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A B S T R A C T

Urban residents are exposed to higher levels of heat stress in comparison to the rural population. As this phenomenon could be enhanced by both global greenhouse
gas emissions (GHG) and urban expansion, urban planners and policymakers should integrate both in their assessment. One way to consider these two concepts is by
using urban climate models at a high resolution. In this study, the influence of urban expansion and GHG emission scenarios is evaluated at 100m spatial resolution
for the city of Brussels (Belgium) in the near (2031–2050) and far (2081–2100) future. Two possible urban planning scenarios (translated into local climate zones,
LCZs) in combination with two representative concentration pathways (RCPs 4.5 and 8.5) have been implemented in the urban climate model UrbClim. The
projections show that the influence of GHG emissions trumps urban planning measures in each period. In the near future, no large differences are seen between the
RCP scenarios; in the far future, both heat stress and risk values are twice as large for RCP 8.5 compared to RCP 4.5. Depending on the GHG scenario and the LCZ
type, heat stress is projected to increase by a factor of 10 by 2090 compared to the present-day climate and urban planning conditions. The imprint of vulnerability
and exposure is clearly visible in the heat risk assessment, leading to very high levels of heat risk, most notably for the North Western part of the Brussels Capital
Region. The results demonstrate the need for mitigation and adaptation plans at different policy levels that strive for lower GHG emissions and the development of
sustainable urban areas safeguarding livability in cities.

1. Introduction

Expanding urban areas drive global climate change due to green-
house gas (GHG) emissions and land use change (Ali, 2018; Ali et al.,
2018; Benson-Lira et al., 2016; Wouters et al., 2017; Seto et al., 2012).
However, this paper focuses on how these climatic changes are ex-
pected to adversely influence the urban ecosystem (Revi et al., 2014;
Watts et al., 2015). As the world continues to urbanize, global sus-
tainable development challenges and opportunities will increasingly be
concentrated in cities, as was already specified by (Djiglav, 2007): “The
battle for life on Earth will be won or lost in cities”. In this respect, it is
of utmost importance that urban policies address mitigation and
adaption to climate change at different scales in order to guarantee the
livability of cities in the future (Ali et al., 2017; Bramley and Power,
2009; Mills, 2007; Wouters et al., 2017).

In order for policy to be effective, climate knowledge should be
incorporated into urban decision-making as a component for future
urban planning and in the development of smart cities. Generally, this is
done using climate models. In recent years, many studies focused on

improving the representation of urban surfaces in these models to si-
mulate realistic urban temperatures. This work is highly relevant as
cities are already suffering from higher temperatures due to the urban
heat island (UHI) effect and will be more vulnerable to extreme heat
stress under future climate projections (IPCC, 2012). Recent studies
indicate that urban and rural areas respond similarly to climate change,
but urban areas are more prone to suffer from extreme heat (Fischer
et al., 2012; Oleson et al., 2018). Global climate models are typically
run at a coarse resolution, thus, inhibiting the analysis of the intra-
urban effects of heat stress-related problems at the neighborhood scale.
Therefore, regional climate models with higher resolutions are needed
(Argüeso et al., 2015; Kendon et al., 2017). Since downscaling is
computationally very expensive, only a limited amount of GHG and
land use change scenarios are usually used (Kendon et al., 2017). A
recent study by Wouters et al. (2017) combined a business-as-usual
(BAU) urban growth scenario and three global GHG emissions scenarios
to evaluate future heat stress in Belgium (White and Engelen, 2000).
Results show that the influence of the global emission scenarios trumps
the local land use change input in terms of overall heat stress at the
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2.8 km scale. Future heat stress has a strong spatial variation, similar to
current heat stress. Remarkably, the worst GHG emissions scenarios
anticipate that the rural heat stress during the coldest years will exceed
the urban heat stress in the warmest years in the present day.

Even high-resolution regional climate models, simulating climate
characteristics at a regional scale (> 1 km) as used by Wouters at al.
(2017), have a resolution that is too coarse to capture the intra-urban
heterogeneity often present as neighborhood scales. As such, a higher
horizontal spatial resolution (1 km or higher) is required to evaluate
structural changes in terms of urban planning. Urban climate models at
the neighborhood scale can play a vital role in the evaluation of dif-
ferent urban planning scenarios (Eliasson, 2000; Hebbert and
Mackillop, 2013; Mills, 2007). It seems, however, that researchers and
urban planners are facing a “knowledge circulation failure”, due to a
mismatch between urban climate knowledge and planning concerns
(Hebbert and Mackillop, 2013). To overcome this gap, existing and
future research should be aligned for planning use and to meet urban
planning needs (Alcoforado et al., 2009; Gál et al., 2009; Mills et al.,
2010). Urban growth scenarios as a component of a planning support
system are thus a valuable tool for exploring the spatial impact of de-
cisions on future urban planning and can be important to test the im-
pact of different visions on spatial design (Van De Voorde et al., 2016).

In this study, the UrbClim model (De Ridder et al., 2015) is run at a
spatial resolution of 100m for Brussels (Belgium). The high resolution
has an important benefit when assessing the heat exposure of urban
residents on a neighborhood level. Two different scenarios for urban
planning are combined with global GHG emissions scenarios

(representative concentration pathways (RCP) 4.5 and 8.5) to evaluate
the impact of both urban planning, in terms of Local Climate Zones
(LCZ) (cfr. Alexander et al. (2016)), and GHG emissions for the near and
far future. Local climate zones are formally defined as “regions of
uniform surface cover, structure, material, and human activity that
span hundreds of meters to several kilometers in horizontal scale”
(Stewart and Oke, 2012). The scheme consists of 17 standard zones,
with a unique air temperature regime at screen height (1–2m above the
ground) and in similar atmospheric and surface relief conditions
(Stewart et al., 2014) (Fig. 1).

Verdonck et al. (2018) already indicated a significant difference
between the thermal behavior of each zone and the potential of LCZ
maps as a heat stress indicator under present-day climate conditions.
Yet in this study, the maps are used to assess future heat risk in function
of urban planning measures and global GHG emissions scenarios for the
Brussels Capital Region, thereby targeting two research questions:

• How does the LCZ map for Brussels translate to LCZ maps based on
two urban planning scenarios (UPS)?
• How do GHG and urban planning scenarios influence heat risk in the
Brussels Capital Region?

2. Methodology and methods

First, in order to develop two different urban planning scenarios, the
LCZ map for Brussels, which was developed in Verdonck et al. (2017), is
translated to statistical sectors and is used as a base for the two urban

Fig. 1. Urban (1–10) and natural (A–G) LCZ types and their characteristics (adapted from Table 2 in Stewart and Oke (2012), text shortened, icons reworked) B:
Buildings; C: cover; M: materials; F: function; Tall:> 10 stories, Midrise: 3–9 stories, Low: 1–3 stories (Adapted from Stewart and Oke (2012)).

M.-L. Verdonck, et al. Journal of Environmental Management 249 (2019) 109210

2



planning scenarios. Statistical sectors are a spatial unit that is finer than
that of cities or municipalities and are the smallest spatial unit in Bel-
gium for which census data are made publicly available (ESPON, 2013).
Thus, within one municipality multiple statistical sectors exist. Based
on the two urban planning scenarios, air temperature is simulated by
UrbClim for a reference, a near future (2031–2050, referred to as 2040)
and a far future period (2081–2100, referred to as 2090). For the future
simulations, two RCP scenarios (RCP 4.5 and RCP 8.5) are taken into
account (Section 2.2). Finally, heat stress is assessed for all scenarios in
Brussels and a heat risk map for the Brussels Capital Region (outlined in
Fig. 2) is presented based on hazard, exposure, and vulnerability, see
Section 2.3.

2.1. Relating urban planning scenarios to LCZs

For each statistical sector in Brussels, the majority LCZ (Verdonck
et al., 2017) is retained, providing a new LCZ map (Fig. 2).

From this present-day LCZ map, two urban planning scenarios (UPS)
are derived:

• The first scenario is based on a BAU approach. Projections by
(Poelmans, 2010) show that in this scenario over 40% of the open
space in Flanders will be locked and will no longer be accessible by
the public by 2050.
• A second scenario integrates the Flemish and Brussels policy direc-
tion for 2050. In this sustainable (SUS) scenario, by 2040 no more
open space is consumed and the existing built surface is densified
and concentrated around major mobility networks.

To define future LCZ maps we used the map in Fig. 2, in

combination with a location choice model (Somers et al., 2017). This
model is based on a decision tree with a rule set for each scenario (Fig.
S1), which simulates where people will live in the future, taking po-
pulation growth into account. The model generates the new population
density, depending on the UPS, at the scale of a statistical sector. Based
on the population densities for each LCZ, calculated from the present-
day LCZ map (Fig. S2), the population densities for both scenarios are
translated into two LCZ maps. Based on the population density values,
transition rules for both scenarios are set (Table 1, between squared
brackets). These rules are implemented in all statistical sectors. The
logic behind the transition rules is closely linked to the logic of the UPS.
For example, in the BAU scenario, LCZ 9 (sparsely built) transitions first
into LCZ 6 (open lowrise) and only afterward in LCZ 3 (compact low-
rise) instead of transitioning into a high-density structure immediately
which would happen in SUS. Similarly, for SUS it is possible for LCZ 8
(large lowrise or industrial) to transition into LCZ 5 (open midrise),
which translates often in the conversion from old industrial buildings
into a newly developed site.

This first rule set delivered two preliminary maps. Since the vision
for Flanders and Brussels (Ruimte Vlaanderen, 2016) focuses on den-
sification of the urban centers, optimal use of mobility networks, the
introduction of green and blue corridors reaching into the city center
and no more consumption of public space after 2040, some additional
rules have been implemented for the sustainable scenario:

• Introduction or expansion of green zones (LCZ B) in the Brussels
Capital Region (population was compensated in neighboring zones);
• Densification of the satellite villages and towns: All centers are
converted to compact lowrise (LCZ 3);
• Transformation of commercial zones on the East–West axis to dif-
ferent built zones based on the Canal plan (Chemetoff, 2014).

2.2. Urban climate projections methodology

Projections for the future climate in Brussels have been obtained by
combining the UrbClim model with statistical techniques. The UrbClim
model has been extensively validated for the city of Brussels and is
suitable to simulate temperatures in the framework of this study (De
Ridder et al., 2015). To simulate the future climate, two effects are

Fig. 2. Present-day LCZ map for Brussels using statistical sectors as a mapping
unit. The central white area coincides with the canal zone in Brussels which is
not located in a statistical sector.

Table 1
Transition rules for each scenario, population density thresholds (population/km2) between square brackets.

Business-as-usual (BAU) Sustainable (SUS)

natural zones => sparsely built [100] no conversion from natural to built zones
open lowrise => compact lowrise [4904] open low-rise => open midrise [4904]
sparsely built => open lowrise [3266]

compact lowrise => compact midrise [6000]
sparsely built => open lowrise [3266]
compact lowrise => compact midrise [6000]
large open low-rise => open midrise [4000]

Table 2
Explanation of the scenario names for all 10 scenarios.

Period RCP Name

Business-as-usual Reference period No RCP BAU_ref
Business-as-usual 2031–2050 RCP 4.5 BAU_2040_RCP4.5
Business-as-usual 2031–2050 RCP 8.5 BAU_2040_RCP8.5
Business-as-usual 2081–2100 RCP 4.5 BAU_2090_RCP4.5
Business-as-usual 2081–2100 RCP 8.5 BAU_2090_RCP8.5
Sustainable Reference period No RCP SUS_ref
Sustainable 2031–2050 RCP 4.5 SUS_2040_RCP4.5
Sustainable 2031–2050 RCP 8.5 SUS_2040_RCP8.5
Sustainable 2081–2100 RCP 4.5 SUS_2090_RCP4.5
Sustainable 2081–2100 RCP 8.5 SUS_2090_RCP8.5
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taken into account: urban planning scenarios and GHG emission sce-
narios. The effects are implemented in a two-step procedure, wherein,
first, the land use change due to urban growth is included based on the
UPS, and only thereafter the GHG emissions are added to the urban
planning results. A detailed description of the implementation can be
found in Appendix S3.

In total, 10 different scenarios (Table 2) are assessed. The name for
each scenario is based on three components: the urban planning sce-
nario, the time period for which the scenario is run, and the re-
presentative concentration pathway.

2.3. Heat risk analysis in function of LCZs

Following (Buscail et al., 2012; Tomlinson et al., 2011), the risk
assessment theory focusing on the “Crichton's Risk Triangle” is used,
stating that risk is a function of hazard, exposure, and vulnerability
(Crichton, 1999). Risk is defined between 0 and 1 and has no unit.
When any of the three components is zero, there is no risk.

2.3.1. Hazard
Hazard is something that may cause a risk. There are different ha-

zard types, which can be natural or man-made. The hazard in this study
is related to extreme temperatures which can lead to heat stress situa-
tions in urban areas. As was described in Verdonck et al. (2018), not
only high daytime temperatures are important for heat stress, but also
the nighttime cooling rates should be considered. The heatwave degree

days (HWDD) (Wouters et al., 2017) take both into account and are
used to provide information on hazard in this manuscript for three
different periods in time: the reference period, 2040, and 2090. HWDD
are defined using the following equation:

= ° + °+ +HWDD T C T C h[( 18.2 ) ( 29.6 ) ]
k

min k max k k, ,

This index calculates the sum of exceedance of minimum and
maximum thresholds during a heatwave day (hk= 1). The intensity of
the heatwaves is taken into account with the concept of exceeding
values of those temperature thresholds. The plus sign, ( )+, indicates
that only positive values are taken into account. Note that this index is
operationally used by Belgian governmental agencies on environment
and health to monitor the potential effect of heat stress episodes, as a
part of the state of the environment reporting in Flanders (see Brouwers
et al., 2015; http://www.milieurapport.be).

2.3.2. Exposure and vulnerability
The exposure component represents what is exposed to the hazard

(Tomlinson et al., 2011); in this case, the location of people or activities
that can be affected by heat stress (WMO and WHO, 2015). In general,
the urban population would be exposed to higher temperatures com-
pared to the rural surroundings, due to the UHI effect. However,
Verdonck et al. (2018) show that within a city exposure to high tem-
peratures or heat stress can also depend on the urban morphology. For
this reason, population density is often used to account for exposure in

Table 3
Selected vulnerability indicators and supporting data.

Vulnerable group Supporting data (BISA, 2018; Somers et al., 2017)

Elderly (E)
percentage of people older than 65 years
percentage of people older than 80 years
percentage of people older than 65 years, living alone

Children (C)
percentage of children under the age of 3 years

Population density (P)
population density per km2 (BAU)
population density per km2 (SUS)

Income level (I)
Average yearly income
percentage of people who are unemployed for a long
time
percentage social housing

Fig. 3. Flowchart of the integrated spatial heat health risk assessment.
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heat risk studies (Gadeyne, 2016). Since high population densities often
correspond to regions with high urban densities and, thus, high UHI
intensities (Loughnan et al., 2012), some authors consider exposure to
be a part of vulnerability (Scherer et al., 2013). In this study, the same
approach is followed and population density is included in the vul-
nerability index.

Vulnerability can be described as “the characteristics of a person or
group and their situation that influences their capacity to anticipate,
cope with, resist and recover from the impact of a natural hazard”
(Wisner et al., 2003). Multiple studies have reported that some popu-
lation groups are more susceptible to suffer from heat stress during
extreme heat events (Buscail et al., 2012; Dolney and Sheridan, 2006;
Hajat et al., 2007; Hajat and Kosatky, 2010; Harlan et al., 2006; Kovats
and Kristie, 2006; Lemonsu et al., 2015; Loughnan et al., 2012; Luber
and McGeehin, 2008; Morabito et al., 2015; Scheraga and Grambsch,
1998; Tomlinson et al., 2011; Vandentorren et al., 2006): elderly,
young children, people with chronic diseases or disabilities, people who
are socially isolated, some ethnic groups, economically disadvantaged
people, migrant groups, but also people that perform physical activities
outdoors or in non-cooled indoor environments. Here four different
vulnerability groups are included in the heat risk assessment (Table 3)
together with their supporting data layers from (BISA, 2018) at the
neighborhood level. Population density is based on the output from the
urban dynamics model (Section 2.1) and is available at the spatial scale
of the statistical unit, a more detailed scale compared to the neigh-
borhood scale for the other layers.

The vulnerability index, further referred to as the combined index
(V), is the equal-weighted linear sum of the four sub-indicators fol-
lowing (Tomlinson et al., 2011): = + + +V E C P I( )/4 , where E, C, P

and I respectively refer to the elderly, children, population density, and
income level. In order to compare and combine all indicators, they are
normalized to 0–1 using a linear normalization algorithm:

Indicator value – min indicator value range
max indicator value range min indicator value range

( )
( ) ( )

To calculate the indicators “elderly” and “income level” the same
method is applied using the different supporting data layers from
Table 3.

2.3.3. Risk
Risk is defined as “the probability of future damage and losses to the

impact of a given hazard event on an element at risk over a specified
time period” (Kervyn, 2015). As shown in Fig. 3, the combined index
(exposure and vulnerability) is multiplied with the normalized hazard
index to deliver a heatwave health risk (IPCC, 2012):

= ×Heat risk V normalized HWDD

The normalized hazard index is calculated based on the minimum
hazard (reference period) and the maximum hazard (RCP 8.5 in the far
future) over different time periods and RCP scenarios:

Hazard value – min Hazard value
max Hazard value min Hazard value

( )
( ) ( )

Since the supporting census data is only available for the Brussels
Capital Region, the heatwave health risk index is only calculated for the
Brussels Capital Region and not for the whole extent of the LCZ map
(Fig. 2). Readers should also be aware that the combined index is not
projected into the future due to lack of data, this might lead to an
underestimation of the potential heat risk.

Fig. 4. LCZ map for Brussels using statistical sectors as a mapping unit: business-as-usual (left) and sustainable (right), the Brussels Capital Region is outlined in
black.

M.-L. Verdonck, et al. Journal of Environmental Management 249 (2019) 109210

5



3. Results

3.1. Relating urban planning scenarios to LCZs

In Fig. 4, the LCZ maps for the BAU and the SUS scenarios are
presented and in Table 4, the difference in surface areas for each LCZ is
listed for the two scenarios compared to the present-day situation. Both
maps indicate clear densification of the Brussels Capital Region by 2040
in comparison to the present-day map (Fig. 2). Almost all compact
lowrise zones (LCZ 3) are converted to compact midrise (LCZ 2), re-
sulting in an increase of almost 40 km2 for both urban planning sce-
narios, making compact midrise the main built zone in the Brussels
Capital Region.

Second, in the SUS scenario, five green corridors (North, North-East,

East, South-West, and West of the center), or ventilation axes, are in-
troduced. These corridors provide the urban population with a gateway
to the rural surroundings of the Brussels capital. Due to the densifica-
tion and the implementation of green areas in the SUS scenario, the
lowest fraction of built zones can be found here. Moreover, the total
amount of built zones decreased by 27.3 km2 in the SUS scenario,
nonetheless harboring a population increase predicted by 2040. Third,
in sparsely built zones an overall decrease for both scenarios can be
noticed. In the SUS scenario, more than half of the current surface area
has been transformed into another zone, and all small and fragmented
satellite towns or villages are densified. In comparison, in the BAU
scenario new sparsely built zones (LCZ 9) are created, indicating more
occupation of open space. Finally, a new LCZ class, open midrise (LCZ
5), is introduced in the sustainable scenario. These zones typically sit

Table 4
Difference in surface area (Km2 and %) for all zones in the two UPS compared to the present-day situation.

Built zones (BZ) Natural zones (NZ)

LCZ 1 LCZ 2 LCZ 3 LCZ 5 LCZ 6 LCZ 8 LCZ 9 Total BZ LCZ A LCZ B LCZ D Total NZ

BAU
Km2 0 39.4 −9.6 0 21.1 0.2 −16.9 34.2 0.3 −12.5 −22 −34.2
% 0 4.3 −1.1 0 2.3 0 −1.9 3.8 0 −1.4 −2.4 −3.8
SUS
Km2 −0.4 37.9 3.6 23.8 −25.6 −3.5 −63.1 −27.3 0.3 16.7 12.7 27.3
% 0 4.2 0.4 2.6 −2.8 −0.4 −6.9 −3 0 1.8 1.1 3

Fig. 5. Spatial explicit hazard maps for the reference period and RCP 8.5 in the far future for both UPS (BAU: left, SUS: right).
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alongside the green corridors, likely enhancing the cool flow from the
natural zones. In the sustainable scenario, the open lowrise (LCZ 6) area
has decreased by 25.6 km2 (Table 4).

3.2. Heat risk analysis in relation to LCZs

3.2.1. Hazard
Spatially explicit heatwave degree day (HWDD) maps are used as

the hazard input for the heat risk analysis. In Fig. 5, the hazard maps for
both the reference period and RCP 8.5 by 2090 for both UPS are shown.
The same color scheme was used for all figures in Fig. 5 to ensure
comparability between the periods. The maps clearly indicate that for
both UPS, the Brussels Capital Region is already exposed to much
higher levels of heat stress compared to the rural counterpart. Second,
this figure visually shows that by 2090 under RCP 8.5 the lowest heat
stress will be higher than the highest heat stress in the reference period
for both UPS.

Even though Fig. 5 shows very low to low levels of heat stress under
present climatic conditions, past events have shown that these areas
already suffer from high levels of heat stress during heatwaves. The
heat stress levels should, thus, be interpreted in comparison to the worst
case scenario presented here.

Fig. 6 shows the quantification of this visual interpretation. Average

HWDDs for each scenario have been calculated for each LCZ, showing a
high similarity between the two urban planning scenarios in terms of
HWDD for each zone (Fig. 6). For both reference periods, average
HWDDs are below 30 for all zones, and the highest levels of heat stress
are mainly located in the compact built and the large lowrise zones.
High levels can still be found in the open built zones while medium to
low values of heat stress are characteristic for sparsely built (LCZ 9) and
natural zones (LCZ A, B, D). The newly introduced open midrise zone
(LCZ 5) is also characterized by high heat stress levels, the levels are
however lower compared to the compact zones (LCZ 1, 2, 3).

By 2040, no large differences can be seen between the UPS and the
RCP scenarios, HWDDs have doubled in the hottest zones and tripled in
the natural cooler zones compared to the reference period. The biggest
absolute increase in heat stress is located in the built zones (Fig. 6).

By 2090, the impact caused by the RCP scenarios is bigger compared
to the impact of the UPS. Under RCP 4.5, for the zones exposed to the
highest levels of heat stress (compact built zones) it is now shown that
heat stress values (HWDD) have tripled compared to the reference
period. For the coolest zones, values are even six times higher. Under
RCP 8.5, the heat stress values have doubled compared to RCP 4.5 and
are almost 10 times higher compared to the reference period. The
coolest zones LCZs B and D now experience the same amount of heat
stress compared to the hottest compact built zones under RCP 4.5.

Fig. 6. Average heatwave degree days per LCZ class for all combinations of UPS and GHG scenarios (Table 3).

Fig. 7. Combined index for the Brussels Capital Region (BAU: left, SUS: right).
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3.2.2. Exposure and vulnerability
The combination of all normalized vulnerability indicators for both

urban planning scenarios is shown in Fig. 7. Overall, the two maps do
not differ much. The combined index maps show that highest vulner-
ability and exposure is found in the North-Western part of the city,
where compact midrise dominates the built classes in both scenarios.

Very low values (0=white) are seen in the Sonian forest, the royal
domain in Laken and industrial areas (e.g., neighborhood of the Brus-
sels South railway station, elongated white area at the South-West
border of the map). Very low values for the combined index are more
abundant in the sustainable scenario due to the introduction of green
corridors into the Brussels Capital Region.

Fig. 8. Heat risk maps for the reference period and RCP 8.5 in the far future for both urban planning scenarios for the Brussels Capital Region (BAU: left, SUS: right).

Fig. 9. Average normalized heat risk compared to the present-day heat risk (Fig. 7).

M.-L. Verdonck, et al. Journal of Environmental Management 249 (2019) 109210

8



3.2.3. Risk
Similarly to heat stress, heat risk is mapped for the reference period

and for RCP 8.5 by 2090, for both UPS in the Brussels Capital Region
(Fig. 8). By 2090 under RCP 8.5, the results show that high to very high
levels of heat risk occur for both UPS in almost the whole Brussels
Capital Region, while low levels occur in the Eastern, South Eastern,
and Westerns part of the Brussels Capital Region. In the SUS scenario,
the green lobes clearly show and are characterized by very low heat risk
(white areas). Similarly to heat stress pictured on Figs. 5 and 8 shows
very low to low levels of heat risk in the whole Brussels Capital Region
under present climatic conditions. These values should thus be inter-
preted in comparison to the worst case scenario presented here.

For each of the Local Climate Zones, the average normalized heat
risk for all scenarios is presented quantitatively in Fig. 9. In 2040, the
SUS scenario is exposed to slightly smaller levels of heat risk, compared
to BAU for the same period. In addition, only small differences are
quantified between the different RCP scenarios. The additional heat risk
in the Brussels Capital Region, however, is not low: For all scenarios,
heat risk has at least doubled for all LCZs. The biggest absolute increase
in heat risk is seen for the built zones. In 2090, the SUS scenario is
susceptible to slightly lower levels of heat risk, but large differences are
found between the RCP scenarios. Heat risk is the highest under RCP
8.5, for all LCZs heat risk is five times higher compared to the reference
period. The highest absolute rise in heat risk is expected in the compact
built zones, dominating the Brussels Capital Region.

By 2090, it becomes clear that even though the whole Brussels
Capital Region is exposed to high or very high risk, there are still large
differences between the different neighborhoods. The North-Western
part of the Brussels Capital Region is still the most at risk to suffer from
heat stress (Fig. 8). The green corridors, introduced in the SUS scenario,
are clearly visible in Figs. 7 and 8, as the population is zero, no heat risk
can be present, even by 2090.

4. Discussion and conclusion

The heat risk analysis for the Brussels Capital Region indicates that
the imprint of the GHG emission scenarios is much stronger compared
to the different urban planning scenarios. However, they do also con-
firm the results of Verdonck et al. (2018) that suggest that different
Local Climate Zones exhibit different thermal behavior, indicating that
urban planning strategies to impact thermal comfort should not be
neglected by policymakers and urban planners.

The contrasting UPS presented in this paper, translate into a dif-
ferent heat stress behavior. In the SUS scenario, the heat stress pattern
shows high levels of heat stress surrounding mayor mobility axes and
town centers. However, in this scenario a smaller surface area is subject
to very high levels of heat stress in the Brussels Capital Region com-
pared to the BAU scenario. In the BAU scenario, urban residents have to
travel much larger distances to get access to zones with lower heat
stress. When interpreting the maps described above one important side
note should be mentioned. In Belgium, 2040) is an important date since
a new policy on spatial planning will be implemented. The maps re-
present how a sustainable or a BAU vision could change the urban
landscape in Brussels over time. Unfortunately, it should also be noted
that the city and its rural counterpart might not have changed drasti-
cally by 2040. These maps provide an implementation of the current
vision of space by the Belgian policymakers and should, thus, be re-
garded as a possibility rather than a prediction (Grimmond et al., 2011,
2010).

For both urban planning scenarios, it is clear that the Brussels city
center mostly comprises compact zones. These compact zones are,
however, exposed to the highest amount of heat risk. The census data in
Brussels revealed that large quantities of the available surface area in
the compact high and midrise zones is designated to offices or stores.
Under the present situation, the most densely populated zones in
Brussels are compact lowrise, which translates to two- or three-story

family houses, with small city gardens or courts. Since large areas of
this zone are characterized by an old and low energy efficient building
stock, the compact lowrise zones show high potential for replacement
by sustainable alternatives in the future (Ruimte Vlaanderen, 2016). In
this respect, it is important to focus on new developments taking both
mitigation (in terms of CO2 neutral building materials, modal shift due
to a changing system, smart grids, etc.) and adaptation (different urban
structure, collective water retention and reuse, etc.) into account. New
approaches to housing, such as co-housing and smaller private units,
could offer these possibilities and ensure the livability of the city of the
future. Co-housing projects in urban areas typically are designed as an
open midrise zone (LCZ 5). This zone, as depicted in Fig. 6, shows lower
levels of heat stress compared to compact lowrise (LCZ 6). In addition,
this type of housing can house as many or more people as a compact
lowrise zone and provides more green space for its inhabitants. Im-
plementing new neighborhoods or transforming old ones into new
urban structures, should, thus, be regarded as a perfect implementation
of both mitigation and adaptation strategies by policymakers.

Along the lines of the results by (Wouters et al., 2017), the results in
this study show that the amount of heat stress in the urban areas, by
2090, is twice as large as in their rural counterparts. The high resolution
on a citywide scale not only provides information on the thermal be-
havior of the local climate zones, but also makes it possible to define
areas prone to suffer from heat risk. The future projections show that
the North-Western part of Brussels Capital Region is exposed to very
high levels of heat risk. Even under RCP 8.5 by 2090, when the whole
Brussels Capital Region is exposed to very high levels of heat risk, this
part stands out (Fig. 8). This very high heat risk is a consequence of the
high vulnerability and exposure of the population. The zones most at
risk are characterized by the highest population densities in the Brussels
Capital Region, a high percentage of young children and inhabitants
with low incomes. Furthermore, vulnerability is difficult to predict in
the future since it is influenced by exogenous factors such as conflict
and poverty. This is a limitation of the study at hand; vulnerability and
exposure were not projected into the future. A study by (Missirian and
Schlenker, 2017) has predicted an influx of one million migrants in
Europe by 2100 due to climate change, potentially increasing one of the
most vulnerable population groups in Brussels. In addition, projections
for Flanders and Brussels show that the fraction of people older than 65
will rise to 25% by 2030 (Pelfrene, 2005), hence, increasing this vul-
nerable group.

This paper asserts that unless climate change is tackled at the global
level, urban areas are at risk to suffer from high levels of heat stress.
Intelligent urban planning could bring solace, but the most important
message is that both adaptation and mitigation strategies should be
targeted on different policy levels. On the global level, it is key that
countries strive to achieve the global climate deal and keep temperature
rise below 2 °C. In order to achieve this, national policy should improve
energy efficiency of the housing stock and industries, search for alter-
native ways of transportation by reducing mobilized traffic and create
clear visions on urban growth to transform cities into structures with a
low-carbon infrastructure and adaptation characteristics as presented in
this study (Creutzig et al., 2016, 2015). Next to global mitigation and
local adaptation efforts, it is important that local policymakers inform
the population and induce a behavioral change at the lowest level.

This study investigated the effect of global climate on urban areas
and more specifically its impact on heat risk in different LCZs. However,
depending on the LCZs, not only varying GHG concentrations might be
present, but also the impact of the urban environment on the global
climate could be different. The latter was not part of the current re-
search, but is definitely an interesting future research topic.
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