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ARTICLE INFO ABSTRACT

Keywords: The European Union (EU) aims to establish a guideline that requires all new buildings to comply with nearly
N_earl-y zero-energy communities zero-energy buildings (NZEB) by 2030. This decision involves new technologies based on concepts that meet
District international standards. This research aims to review the literature on ‘net zero-energy building’ and analyses the
;::)tr]:sast scenarios possibility of applying this research on nine statistically representative neighbourhoods of the building stock’in
Transport Belgium, depending on the built density. All the areas, grouped into four categories (urban, peri-urban, subur-

ban, and rural neighbourhoods), were used for current energy consumption analysis and to evaluate prospective
scenarios based on four major challenges, namely climate change, building renovations, photovoltaic panels, and
sustainable mobility. In addition, a new approach combining several scenarios to further improve energy needs
at the neighbourhood scale is also highlighted. The nine different types of neighbourhoods studied are commonly
found in different countries across the EU. The average reduction in energy consumption of neighbourhoods
(buildings + daily mobility) in 2040 (compared to reference year 2012) will likely reach 5.69% attributable to a
20% reduction in distances travelled, 6.48% to climate change, 12.95% to the current annual buildings reno-
vation rate, 18.76%-100% electric cars, 22.26% for doubling the current buildings renovation rate, 31.62% and
63.25% to a light or heavy renovation of the entire building stock, respectively. Moreover, installing 20 m? of
solar panels on the rooftops of each residential building would produce renewable energy equivalent to 6.53% of
the current global energy consumption. Finally, the results show that more than 90% of current energy con-
sumption can be reduced at the neighbourhood scale (buildings + daily mobility) by combining a heavy reno-
vation of all the buildings, electric vehicles, and photovoltaic panels. This scenario allows reaching the ‘nearly
zero-energy’ target at the neighbourhood scale.

1. Introduction

Population growth has increased the demand for heating energy in
various habitats and climates, as a result buildings are becoming one of
the most energy intensive sectors [1,2]. This situation is multiplying
tensions globally [3]. High-performance habitats prove that it is possible
to reduce energy consumption, while providing good comfort [4,5].
Buildings represent a key sector of total world energy consumption, with
the current energy demand in the buildings sector increasing by nearly
40% in some countries [6]. Pfafferott et al. proposed various techniques
of passive cooling strategies [7]. Awareness-raising is a fundamental
element in reducing emissions [8], adopting technologies that promote
energy efficiency [9], and designing sustainable transportation systems

[10,11]. Experts proposed the building zero-energy ‘concept for
improving energy efficiency by reducing energy demand in buildings.
Today, this concept remains a major concern for leadership worldwide.
Zero energy buildings (ZEBs) have evolved over the last few years in
countries that adopted an integrated energy policy. The definition of net
zero-energy building concept (net ZEB) varies according to the political
ambitions and specific conditions of a country. This study considers
energy consumption according to intensity of use in buildings, daily
mobility (transportation), as well as production of renewable energy.
Several researchers have proposed various techniques to implement the
concept of net zero-energy buildings (net ZEBs). Since 2002, a directive
to evaluate the energy performance of buildings (Energy Performance of
Buildings Directive, EPBD) was established by the European
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Commission. In addition, in its new strategy towards sustainable
development, the European Union (EU)has suggested that 100% of all
new constructions must be buildings consuming almost zero energy
(nearly ZEBs) from 2020 onwards [2]. This directive imposes a course of
action that all member states must follow. Therefore, in many countries,
urban development policies must be oriented towards efficiency of the
constructed units [3].

Over the past few decades, the concept of NZEB has been deeply
explored to obtain energy efficiency and sustainability in the building
sector using renewable energy sources [11,12]. Globally, several re-
searchers have agreed to work in collaboration with the U.S. Department
of Energy (DOE) for proposing designs to zero-energy buildings by 2025
[13]. The term ‘net zero-energy building’ (nZEB) is defined based on the
fact that there is balance between energy produced and energy
consumed in the building during one year [14]. A large number of re-
searchers proposed an explanation for zero-energy buildings [15,16],
while others mentioned support tools for facilitating different stages of
design [12] or evaluating the calculation approaches [12,14,17,18].
Zero-energy designs are created with significant energy-saving features.
Most zero-energy buildings use the electrical grid for energy storage, but
some are independent of the grid. In these cases, energy is directly
recorded on-site through renewable energy producing technologies,
while reducing the use of energy through efficient HVAC and lighting
technologies [19,20]. The concept of zero-energy is becoming popular as
the production costs of alternative energy technologies decrease, while
the costs of traditional fossil fuels increase [21]. However, there are
several challenges that must be overcome globally. Indeed, the concept
of ‘net-zero’ is not easily applied to multi-storey buildings in developing
countries, and photovoltaic systems are still expensive. Presently, there
are only a few highly efficient buildings that reach the criteria ‘net zero’.
Yet, combining the advancements in construction, renewable energy
systems, and academic research, creating net zero-energy buildings is
becoming more feasible.

In this study, we broaden the concept of ‘net zero’ at the neigh-
bourhood level because it is clear that the environmental issues of
tomorrow will be resolved at the urban scale. We believe that such an
approach is the logical continuation of current regulations and it is
important to take the plunge. This type of large-scale analysis will help
to judge the real impact of this new construction mode. To deepen the
study, we pushed the reflection further. Thus, unlike other studies, we
will no longer work on the scale of a single building, but focus on the
neighbourhood. The aim of this research is to apply an existing approach
to the study of ‘zero energy’ at the neighbourhood level, proposed in
Ref. [22] to study the feasibility of developing zero-energy residential
neighbourhoods and their potential implication on the regional building
stock. This framework presents a definition and a calculation method for
a ‘zero-energy neighbourhood’ based on a balance between annual en-
ergy consumption due to buildings renovation, daily mobility, and local
production of renewable energy.

In our study, we combine this existing approach [22] with a new
method based on forecast scenarios, focusing essentially on four
fundamental elements: degree days assessment, heavy and light reno-
vations of buildings, photovoltaic panels and sustainable mobility, and
their influence on the energy consumption patterns of nine neighbour-
hoods, selected on the basis of built density and statistically represen-
tative of the regional building stock. Thus, we will not study a single
improvement scenario (e.g. reducing energy consumption in buildings)
as followed in many previous studies, but will consider several scenarios
such as climate change, renovation of buildings, photovoltaic panels,
electric vehicles, distance travelled, and their combinations.

This research has several originalities and innovative aspects:

e Application of the zero-energy concept at the neighbourhood scale,
without limiting the calculation to consumption in buildings but
integrating the consumption in buildings and daily mobility with
renewable energy production.

Renewable and Sustainable Energy Reviews 135 (2021) 110198

e Application covering nine neighbourhoods with different charac-
teristics, especially selected based on a statistical analysis of the
entire Walloon region in Belgium to define the most representative
districts of the regional building stock.

e Analysis of the current energy balance of neighbourhoods as well as
prospective towards 2040, and variations according to the potential
evolution of four parameters.

The study is organised as follows. Section 2 analyses recent research
on the implementation of ‘net zero-energy’ in buildings and neigh-
bourhoods. Section 3 presents the research methodology, including
methods used to assess the urban density classes in Wallonia, calculation
methodology for evaluating zero-energy neighbourhoods, and detailed
improvement scenarios tested. At the end of Section 3, the proposed
method is developed to test its applicability and to study the feasibility
of zero-energy rehabilitation neighbourhoods. Section 4 analyses the
main results and compares them with other studies. Section 5 describes
important results, while mentioning the limitations and perspectives of
this research.

2. From zero-energy building to zero-energy neighbourhood
2.1. Net zero-energy building (NZEB)

The U.S. National Renewable Energy Laboratory (NREL) has sug-
gested four paths for defining net zero-energy buildings (nZEB) [23]:

- Net Zero-Site Energy: A net ZEB regularly produces as much energy
as it uses during a year, when estimated at the site.

Net Zero-Source Energy: A net source ZEB regularly produces as
much energy as it uses during one year, when estimated at the
source.

Net Zero-Energy Costs: In a net-cost ZEB, the amount paid by the
tenant to the person in charge of the building for the energy bor-
rowed from the network is equal to the sum the person responsible
pays to cover energy expenses for one year.

Net Zero-Energy Emissions: A net-zero emissions building regularly
produces as much emissions-free renewable energy as it uses for one
year.

During the past few decades, some research studies assessed NZEB
worldwide. In 2006, based on an empirical study of a zero-fossil fuel
residential building in the US (Boston city), Szejnwald et al. [24] found
that innovation in building design can be one of the best ways to ensure
energy performance. Yi et al. [25] studied certain ecological indices,
based on the performance of net zero-energy buildings (NZEB) on a
worldwide scale. A rigorous text was applied, and the data were pro-
cessed with high precision. The results warranted that the ZEB often uses
a large amount of non-renewable energy during the early years of
building design before stabilizing with new sources of green energy.

In 2014, Szalay and Zold [26] proposed a method to reduce energy
demand in residential buildings in Hungary by grouping several build-
ings according to their geometric shapes and age in order to better define
the requirements of nearly zero-energy buildings. The results were
adopted in the EU for improving energy demand. Based on a simulation
study conducted in an office building in Tianjin (China) with high en-
ergy performance, Zhou et al. [27] analysed the operational perfor-
mance of such type of buildings. The study revealed major obstacles and
problems encountered during the implementation of ‘nZEB’ in China
and other parts of the world. Relative information on the design of
HVAC systems should normally be well disclosed to customers. Srini-
vasan et al. [28] developed a method to maximize the use of renewable
energy for improving the energy performance of buildings. Their find-
ings explained that REB (Renewable Energy Balance) buildings are more
efficient if the building is optimized from design to life cycle. Robert and
Kummert [29] studied the impact of climate change on net zero-energy
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buildings (nZEB) applying a method known as ‘morphing’. The analysis
of hourly data of the last 50 years and a general circulation model (GCM)
made it possible to make projections on the climate of Montreal and
Massena cities. The results showed that the annual change in total en-
ergy consumption is relatively small, however energy shortage
compared to the net-zero goal is very significant. Chastas et al. [30]
showed that in passive buildings, the embodied energy varied between
11% and 33%, sometimes approaching the energy demand limits of
conventional and low-energy consumption buildings.

Annunziata et al. [31] conducted a campaign by distributing several
questionnaires in 27 EU member states, with the aim of providing a
strong analysis of the actual national regulatory framework. The results
showed that the EU has adopted different kinds of national regulations
and these discrepancies can better facilitate social insertion and ZEB.
Several European countries encourage the use of renewable energies
[32]. Kurnitski et al. and Pikas et al. [33,34] evaluated the optimal cost
of the energy performance of buildings for nearly zero-energy buildings
(nZEB). The results showed that a limited number of methods made it
possible to calculate the optimal cost of energy used. A review of the
influence of HVAC systems on energy demand in a building and other
sustainable energy supply systems facilitating the implementation of the
‘zero energy’ design in buildings was given by Todorovic [35]. The re-
sults suggested that it is impossible to optimize or increase the criteria
related to sustainability of buildings without resorting to a new tech-
nology. Other researches on NZEB were found in Refs. [36-39].

2.2. Net zero-energy neighbourhood (NZEN)

Zero-energy and zero-carbon buildings have the potential for miti-
gating climatic change, and the damage created by the microclimate
inside and around urban and rural areas. However, studies on zero-
energy buildings (ZEBs) on a neighbourhood scale are limited in the
literature, not only because of the robust reflection that is needed in such
studies but also because of the different hypotheses that should always
be fixed, depending on the place examined. Such as: function unit (per
capita, per square meter, or per habitat); main source of renewable
energy (solar panel, Wind turbine, geothermal etc.); the morphology of
the neighbourhood; the space occupied per inhabitant is not the same in
the countries; type of climate; building materials etc.

The methodology also differs from one research to another, so it is
often difficult to compare the results obtained in various research studies
due to different basic assumptions. Despite this, the main objective is the
same. Generally, the main purpose is that a grid-connected dwelling
produces an equal amount of energy on site or produces excess of annual
energy demand while using the grid as a basis. Several governments see
this strategy as an innovation for developing future neighbourhoods
with the net zero-energy strategy [23].

Marique and Reiter [22] proposed to enlarge the zero-energy
building concept at the neighbourhood scale, based on three parame-
ters: annual energy consumption of buildings, annual energy con-
sumption due to daily mobility, and production of annual renewable
energy. This work was applied on both urban and rural neighbourhoods.
The results showed that transportation has a significant effect on energy
demand in both the environments. On the other hand, Jusela et al. [40]
supported the involvement of different sources of renewable energy to
reach energy-positive neighbourhoods, thereby minimizing the envi-
ronmental impact. Currently, the most important aspect of energy bal-
ance of neighbourhoods with zero energy is more easily justified by
electricity but, in future, new management strategies should also involve
local heat exchange systems [41]. In Florida, He et al. [42] suggested a
method based on the Historic Green Village, analysing this net
zero-energy community (NZEC). It is important to emphasize that most
of the work evaluating energy issues at the neighbourhood level are
often oriented towards the photovoltaic power generation mechanism,
energy supply, and potential for using solar energy and urban form
[43-45].
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The study by Hachem et al. [43] shows that the energy load of a
neighbourhood varies according to its orientation and shape. Kennedy
and Sgouridis [46] proposed hierarchical emissions categories to define
the neutral or especially low-carbon urban centres. Todorovic [35]
combined many energy simulation tools and applied these tools for
planning zero-energy cities. The impact of urban plan on energy con-
sumption in transportation was studied in other references [47-54] and
it was found that mobility is very significant for energy consumption
studies.

3. Methodology

This research is divided into three main parts: (a)selecting repre-
sentative neighbourhoods of a regional building stock to a statistical
classification, (b) current average energy assessment for these nine types
of neighbourhoods using national energy reports to calculate their en-
ergy consumption, and (c) study of scenarios from a 2040 prospective on
the nine selected regional neighbourhoods.

3.1. Studied region

Belgium, a federal state, comprises three regions: Walloon Region
(Wallonia), Flemish Region (Flanders), and Brussels Region (Brussels-
Capital). Nearly 10.5% of the national population is concentrated in the
Brussels-Capital Region, which occupies a small part of the territory
(161 km?) that is equivalent to 0.5% of the area of Belgium. Wallonia
(31.9% of the national population) and Flanders (57.6% of the national
population) are territories comprising small and medium-sized towns
surrounded by suburban and rural areas.

3.2. Methods used to assess urban density classes in wallonia

Wallonia occupies the southern part of Belgium and is composed of 5
provinces, 20 boroughs, 262 municipalities, and 9876 statistical sectors.
The net density classes of housing are assessed at a statistical sector level
where the built net density is established. The built net density is
housing net density per urbanized hectare. In fact, it is the number of
dwellings per urbanized hectare in a statistical sector (SS). The SS is a
neighbourhood in urban areas or a village in rural areas with more than
150 residents. In this research, we did not consider roads, collective
areas, public green spaces and forests, but only building plots were
considered. In addition, we considered only residential buildings.

The data used are a Belgian cadastral matrix. First, we cut the matrix
to only consider the Wallonia Region using spatial join tool with the
Wallonia statistical sectors shape file. Wallonia is composed of
6,629,332 buildings (residential, tertiary, and industrial). We removed
tertiary and industrial buildings, all buildings with shape area less than
15m?, and only considered closed buildings. The residential buildings
used in our study are 1,470,378 and are composed of six types of
buildings: 462,025 terraced houses, 434,148 semi-detached houses,
542,652 detached houses, 29,926 apartment buildings, 1495 detached
castles, and 132 semi-detached castles. For calculating the number of
dwellings in each apartment building, we considered the average area of
an apartment in Wallonia to be 66.84 m> [55]. We calculated the total
shape area of the 29,926 apartment buildings and divided it by the
average shape area per apartment and found 96,933 apartments in
Wallonia. In total, we used 1,537,385 dwellings in Wallonia to assess the
urban density classes of this region.

This results in classes of net density assessed by type of buildings in
each of the 9876 statistical sectors. The detailed methodology is pre-
sented below. Using R software, the first step consists of separating the
different types of buildings. The library ‘plyr’ is installed and in the
matrix we separated the terraced, semi-detached. And detached houses.
For this, we checked in the matrix the nature = ‘MAISON’ and ‘HAUS’
and, at the same time, the type of construction in the matrix is ‘A’, ‘B’,
and ‘C’. A represents terraced houses, B stands for semi-detached houses,
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Table 1
Classes and densities of neighbourhoods.
Class  Housing Net Density Neighbourhood type Housing type
(number of dwellings
per ha)
1 0-4.9 Rural (Rural isolated) Individual
2 5-8.9 Rural (rural in ribbon) Individual
3 9-13.9 Rural (village periphery) Individual
4 14-20.9 Peri-urban allotment or small Mixed
villages
5 21-31.9 Peri-urban allotment or large Mixed
villages
6 32-48.9 Suburban allotment or centre of ~ Mixed
large villages
7 49-78.9 Suburban allotment on the city Mixed
periphery or urban semi-
continuous
8 79-137.9 Urban (urban blocks in the city) Collective
low
9 138-255.9 Urban continuous (dense urban Collective
blocks downtown) Medium
Table 2
Number of dwellings in Wallonia found in each category of neighbourhood.
Class  Net Density Terraced Semi- Detached Apartments
(ND) houses detached houses
houses
1 0-4.9 26 139 803 14
2 5-8.9 73 362 1637 40
3 9a13.9 208 681 3365 110
4 14-20.9 418 1598 6576 230
5 21-31.9 1174 3692 13,984 396
6 32-48.9 2282 7110 24,254 731
7 49-78.9 12,845 35,025 111,919 3541
8 79-137.9 294,576 311,005 367,239 64,260
9 138-255.9 150,423 74,668 14,370 27,611
Totals 462,025 434,280 544,147 96,933
Total 1,537,385

and C for detached houses. Next, we also separated castles with na-
ture = ‘CHATEAU’ and ‘SCHLOSS’ and construction type is ‘B’ and ‘C’.
Following this, we separated the apartment buildings where we used the
‘set diff” function in R to consider the remaining buildings of the matrix
as apartment buildings. Next, we calculated the number of single
apartments considering the total shape area of apartment buildings
divided by the average shape area of an apartment in Wallonia. In
addition, at the same time, we considered the statistical sector and
municipality where it is located because there are some statistical sec-
tors with the same name but in different municipalities.

Subsequently, using the ‘group by’ function, we calculated the
number of each type of dwellings in a statistical sector (SS) and in a
municipality at the same time. Next, using the ‘reduce’ and ‘merge’
functions we sorted the total number of each building by building type in
an SS and the same for the total shape area. The next step focused on
converting the shape area into hectares because it was given in m? in the
cadastral matrix. Then, we calculated the net urban density per SS and
per municipality. Lastly, we calculated the urban density classes and
found that Wallonia is composed of nine density classes. The distribution
of the statistical sectors according to the net density of dwellings per
hectare in Wallonia is expressed in the form of a Gaussian curve. The
urban density classes were assessed using Jenks’ natural breaks classi-
fication and the SOLEN method [56,57].

Nine density classes were used to classify the 9876 Walloon SS ac-
cording to their net density of dwellings. The housing net density and the
typology of these neighbourhoods are presented in Table 1.

Table 2 gives the number of dwellings found for each type of
neighbourhood, representative of the Walloon building stock. The
numbers of castles is low compared to other building types, so we
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Fig. 1. Number of dwellings in Wallonia in each neighbourhood category.

combined the semi-detached castles with semi-detached houses and
detached castles with detached houses in Table 2.

The detached houses are dominant (more than 68% of dwellings)
while number of apartments is negligible (less than 3%) in almost all
classes except the last two classes, that is, neighbourhoods 8 and 9. In
neighbourhood class 9, terraced houses are dominant; the neighbour-
hood class 9 includes 56.3% of terraced houses, 28% of semi-detached
houses, 10.3% of apartments, and only 5.4% of detached houses. In
neighbourhood class 8, the housing distribution includes 28.4% of
terraced houses, 30% of semi-detached houses, 35.4% of detached
houses, and 6.2% of apartments. All the details are represented in Fig. 1.

After using R software, the data are stored in a csv single file and are
joined with the SS shape files for cartography. The assessed housing net
density classes are spatialized using Quantum GIS (QGIS) software. Big
cities such as Liege, Namur, Charleroi are mostly dominated by class 8
followed by class 9 and class 7, as shown in Fig. 2.

3.3. Energy consumption in the Walloon Region

The factors affecting energy consumption in this region are:(i) cli-
matic conditions, a key factor in household consumption, as a large part
of household consumption is devoted to heating in Wallonia; (ii)
disposable income per household: according to a household budget
survey, the average real income per household in Wallonia was 7%
lower than the Belgian average in 2012; (iii) price of energy: any rise in
energy costs could affect energy demand in the neighbourhoods; (iv)
energy performance of the existing housing stock; and (v) housing
facilities.

Distribution of energy consumption according to building categories
is presented in Table 3.

3.4. Applied scenarios in the neighbourhoods

In this study, four scenarios have been retained for mitigating energy
consumption in 1,537,385 dwellings studied in Wallonia: (i) scenario 1,
linked to variations in climate change in the number of degree days; (ii)
scenario 2, linked to heavy and light renovation of buildings; (iii) sce-
nario 3, linked to photovoltaic panels; and (iv) scenario 4, linked to
mobility, with an increase in electric vehicles or a decrease in distance
travelled.

4. Results
4.1. Application of degree-days scenario

The first scenario set up shows the variation in consumption as a
function of the number of degree days recorded in a year. These
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Urban density classes per statistical sector (SS) in Wallonia, Belgium
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Fig. 2. Distribution of different density classes of housing in Wallonia, Belgium.
70% of heat needs vary in proportion to changes in the number of degree

Table 3 days, while the remainder 30% of consumption is assumed to be

Energy consumption of each housing category [58].

Housing Average Heating Total annual energy
type living area consumption per consumption per dwelling
[m?] square meter in (heating + electricity) in
kWh/m? kWh/year
Apartment 60.3 182.28 15,444.61
Terraced 77.4 230.61 22,982.28
House
Semi- 85.3 239.72 25,581.37
detached
house
Detached 97.7 202.151 24,883.22
house

represent the sum over the year for the differences between the average
indoor temperatures during the heating period and the average daily
outdoor temperatures. The indoor comfort temperature is 18 °C and
solar gains are recorded at 3°C and deducted from the internal tem-
perature. Therefore, degree days are determined by the difference be-
tween 15 °C and the daily outdoor temperature throughout the year.
Degree days are important for calculating the evolution of heat needs
since they represent the climate, and this last one has a significant
impact on buildings energy consumption. We also point out that only

Table 4

invariable considering the thermal inertia of buildings [58]. The pro-
spective data were carried out using a linear regression based on the
evaluation of degree days observed since the 1960s in Belgium [59]. We
used 2012 as the reference year, which is embodied in a normal climatic
year with 1914.7° days, and we observed the evolution of energy con-
sumption for three periods (2020, 2030, and 2040) depending on the
evolution of degree days. The results obtained after applying this sce-
nario are illustrated in Table 4.

Energy consumption is the highest in neighbourhood class 8, because
this neighbourhood category has the highest number of dwellings in the
region. After analysing the results in Table 4, it is found that application
of the degree-days scenario will allow an average reduction in energy
consumption of 9.1% in 2040 (compared to 2012) in the residential
building stock in Wallonia, which would be similar in the majority of
countries having the same type of climate as Belgium (temperate).

4.2. Application of renovation scenarios

The second scenario consists of the realization of light and heavy
renovations within buildings. By analysing the current trends in the
Walloon housing stock and other countries, we obtained the following
frequency as given in Ref. [60]: (i) annual light renovation rate of 0.8%,

Variation in energy consumption in the Walloon building stock, based on type of neighbourhood, after applying the degree-days scenario.

Degree days

Types of neighbourhoods in the Walloon building stock in Belgium

1 2 3 4 5 6 7 8 9
Consumption in 2012 (GWh) 1914.7 24.351 52.289 107.632 217.669 475.511 849.137 4030.789 24,857.00 6151.187
Consumpti n in 2020 (GWh) 1832.7 23.725 50.945 104.867 211.077 461.296 824.324 3910.246 24,111.822 5967.175
Consumption in 2030 (GWh) 1730.3 22.709 48.763 100.375 202.994 443.454 791.892 3759.0523 23,181.258 5736.503
Consumption in 2040 (GWh) 1627.8 19.836 42.596 87.680 194.838 425.635 760.072 3450.47 21,278.31 5598.140
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Table 5

Variation in energy consumption in the Walloon building stock, by neighbourhood class, after applying renovation scenarios.
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Energy consumption (Gwh/year) year Types of neighbourhoods in the Walloon building stock in Belgium
1 2 3 4 5 6 7 8 9
2012 24.351 52.289 107.632 217.669 475.511 849.137 4030.789 24,857.00 6151.187
After Light renovation (0.8%/year) 2020 23.68 50.83 104.66 211.67 462.39 825.70 3919.48 24,166.66 5979.46
2030 22.90 49.15 101.21 204.68 447.13 798.44 3790.04 23,363.83 5779.74
2040 22.25 47.76 98.33 198.86 434.41 775.71 3682.11 22,694.41 5613.21
After Heavy renovation (0.5%/year) 2020 23.50 50.47 103.88 210.09 458.94 819.53 3890.19 23,984.99 5934.26
2030 22.49 48.29 99.41 201.02 439.13 784.15 3722.19 22,943.03 5675.06
2040 21.67 46.46 95.57 193.19 421.94 753.39 3575.88 22,035.92 5449.60
After Heavy and Light renovation (same rate/year) 2020 22.87 49.10 101.07 204.40 446.50 806.32 3784.67 23,330.53 5771.46
2030 21.22 45.56 93.78 189.64 414.25 747.61 3511.13 21,634 5349.41
2040 19.91 42.74 87.98 177.92 388.63 700.96 3293.75 20,285.78 5014.02
After Heavy and Light renovation x 2 2020 21.51 46.20 95.09 192.29 420.04 758.15 3560.23 21,938.50 5425.16
2030 18.72 40.18 82.71 167.24 365.29 658.45 3095.70 19,057.44 4708.45
2040 16.75 35.97 74.03 149.69 326.94 588.63 2770.38 17,039.70 4206.51
Heavy renovation 100% 2040 2.79 5.97 12.29 24.75 53.88 95.90 453.90 2672.49 632.42
Light renovation 100% 2040 13.57 29.13 59.96 121.21 264.69 472.52 2242.34 13,764.75 3391.81

and (ii) annual heavy renovation rate of 0.5%. It is important to note
that light renovations include roof renovation, new window frames, a
thermostat, and a more efficient heating system. Heavy renovations
refer to the total energy renovation of the entire building (i.e. walls,
roof, windows, and systems). In this study, we applied the renovation
rate to all the dwellings distributed in the different neighbourhoods that
we studied. We estimated that a major renovation allows the renovated
building to meet the ‘low energy’ criterion, with heating energy con-
sumption of 30 kWh/m?/year [57]. A light renovation leads the building
to a consumption half-way between that of the ‘low energy’ criterion
and that currently observed. However, until then we had consumption
by the type of housing and now we have consumption per m? depending
on the type of housing. We, therefore, determined the average surface
area of each dwelling, number of m? contained in each typical neigh-
bourhood class, and estimated energy consumption after the renova-
tions. The results of this scenario are shown on Table 5. We calculated
energy consumption following six sub-scenarios until 2040:

- Light renovation of 0.8% of the building stock per year,

Heavy renovation of 0.5% of the building stock per year,

- Light renovation (rate = 0.8% per year) + Heavy renovation (rate =
0.5% per year),

Doubling the renovation rate per year (1.6% for light renovation +
1% for heavy renovation),

Heavy renovation applied on the entire building stock of the region,
and

Light renovation applied on the entire building stock of the region.

After analysing Table 4 results, application of the current renovation
rate in Wallonia will allow an average reduction in energy consumption
of 18.19% in 2040 (heavy- and light-renovation scenario) compared to
2012, while doubling this current renovation rate will allow to reach a
reduction of 31.23% (heavy- and light-renovation scenario x 2), and
renovating the entire building stock will generate energy consumption
reduction of 88.82% with 100% of heavy renovation and energy

Table 6

consumption reduction of 44.41% with 100% light renovation. These
conclusions should be similar in various European countries having the
same type of old building stock as Belgium. Among the different types of
renovation scenarios, 100% heavy renovation seems to be the best
compared to the other five scenarios and it is most promising for
reaching nearly zero-energy residential neighbourhoods. If it seems
unlikely that this level of renovation can be achieved for the entire
regional stock by 2040, it is a strategy to be favoured in small scale
projects (such as renovation of neighbourhoods).

4.3. Application of photovoltaic panel scenario

Photovoltaic solar energy is electricity produced by transforming
part of the solar radiation using a photovoltaic cell. Using solar energy to
lower the amount of non-renewable energy consumption seems to be an
effective alternative. The potential of urban and rural neighbourhoods
used in this research for assessing solar photovoltaic electricity pro-
duction are derived from simulations using the Town Scope tool [61].
Globally, in this study photovoltaic panels were fitted on building roof
tops. Indeed, they are less productive on facades in Belgium. For this
scenario, we considered photovoltaic panels installed on 20 m? area of
buildings. According to the literature, it is concluded that these panel
arrays for domestic use of 3 kW produce 3000 kWh/year.

By applying this scenario to our neighbourhoods, we obtain a con-
sumption reduction in fossil fuels of more than 4612 GWh/year. This
scenario needs to be nuanced by considering a roof correction factor [56,
571, taking into account the impact of shading between buildings, ac-
cording to the type of neighbourhood built density. Roof correction
factor was assessed and is shown in Table 6. With this correction factor,
we obtain new production for solar energy slightly lower than earlier.
Finally, the total energy generation potential of photovoltaic panels on
the rooftops of all residential buildings in Wallonia amounts to
3404 GWh/year, which corresponds to 9.26% of total energy con-
sumption of the regional residential building stock for the reference year
(2012).

Variation in energy consumption in the Walloon building stock, by neighbourhood class, after applying the photovoltaic panel scenario.

Types of neighbourhoods in the Walloon building stock in Belgium.

1 2 3 4 5 6 7 8 9 Total
Energy consumption in 2012 (GWh/year) 24.35 52.29 107.63 217.67 475.51 849.14 4030.79 24,857.00 6151.19 36,765.57
Solar energy production (GWh/year) 2.95 6.34 13.09 26.47 57.74 103.13 489.99 3111.24 801.22 4612.16
Fossil energy consumption (GWh/year) 21.41 45.95 94.54 191.20 417.77 746.01 3540.80 21,745.76 5349.97 32,153.41
Roof correction factor (RF) 1 0.98 0.98 0.96 0.96 0.95 0.82 0.72 0.7 -
Solar energy production with Correction factor (RF) 2.95 6.21 12.83 25.41 55.43 97.97 401.79 2240.09 560.85 3403.55
Fossil energy consumption with correction factor (RF) 21.40 46.08 94.80 192.26 420.08 751.16 3629.00 22,616.91 5590.33 33,362.02
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Variation in energy consumption in the Walloon building stock, by neighbourhood class, after applying the mobility scenarios.

Types of neighbourhoods in the Walloon building stock in Belgium.

1 2 3 4 5 6 7 8 9 Total
Energy consumption due to mobility of residents (Gwh) 9.78 21.02 43.43 87.82 191.58 342.21 1354.18 8598.53 2214.32 12,862.87
Energy consumption assuming half of electric cars (Gwh) 6.52 14.03 28.99 58.61 127.85 228.38 903.75 5738.48 1477.79 8584.41
Energy consumption assuming all cars are electric (Gwh) 3.40 7.31 15.11 30.55 66.65 119.06 471.13 2991.48 770.38 4475.07
Energy consumption with reduced distances (—20%) 8.14 17.51 36.17 73.14 159.56 285.02 1083.92 6882.51 1772.41 10,318.4

Some detailed results are shown for each type of neighbourhood in
Table 6:

- Energy consumption of all buildings for the reference year,

- Solar energy production from 20 m? of PV panels on all the building
rooftops (without considering the effects of shading between
buildings),

- Remaining fossil energy consumption after the use of solar energy
produced (without considering the impact of shading between
buildings),

- Roof correction factor to apply on solar energy production taking
into account the impact of shading between buildings, based on their
built density [56,57].

- Solar energy production with roof correction factor, considering the
impact of shading between buildings, based on their built density
[56,57].

- Remaining fossil energy consumption after using the solar energy
produced, considering the impact of shading between buildings,
based on the built density [56,57].

The application of the photovoltaic scenario will allow an average
reduction in non-renewable energy consumption of 9.26% for the
Walloon residential building stock. This finding depends on several
factors such as climate, orientation of PV, shading effect, sunshine, etc.

This result shows that the yield of photovoltaic panels is low in
temperate zones compared to tropical zones.

4.4. Application of mobility scenario

Transportation is a major consumer of energy because commuting is
necessary to travel from home to places of work or study and return
back. Given this fact, in this research, we evaluate energy consumption
related to current household travel and by 2040. Data adopted for
assessing annual energy use regarding daily mobility could be registered
from different kinds of sources, such as ‘in situ’ campaigns, national
censuses among others. The Beldam survey was carried out between
December 2009 and January 2011 for 8532 households, including
15,821 people aged 6 years and above [62]. The annual energy con-
sumption for daily mobility was evaluated with some indicators such as
those shown in Ref. [53,63]. The distances travelled by Walloons are, on
average, longer than those made by the inhabitants of Brussels city. The
proximity (or not) of amenities around the dwellings is a factor that may
explain these differences.

The daily work-related trips are, on average, quite long and measure
around 22 km. However, this is perfectly consistent with the distances
between the home and work place already evaluated through other
surveys. For more ‘recreational’ activities (i.e. visits to friends, family,
sports, recreation, and culture), the average distance of a round trip is
13.4km. The results of the BELDAM survey [62] also affirmed that
schools, shops, and services are closer to dwellings than work places,
with round trips of 18 km to get to schools, 14 km to go shopping, and
13 km for other services.

It is, therefore, necessary to determine the average distance travelled
by a resident considering the different modes of transport and the cor-
responding kilometric fluctuations within each of them. Thus, from the
Beldam report we obtained the average distance depending on the type

of transport and average number of trips per resident per day.
Combining these data, we obtained the average kilometres travelled by a
single resident per day and annually, which led to an average distance
travelled of 30km per day and an average annual distance of
10,950.00 km. However, it seemed necessary to distinguish the more
rural districts where the distances travelled are slightly higher [53] due
to the low density of buildings and services, by applying a factor of
-+20%, which led to an average distance travelled of 36 km per day and
an average annual distance of 13,140.00 km.

The average consumption for different transportation types in Wal-
lonia [53] is 0.56 kWh/km for diesel vehicles, 0.61 kWh/km for gasoil
vehicles, 0.585 kWh/km for an average motor vehicle, 0.45 kWh/km for
abus, 0.15 kWh/km for a train, and 0 kWh/km for non-motorized modes
of transport. Next, to calculate the annual transport consumption for a
resident we established the average consumption per kilometre (trav-
elled in Wallonia), which is 0.32 kWh/km.

After determining energy consumption for travel, we implemented
reduction scenarios based on certain assumptions:

(i) Now, a car park is not composed solely of cars running on fuel but
some of them are electric. The first scenario assumes that half the
cars will be electric by 2040 and the second scenario that the
entire car park will comprise electric vehicles in 2040. To achieve
this, we first determined the annual consumption of a resident
living in urban areas versus a resident living in rural areas. We
adopted the same method described above, by assuming that an
electric car consumes 0.17 kWh/km [62,69]. The average con-
sumption was 0.21 kWh/km for a half electric car park and
average consumption of 0.11 kWh/km by using only electric cars.

(i) Now we will opt for a hypothesis impacting the number of kilo-
metres. We consider that the distance travelled by a resident will
be reduced by 20% by 2040, if residents live closer to their place
of work and their children’s school. This translates into 24 km per
day travelled for urban and suburban residents and 30 km for
those living in rural areas. The results obtained are as follows:
average consumption (0.32 kWh/km, both); distance travelled in
one year (8760.00km per resident in urban areas and
10,950.00 km per resident in rural areas). Similarly, we have
determined future consumption and the results are shown
Table 7.

The application of the transportation scenario will allow an average
reduction in mobility energy consumption in 2040 of 65.21% with 100%
of electric cars, 33.26% with 50% of electric cars, and 16.78% to
reduced-distances scenario, based on the total building stock in Wallo-
nia. This conclusion should be similar in most countries having the same
type of transport systems than Belgium, mainly based on motor vehicles.

4.5. Summary of scenarios by neighbourhood class

Once all the scenarios were applied, we performed a synthesis of the
latter by neighbourhood class, so as to compare them and to identify the
most effective scenarios by 2040. The results are shown in Table 8.

The average reduction in energy consumption for residential build-
ings in Wallonia (Belgium) in 2040 (compared to 2012) will reach
9.10% due to evolution in degree days, 18.19% to the current annual
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Summary of energy consumption in each neighbourhood class in 2040 (by scenario).

Types of neighbourhoods in the Walloon building stock in Belgium.

1 2 3 4 5 6 7 8 9

Initial buildings energy consumption (Gwh) 24351 52.280 107.632  217.669  475.511  849.137  4030.789  24,857.000 6151.187

Building energy consumption in2040 with variation in degree days ~ 19.836  42.596  87.680 194.838  425.635 760.072  3450.47 21,278.31 5598.140
(Gwh)

Building energy consumption with current renovation rate: Heavy ~ 19.91 42.74 87.98 177.92 388.63 700.96 3293.75 20,285.78 5014.02
and light renovations (Gwh)

Building energy consumption while doubling the renovation rate 16.75 35.97 74.03 149.69 326.94 588.63 2770.38 17,039.70 4206.51
(heavy + light renovation x2) (Gwh)

Fossil energy consumption due to buildings with photovoltaic 21.40 46.08 94.80 192.26 420.08 751.16 3629.00 22,616.91 5590.33
panels (Gwh)

Initial transportation energy consumption (Gwh) 9.78 21.02 43.43 87.82 191.58 342.21 1354.18 8598.53 2214.32

Transportation energy consumption assuming all cars are electric 3.40 7.31 15.11 30.55 66.65 119.06 471.13 2991.48 770.38
(Gwh)

Transportation energy consumption assuming a 20% reduction in 8.14 17.51 36.17 73.14 159.56 285.02 1083.92 6882.51 1772.41

distances travelled (Gwh)

Table 9

Percentage reduction of energy consumption in each neighbourhood class in 2040 (by scenario).

Types of neighbourhoods in the Walloon building stock in Belgium.

1 2

3 4 5 6 7 8 9

Rate of energy consumption reduction in the residential buildings by 2040 (compared to 2012)

Variation in degree-days 8.99% 8.99% 9.29% 8.99% 8.99% 8.95% 8.56% 8.56% 9.10%
Heavy and light renovations with current renovation rate 18.23% 18.26% 18.26% 18.26% 18.27% 17.45% 18.28% 18.39% 18.48%
Heavy and light renovations while doubling the current renovation rate 31.21% 31.21% 31.22% 31.23% 31.24% 30.67% 31.27% 31.45% 31.61%
Heavy renovation (100%) 88.54% 88.58% 88.58% 88.63% 88.67% 88.71% 88.74% 89.25% 89.72%
Light renovation (100%) 44.27% 44.29% 44.29% 44.31% 44.33% 44.35% 44.37% 44.62% 44.86%
Photovoltaic panels 9.25% 9.26% 9.30% 9.25% 9.24% 9.30% 9.25% 9.26% 9.26%
Rate of energy consumption reduction in the mobility sector by 2040

100% electric cars 65.23% 65.22% 64.47% 65.5% 65.21% 65.20% 65.21% 65.21% 65.21%
Reduced distances travelled (—20%) 16.76% 16.69% 16.71% 16.70% 16.71% 16.72% 16.71% 16.70% 16.71%

renovation rate, 31.23% if doubling this current renovation rate,
44.41% and 88.82% with a light or heavy renovation of the entire
building stock, respectively. The application of the photovoltaic sce-
nario (20 m? of PV panels on each residential building) will allow an
average reduction of 9.26% in non-renewable energy consumption for
the Walloon residential building stock for the reference year (2012).
Transport energy consumption in 2040 could be reduced by 65.21%
with 100% electric cars, 33.26% with 50% electric cars, and 16.78%
following a 20% reduction for all distances travelled. The detailed
reduction frequencies in energy consumption by neighbourhood class
are shown in Table 9.

However, we remind you that all the scenarios studied can lead to
considerable savings in the energy bill. It is in this sense that in sub-
section 4.6, we present the most effective scenarios, constructed from

Table 10

a combination of the previous scenarios. According to the European
commission, building renovation makes it possible to save energy up to
50% [70]. The results found in this study are in agreement with this
conclusion.

4.6. Mixed scenarios

After elaborating the four previous scenarios, we now realize sce-
narios resulting from the addition of several options and calculate the
total consumption of different neighbourhood classes by 2040. First, we
consider year 2040 for the number of degree days, and based on this
consumption, we will determine the consumption of each neighbour-
hood class using a combination of different hypotheses such as light or
heavy renovations, installation of photovoltaic panels, changes in

Reduction (in percentage) in total energy consumption (buildings + transport — local renewable energy) based on mixed scenarios applied on the Walloon building

stock, per neighbourhood class.

Types of neighbourhoods in the Walloon building stock in Belgium.

1 2 3 4 5 6

7 8 9

Total energy consumption of each neighbourhood class of residential building stock in Wallonia (Belgium) in 2012

Control scenario (GWh)  34.13 73.31 151.06 305.49 667.09

1201.35

5384.97  33,455.53  8365.51

Rate of reduction of total energy consumption (buildings + transport — new local renewable energy) of each neighbourhood class in the residential building stock in

Wallonia (Belgium) by 2040 (compared to the control scenario in 2012)

Mixed Scenario 1 18.31%  18.28% 18.83%  18.25%  18.36%  19.00% 22.49% 22.39% 22.22%
Mixed Scenario 2 63.9% 63.92% 63.93%  63.86%  63.92%  64.33% 67.64% 67.46% 66.65%
Mixed Scenario 3 35.16%  35.16% 35.53%  35.15% 35.17%  36.11% 39.21% 39.08% 36.63%
Mixed Scenario 4 27.86%  27.81% 28.39%  27.82%  27.92%  28.48% 30.86% 30.54% 27.80%
Mixed Scenario 5 36.5% 36.28% 36.88%  36.13%  36.22%  36.38% 38.32% 37.64% 34.51%
Mixed Scenario 6 37.00%  36.98% 37.58%  37.00%  37.09%  37.58% 39.89% 39.15% 36.25%
Mixed Scenario 7 44.85%  44.697%  45.19%  44.54%  44.24%  45.05% 46.64% 45.94% 43.28%
Mixed Scenario 8 72.55%  72.39% 72.42%  72.03%  72.24%  72.49 75.10% 74.16% 73.35%
Mixed Scenario 9 91.20%  91,09% 91.17%  90.95%  90.97%  91.06% 91.50% 90.92% 90.62%
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Fig. 3. Global reduction in residential energy consumption (buildings) by different scenarios in Wallonia, Belgium.

number of electric cars in a car park, and reduction in distances trav-
elled. We present nine scenarios and select those that are most appro-
priate for the neighbourhood classes.

The results of these combined scenarios are presented in Table 10.
First, Table 10 provides reference values for the control scenario by
considering the energy consumed by housing and for displacements in
2012. Next, we developed the following nine new scenarios:

1/First mixed scenario: Global warming + heavy and light renova-
tions according to current renovation rate +current transport;

2/Second mixed scenario: Global warming + heavy renovations of
all buildings +current transport;

3/Third mixed scenario: Global warming + light renovations of all
buildings -+current transport;

4/Fourth mixed scenario: Global warming + heavy and light reno-
vations according to current renovation rate +50% electric cars.

5/Fifth mixed scenario: Global warming + heavy and light renova-
tions according to current renovation rate +50% electric cars - solar
panels.

6/Sixth mixed scenario: Global warming + heavy and light renova-
tions according to current renovation rate +100% electric cars.

7/Seventh mixed scenario: Global warming + doubling the current
renovation rate of heavy and light renovations +50% electric car
transport — solar panels.

8/Eighth mixed scenario: Global warming + heavy renovation of all
buildings (100%) + current transport -solar panels.

9/Ninth mixed scenario: Global warming + heavy renovation of all
buildings (100%) + 100% electric cars — solar panels.

Next, we calculated the total energy consumption for the previously
established scenarios, thanks to the following formula: energy con-
sumption due to buildings + energy consumption due to transport —
local renewable energy. Finally, we evaluated the reduction (in per-
centage) in total energy consumption following the 9 mixed scenarios
for the nine neighbourhood classes. Based on these applications, we
obtained the total consumption of each neighbourhood class according
to the mixed scenarios, and this allows us to determine which scenarios

are the most conclusive, or conversely, the least efficient.

Scenario 9 (global warming heavy renovation 100% + 100% electric
cars — solar panels)is the best of all the nine scenarios; indeed, on
average, it allows to reduce up to 91.5% of total energy consumption in
2040 in the Wallonia neighbourhoods, compared to the reference year.
Scenario 2, taking into account the phenomenon of global warming,
heavy renovations of all the buildings and current energy consumption
for transport, Scenario 8, taking into account the same scenario with
additional solar panels, already provide very good results, with a
reduction corresponding on average to two-thirds and three-quarters of
the initial global energy consumption (buildings + transport) of the
residential building stock in Wallonia, respectively. Scenario 9 is the
only scenario that achieves nearly zero-energy at the neighbourhood
scale, considering energy consumption by buildings and daily mobility.

5. Discussions

The majority of current studies that are based energy efficiency and
zero energy were regularly carried out at the building scale [12-14]. We
want to broaden the reflection at the neighbourhood level because it is
clear that environmental issues in future will be resolved at the urban
scale. We believe that this type of approach is the logical continuation of
current regulations. Fig. 3 shows global reduction in energy consump-
tion (%) due to several scenarios implemented at the neighbourhood
scale, accounting for energy consumption in buildings and the transport
sector.

The average reduction in energy consumption of neighbourhoods
(buildings + daily mobility) at the regional scale in Wallonia (Belgium)
in 2040 (compared to 2012) will reach 5.69% following a 20% reduction
in distances travelled, 6.48% due to degree-days evolution, 9.57%-50%
of electric cars, 12.95% to the current annual buildings renovation rate,
18.76%-100% electric cars, 22.26% due to doubling the current build-
ings renovation rate, 31.62% and 63.25% following a light or heavy
renovation of entire building stock, respectively. Moreover, adding 20
m? of solar panels on the rooftops of each residential building would
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Table 11
Global reduction in energy consumption (buildings + transport- solar energy) by mixed scenario in 2040 (compared to 2012) in Wallonia, Belgium.
Scenario Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9
Reduction rate 22% 66% 38% 30% 37% 39% 45% 74% 91%
produce renewable energy equivalent to 6.53% of this global energy countries with the same climate and type of building stock.
consumption for buildings and daily mobility (transportation). Some Note that the installation of photovoltaic panels is most adapted in
mixed scenarios have also been tested. Table 11 shows the global rural and peri-urban areas, while in urbanized areas this method is less
reduction in energy consumption related to these mixed scenarios, ac- productive because of the shadow effect. On the contrary, increasing the
counting for buildings and daily mobility at the regional scale. number of electric vehicles (cars, trains, trams) in a city is a good way to

It is important to emphasize that the main objective of all these reduce energy consumption.
scenarios was to propose techniques for reducing energy in buildings Nevertheless, additional studies are necessary to complete and
and transportation. The results show that a scenario involving the in- specify the results obtained, for example accounting for socio-economic
fluence of the global warming, a heavy renovation of the entire resi- constraints. Another study could focus on cost optimization by consid-
dential buildings stock, a massive integration of electric cars (to reach ering the principles set by the European conventions on the energy
100%) and installing solar panels on rooftops are imperative to performance of buildings. Finally, the adapted approach in research
achieving a nearly zero energy goal at the neighbourhood scale. More- related to zero-energy neighbourhoods differentiates according to the
over, due to poor energy performance of a major part of the actual places studied. This research was conducted by issuing several hypoth-
buildings stock in Wallonia, heavy renovation of the entire residential eses used in research studies in Belgium. It would be interesting to
buildings stock in a neighbourhood is always the most efficient solution compare the results if other assumptions or other climatic and regional
to reducing global energy consumption. characteristics were used.

Roof correction factors, accounting for the shadowing effect between
buildings, have a significant impact on photovoltaic panel production in Declaration of competing interest
a neighbourhood. It was observed that the shadowing effect was much
higher in the urban region. Nevertheless, this difference in the produc- The authors declare that they have no known competing financial
tion of solar energy, following the neighbourhood type, does not seem to interests or personal relationships that could have appeared to influence
change energy priorities and strategies for the regional scale. the work reported in this paper.

Indeed, more than 80% of residential buildings are more than 100
years old in Wallonia; thus, among the different scenarios applied in the Acknowledgments
nine neighbourhood’s categories, it is noticed that heavy renovations
within buildings are the most effective levers of action to decrease en- The authors acknowledge AXA Company for its financial support,
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