in
this area than in the dense neighbourhood (case 1). Quite inter-
estingly, parametric variations show that if photovoltaic panels are
only located on roofs that receive over 90% of the maximum solar
energy and if the electricity production is mutualised at the neigh-
bourhood scale, the efficiency (kWh produced per m2 of panel)
increases significantly (+10.7% in case 1 and +5.0% in case 2). The
same amount of photovoltaic electricity can thus be produced by
installing fewer panels than reported in Table 3, where photovoltaic
panels were installed on each building. Thermal energy production
is higher in case 1 thanks to the surface areas of the roofs but sim-
ulations performed to assess solar radiation on roofs (see Section
2.3.1, above) have shown that the shadowing effect is much lower
in the suburban area.

The use of wind turbines in the first case study was not assessed
because of the dense context in which it is located. In the subur-
ban case, a small wind turbine produces approximately 50,000 kWh
annually. This wind turbine could be located in the centre of the
neighbourhood because this location is sufficiently far from exist-
ing houses (based on the noise produced by the turbine and the
existing regulations); however, this solution would prohibit the
future densification of the neighbourhood, which is a possible solu-
tion to increasing the sustainability of existing suburban blocks.

In comparison with building and transportation energy con-
sumption, and for the considered climate and context, the on-site
generation of renewable energy is often limited, especially in the
dense case study. The zero-energy balance cannot be achieved,
even if buildings are retrofitted to the passive standard. Therein,
intermediate levels of performance (the [very] low, passive or net
zero-energy neighbourhoods) could also be promoted, especially
as far as interventions in existing neighbourhoods are concerned.
Rather than the respect of a zero-energy annual balance, it seems
important to promote, above all, the minimisation of building
and transportation energy consumptions and the maximisation of
renewable energy production.

3.3. Monthly energy balances

An annual balance was used first in this paper. Yearly balances
account for the succession of the four seasons and their particular-
ities. However, it is also interesting to investigate shorter periods
of time. Monthly production and consumption curves highlight the
shift between the production and consumption peaks and between
supply and demand, particularly for solar energy (highest in sum-
mer) and heating consumption (highest in winter), as highlighted
in Fig. 3.
4. Discussion and perspectives for further research

Achieving a net zero-energy balance in the two  existing neigh-
bourhoods is very difficult, namely because the building stock
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Fig. 3. Monthly production and consumption curves for the tw

s poorly insulated. Intermediate milestone and targets could be
roposed to help local communities to move towards more sus-
ainability:

. Improve the energy efficiency of the building stock (e.g.,
retrofitting to the passive house standard).

. Minimize energy demand for buildings and for transportation
through occupant behaviour (e.g., adapting the inner tempera-
ture of the dwellings, promoting car sharing).

. Maximise on-site renewable energy production (e.g., installing
PV panels).

. Use off-site renewable energy production (e.g., using district
heating and imported renewable energy).

As we highlighted significant differences between the urban
nd the suburban case studies, these milestones should be
ifferentiated, according to the local opportunities in each neigh-
ourhood.

In this course to reach sustainability in existing neighbour-
oods, one of the main advantages of the neighbourhood scale is
he potential for an “energy mutualisation” for both energy pro-
uction and energy consumption. We  have namely highlighted
he interest of producing photovoltaic electricity at the neigh-
ourhood, rather than at the individual scale. Another example
as the pooling of the built envelope in dense urban neighbour-
oods that allows to reduce energy needs of terraced houses, in
omparison with detached houses. This concept of “pooling”, at
he neighbourhood scale, provides numerous avenues to increase
nergy efficiency in our built environment. In the same vein, it
hould be noted that this “energy mutualisation” or “pooling” at
he neighbourhood scale offers interesting perspectives for the
ompensation of the monthly peaks (as well as hourly peaks)
etween supply and demand between individual buildings, espe-
ially in neighbourhoods presenting a wide variety of functions
ith different and shifted energy needs (offices, schools, etc., versus

esidences).
As far as perspectives for further research are concerned, the

onnection to the grid, the use of smart grids and the storage
f energy should be investigated in the future. Cost optimisation

hould also be considered based on current discussions related to
he European Directive on the Energy Performance of Buildings.
inally, we recommend extending the balance to the entire lifecycle
f a neighbourhood by including the energy and CO2 embodied
 studies (case study 1 on the left and case study 2 on the right).

in materials and technical installations (including transportation
infrastructure).

5. Conclusions

The goal of this paper was to contribute to the existing literature
on the “zero-energy” objective in the building sector by investigat-
ing the feasibility of this objective at the neighbourhood scale. The
paper presented a simplified framework and a calculation method
related to the “net zero-energy neighbourhood”, which included
building energy consumption and the on-site renewable energy at
the neighbourhood scale as well as the impact of urban form and the
location of the neighbourhood on transportation energy consump-
tion for daily mobility. These developments were applied to two
case studies (one urban neighbourhood and one suburban neigh-
bourhood in Belgium) to highlight the main parameters that act
upon the annual energy balance of a neighbourhood and to propose
concrete steps to improve the sustainability of existing neighbour-
hoods. This work highlighted the opportunities for and interest
in extending the boundaries of the existing frameworks from the
building to the neighbourhood, which mainly concern the impact
of urban form and daily mobility. The proposed nZEN framework
allows to consider building energy consumption, renewable pro-
duction and transportation energy consumption as an integrated
system, rather than separated topics.

In a more general perspective, this works calls for a better inte-
gration of the individual building into its context in policies dealing
with energy efficiency. Promoting the building and retrofitting of
energy-efficient buildings is a good step towards increased energy
efficiency in our built environment (i.e., by imposing mandatory
minimum requirements on the energy efficiency of buildings that
are crucial to reach a net zero energy balance); however, it is not
sufficient. It is also crucial to consider parameters and interactions
linked to a larger scale, the urban planning scale, to more effec-
tively achieve the aims of these policies. To this end, the location of
new buildings and developments appears to be crucial in the total
balance, which includes both building and transportation energy
consumption.
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