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ABSTRACT

Due to the urbanization and
climate change, cities have
been suffering a lot from urban
heat stress during hot summer.
Recent research addresses
this problem by creating a
cooling water environment in
the urban area. In order to fill
the knowledge gap about how
it works in a real-life project,
this thesis aims to examine its
feasibility and expected cooling
effects at a practical level through
a climate-responsive design. The
river Mark, located in Breda, was
chosen as the study site.
Microclimate improvement and
project requirements are the
essential factors for a projectbased climate-responsive
design. Different approaches
were applied to balance and
combine these two aspects.
An integrated design principle
was formed through literature

study and designer consultation.
Afterwards, corresponding
design toolbox and assessment
matrix were developed.
In order to study the optimal
cooling water environment,
two alternative directions were
explored for designs by using the
toolbox. One was a cooling linear
space adjacent to the river Mark
with two sub-options, and the
other one is a cooling network
through the city center close
to the river Mark. The test for
each design was conducted by
filling the evaluation matrix from
experts. Based on the feedback,
a refined design was delivered,
which was a combination of two
directions’ designs. After this,
three representative sample
sites were selected to do EVNImet simulations. The results
indicate a solid cooling effect
from applying the existing
5

knowledge. In the end, applicable
measures were generated.
From this research through
design process, it is clear how
to develop a climate-responsive
design to a specific site. This
study may provide implications
for professional designers.
Keywords:
Urban heat stress, Climateresponsive design, Microclimate
intervention, Thermal comfort,
river Mark, REALCOOL, Water
cooling effect, ENVI-met
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PREFACE

This thesis is an overall
performance during the last
stage of my master study in
Wageningen University. At
the beginning of my study, I
had a willing to do something
with climate change which is a
global problem and becoming
urgent. As a landscape designer,
I did not have a clear idea
how to approach it until I took
the optional course climateresponsive design in the first
academic year. It provided me the
first insight of microclimate in city
context, which became an entry
point for me to address urban
heat problem. Especially, after
experiencing the 2019 summer
heat wave which reached
Netherlands highest temperature
record, I strengthened my mind
to this topic from which I can
further explore the knowledge in
mitigating urban heat problem
and apply them into real life.

During the whole thesis period, I
confronted with huge challenges
and struggled a lot. I could not
achieve it without all the help
from others. Firstly, I would
like give many thanks to my
supervisor João Cortesão
who always encourages me,
motivates me and inspires me
with a lot of patience. I am
also very thankful for Sanda
Lenzholzer who introduced me to
urban climate field. In addition, I
would like give a special thanks
to the experts from Breda,
especially Harold van den Broek
and Ton van beek, who had
meetings with me and helped me
to evaluate the design. Then, I
want to thank Sytse Koopmans
who helped me to finish the
microclimate simulation in
ENVI-met. Next to it, I thank my
schoolmates and friends who
shared the knowledge, pushed
me and refreshed me. Last but
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not least, I want to thank my
parents who always support me
with a great understanding from
distance.
I am glad that I worked on this
topic and enjoyed the whole
process. Filling the knowledge
gap through a real-life project
makes my thesis more practical.
I hope my thesis could provide
useful ideas to professional
designers and contribute to
thermal comfort public spaces.
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1

INTRODUCTION

1.1 Background
Urban heat stress
Recent three decades have
witnessed a substantial increase
of the urban population. It
amounted to more than half
of the total world population
in 2011 according to the latest
estimate (Heilig, 2012). The
Netherlands is highly urbanized
as well. About more than 70%
people live and work in urban
areas (Nabielek et al., 2016).
The strongest population growth
is mostly shown in the largest
metropolitan.
With the process of urbanization,
the urban landscape has
undergone major changes.
For instance, in the urban area
there are more paved with hard
material but less vegetation.
This process can give rise to
an increasing temperature in
the urban region. Compared
with its surrounding rural area,
the urban area forms an ‘island’
of higher temperature. This
difference is so called urban
heat island (UHI) effect, which is
usually obvious on the surface
of the built environment and
atmosphere (Tim R Oke, 2006).

For example, in Rotterdam there
are considerable temperature
differences, as much as 8 °C
during windless nights, between
highly urbanized residential
areas and green, low-rise rural
neighborhoods (Rotterdam,
2011). This is mostly because
of the different meteorology
between urban and its rural
counterpart (Timothy R Oke,
1982). The urban fabrics
can more easily store solar
radiation than natural areas
with vegetation since its low
albedo materials and impervious
surfaces absorb great amount
of the incoming solar radiation
and reradiate in the infrared
(Taha, 1997). Also, the small
sky view limited by buildings
reduces the thermal radiation
emitted to space. In addition, the
relatively small fraction of green
vegetation and open surface
water lead the city experience
low evapotranspiration.
Climate change has the potential
to compound the UHI effect, as
the main predictions point out
more often wetter, hotter and
12

possibly drier conditions (Albers
et al., 2015). It is suggested that
climate change could have been
responsible for the European
Heat Wave in 2003 (Poumadere
et al., 2005), which was the
warmest and driest summer
since 1500 AD.
Climate change has impacts
on urban areas at the city scale
and at the microclimatic scale.
At the microclimatic scale,
during the summer very high air
temperature combined with other
climatic parameters such as
solar radiation, humidity or wind
can develop high heat stress
on the people. High heat stress
can have a negative impact on
health, such as heat stroke and
heat exhaustion (Vatani et al.,
2015). The climate is likely to
be more uncomfortable in the
Netherlands, and elsewhere,
when an increase in heat stress
is expected (Kleerekoper et al.,
2012).
This highlights the importance
of adaptation strategies which,
in the field of landscape

Water in the city
architecture and urban design,
deal with climate-responsive
design. Climate-responsive
design is beneficial for both
thermal sensation and reduction
of health risks. In order to
improve the urban climate, at
the microclimatic scale, climateresponsive design deals with a

Rural

Suburban
Residential

Commercial

number of cooling techniques.
Amongst these techniques,
those with the most potential to
address the UHI problems are:
higher albedo, more vegetation
(Akbari et al., 2001), or water
bodies that favor the evaporative
cooling (Du & Li, 2017).

City

Urban
Residential

Suburban
Residential

Rural

Till recently, water has
been believed to mitigate
temperatures in the urban
environment, reducing the
energy consumption, enhancing
outdoor thermal comfort as well
as having a positive effect on
the UHI (Manteghi et al., 2016).
This is due to its influence on
the transformation of sensible
and latent heat fluxes. On
the one hand, compared with
surrounding building materials
the high heat capacity produces
the ‘thermostat effects’ of water
bodies (Spronken‐Smith et al.,
2000). On the other hand, the
high evaporation promotes water
bodies to have ‘oasis effects’
and plays a significant role in
reducing surrounding surface
air temperature (Timothy R
Oke, 2002). A great number of
researches claimed that water
bodies’ evaporative cooling is still
one of the best ways of passive
cooling for cities in summer
(Manteghi et al., 2015; Shafaghat
et al., 2016; Völker et al., 2013).
However, recent studies show
that in the warm summer period

Figure 1. Urban heat island effect
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common urban water bodies,
like rivers or lakes, can actually
have a quite limited cooling effect
during the daytime, and even
cause a warming effect at night
(Huang et al., 2008; Van Hove et
al., 2015). A previous research
(Klok et al., 2012) analyzed the
surface temperatures of the 73
largest Dutch cities and showed
that the city usually has a larger
night time surface heat island
effect when there is a larger
share of water surface. The
nocturnal warming effect of water
bodies may exacerbate urban
heat stress during late summer
or autumn (Steeneveld et al.,
2014).

The ‘Really cooling water
bodies in cities’ (REALCOOL)
project addressed these
topics by checking the cooling
effects of small urban water
bodies (Jacobs et al., 2020),
and by creating virtual design
prototypes depicting the
most efficient combination of
shading, ventilation and water
vaporization along common
small Dutch urban water bodies
(Cortesão, Lenzholzer, Mülder, et
al., 2020). Landscape designers,
such as landscape architects or

urban designers, can use these
prototypes as conceptual design
frameworks for developing their
urban water bodies projects.
This is because the REALCOOL
prototypes present not only the
most efficient combination of
climate-responsive strategies
as visual design guidelines,
but also the common spatial
characteristics of the identified
urban water bodies, and the
cooling effects expected from
applying the design guidelines
created.

Regarding small urban water
bodies, like pond or canals,
and water features, such as
water mists or fountains, recent
research (Jacobs et al., 2020)
shows that the cooling effects of
the most common small urban
water bodies in the Netherlands
are negligible.
Despite these results,
research (Cortesão et al.,
2017) also indicates that the
right combination of shading,
evaporation and ventilation
strategies around water bodies
can have a cooling potential.

Canal

Fountain

Figure 2. Potential cooling effect of urban water bodies
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Pond

1.2 Knowledge gap
Considering there is a lot of
discovery about the cooling
effects of water, it is interesting to
explore how to combine climateresponsive design to address
heat stress in urban areas.
For example, the REALCOOL
prototypes can help design
professionals to create cooling
urban water environments
during heat stress periods,
but these prototypes cannot
be directly applied in specific
situations, as they work as ‘halfproducts’ between general
design guidelines and sitespecific solutions (Cortesão et
al., 2018). Hence, they describe

generic cooling effects observed
during the micrometeorological
simulations conducted with the
Envi-met model.
However, less is known about
how the design guidelines
conveyed in the REALCOOL
prototypes can be combined
to achieve an effective cooling
effect around urban water bodies
in a practical real life project.
REALCOOL included a ‘reality
check’ as a testing tool at a point
of its Research Through Design
methodology. There, different
prototypes where applied by
different design offices into real

life project they had in hands
(Cortesão et al., 2018). However,
due to time constraints, this
‘reality check’ lacked an in-depth
look into the application of the
REALCOOL design guidelines
and expected cooling effects
from an academic perspective.

1.3 Research objective
Based on the knowledge gap
described in the previous section,
the objective of this thesis is
to apply the design knowledge
created with REALCOOL into a
real-life project, checking their
feasibility in real life and testing
their cooling effects on a site-

specific context. To this end, the
Nieuwe Mark project, located in
the city Breda, The Netherlands,
was used as a real life
opportunity to test how feasible
the design knowledge on urban
water environments brought with
REALCOOL is in reality. Next to
15

this, evaluations of water cooling
effects resulting from the applied
design knowledge were also
performed.

1.4 The Nieuwe Mark
Site selection
Firstly, the Nieuwe Mark project
is an existing project, led by the
municipality of Breda. It offered
the perfect conditions to explore
the research objective. The
river Mark in Breda has played
an important role as a sailing
route in the past, but large parts
were filled in a long time ago.
With the Nieuwe Mark project,
the ambition of the municipality
of Breda is to give room again
for the river Mark to fulfill its
old function. To this end, a
large section of the river will be
refurbished, and another part will
be daylighted. This project will
be built in the future and is being
developed by the design team
from the Breda municipality.

where an obvious heat stress

problem can be found.

Klimaateffectatlas - Effect: Hitte - Scenario: Huidig klimaat

Existing part

Reopening part

Breda
city center
Klimaateffectatlas - Effect: Hitte - Scenario: Huidig klimaat

The river Mark
Figure 3. Satellite map of Breda and spatial configuration of river Mark
(Source: adapted from Googlemaps)

Secondly, the spatial
characteristics of both sections
of the project match some of the
REALCOOL prototypes. This
makes the application of the
prototypes possible.
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Deze kaart geeft het stedelijk hitte-eiland effect (UHI) weer in ° C. Dit is
het gemiddelde luchttemperatuursverschil tussen de stedelijke en omliggende
landelijke gebieden. Het stedelijk hitte-eiland effect is het sterkst 's
nachts. Het zorgt ervoor dat de luchttemperatuur 's nachts minder daalt
waardoor bijvoorbeeld gevoelige bevolkingsgroepen (baby's, kinderen,
ouderen) gezondheidseffecten ondervinden. De kaart geeft een voorspelling
van het stedelijk hitte eiland effect weer op basis van verschillende
onderliggende kaartgegevens: de bevolkingsdichtheid, windsnelheid,
hoeveelheid groen, blauw en verharding.

Gevoelige functies en
ruimtelijke kenmerken
Stedelijk hitte eiland effect

Bron: Atlas Natuurlijk Kapitaal

Last but not least, according
to the heat map of Breda city
center, the project area fits within
the high density city center,
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Figure 4. Heat map of Breda city center (Kapitaal, 2020)
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Site description
Breda and the water are
inextricably linked. The river
reflects the development of the
city. Breda is a settlement where
the River Mark and River Aa
meet. In 1252 Breda received
an extension of its city rights. In
order to properly defend Breda,
the city was walled in at the
beginning of the 14th century.
Until the middle of the 16th
century, Breda was a small city
surrounded by city walls. More
to the south, the fortifications
were expressed. Until 1870, the
fortifications were still intact.
The Mark winded around three
islands through the city. The
loading and unloading ramparts

1870

had determined the image of
the river for a long time. These
quays had an important function
for the trade in Breda. In 1941,
the Mark was muted between
the Marksingel and the Tol bridge
because car traffic had to make
way. The Port also unfortunately
did not escape the dance and
was muted in 1964. In 2010, the
water was back in the city.

neighborhood is located to the
west of the existing Mark. As for
the reopen part, it mainly divided
by an east-west main city road
(Fellenoordstraat) into two parts.
The northern part of the road
chiefly works for a school. The
southern part used to a military
forbidden area and will be
opened to the public again.

In nowadays, the river Mark is
surrounded by several function
zones. In terms of the existing
part, on the eastern side there
used to be the ancient city center
and right now is the commercial
place. However, the mixed

1940

1960

Figure 5. Historical timeline for the site ("Topografie," 2019)
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2010

1.5 Research questions
To address the objective
indicated above, the main
research question (MRQ) for this
thesis is formulated as:

The MRQ is answered through
addressing the following subresearch questions (SRQ):

MRQ:

SRQ 1:

What is the optimal application
of existing knowledge on cooling
urban water environment to the
river Mark?

What is the best climateresponsive design for the area
immediately adjacent to the river
Mark?
SRQ 2:
What is the best climateresponsive design for a network
of cool spaces around the river
Mark?

18

2

THEORETICAL FRAMEWORK

2.1 Climate-based knowledge
2.1.1 Climate-responsive design
Heat stress mitigation
Planning and design can
have an impact on the climate
on a city scale (Lenzholzer,
2015). Therefore, designers
can mitigate the urban heat
island effect through a climateresponsive design, which helps
to reduce the urban heat stress
(Brown et al., 2015). Smallscale adaptation interventions
can lower the heat stress on a
local scale as well (Katzschner
& Thorsson, 2009). This can
be achieved by improving the
microclimate of the urban place
with heat stress problem through
the climate-responsive design.
Microclimate can be defined as
the climate close to the ground,
where conditions change rapidly
and interactions between plants,
insects, and other animals occur
(Barry & Blanken, 2016). People
can experience a cooler feeling
than the prevailing climate with
site-specific measures, which
has a significant effect on human
thermal comfort (Brown et al.,
2015).

Thermal comfort is defined as
‘that condition of mind which
expresses satisfaction with
the thermal environment and
is assessed by subjective
evaluation’ (AMERICAN
SOCIETY OF HEATING &
ENGINEERS, 2010). Outdoor
thermal comfort has a great
meaning on people’s welfare
and social interaction in public
spaces (J. P. A. G. Cortesão,
2013), for instance decreasing
the demand for cooling energy,
improving the overall quality
of the outdoor areas enjoyed
by public and etc. (Erell et
al., 2012). Therefore, thermal
comfort is a suitable indicator
for urban heat stress mitigation.
Outdoor thermal comfort is
influenced by air temperature,
humidity, wind speed, radiation,
metabolic heat, and clothing
insulation (Erell et al., 2012).
The first four parameters are
affected by urban contexts,
while the latter two are based on
individual preference. However,
20

any strategy to mitigate heat
stress should be evaluated in the
context of the varied controls on
the urban microclimate (Erell et
al., 2012). Heat stress reduction
can be enforced by microclimate
intervention towards the first four
parameters of thermal comfort
which are shading, ventilation
and evaporation. Apart from this,
the Physiological Equivalent
Temperature (PET), first
proposed by Höppe, is a recent
temperature index used for the
evaluation of different thermal
environments within cities (Erell
et al., 2012). This item is further
interpretated in the part of Envimet simulation of Chapter 4.

Microclimate intervention
1. Shading
Shading is the most effective
microclimate intervention to cool
down the environment in the way
of blocking the solar shortwave
radiation (Lenzholzer, 2015).
The earth is mainly heated up by
the solar radiation (Lenzholzer,
2015). In the city context the
solar shortwave radiation is
stored in the urban material, such
as the building and pavement,
during the daytime. Blocking
this radiation can directly reduce
the air temperature, which
makes contribution to a pleasant
thermal comfort in a warm

season. Shading interventions
are created by this process,
directly reducing the radiation.
Strategically positioned trees and
vegetation outside of buildings
provide shading to block out
sunlight and thus limit the extent
to which urban material heat
up (Pötz, 2016), such as trees,
vines and green wall. Artificial
devices, such as parasols, are
common elements for shading
when the planting of trees and/or
other vegetation is not possible.
Pergolas shade the ground-floors
as well (Kristl & Krainer, 2005).

2. Ventilation
Sufficient ventilation by wind is an
ordered microclimate intervention
during the hot day with heat
waves (Lenzholzer, 2015). Wind
influences thermal comfort
through distracting heat and
moisture from the human body
and serving a cooling perception
(Lenzholzer, 2015). A study (Choi
et al., 2018) suggested that wind
corridors reduce urban heat by
activating air flow or ventilation
and thus lead to shorter
durations of high air temperature.
This study also revealed that
urban porosity helps to increase

urban ventilation performance,
which results in giving pedestrian
pleasing thermal discomfort (Choi
et al., 2018). Creating more
spaces for wind flow is necessary
for it. However, in some high
density areas, the little wind
does not have a clear direction
during hot days and using of
the local breezes could be took
into consideration (Lenzholzer,
2015). Linear trees on one hand
are conducive to shape the wind
corridor, on the other hand they
might block the wind to some
extent. Shrubs can server as the
21

Figure 6. Illustration of shading

alternatives when trees cannot
be planted (Cheung & Jim,
2019).

Figure 7. Illustration of ventilation

3. Evaporation
Evaporation is one of the most
proficient ways for cooling
urban spaces in warm zones
(Robitu et al., 2006). Water
tempers the temperature through
evaporation at the surfaces of
water bodies or from water in
the soil (Lenzholzer, 2015). It
occurs especially through the
evapotranspiration, including
evaporation and transpiration
(Asimakopoulos, 2001), from the
stomata of plants (Lenzholzer,
2015). The evaporation process
absorbs solar and thermal

radiation from the air, as a result
cooling down the environment
(Mostofa & Manteghi, 2019).
It is recommended that
evaporation of water could
be speed up by spraying, like
fountains or waterfall, aiming
to create favorable thermal
comfort (Syafii et al., 2017).
Meanwhile, vegetation, such as
grass and flowers, affects the
air temperature and humidity by
evapotranspiration (Lenzholzer &
van der Wulp, 2010).
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Figure 8. Illustration of evaporation

the water bodies. The dimensions of the water bodies were averaged into one representative spatial layout. The relevance of the identiﬁed water bodies was judged by practitioners
during the ﬁrst of four design workshops (a constructivist method). Eight water body types
were set as the REALCOOL testbeds (Figure 2) and categorized according to layout: canal,
‘singel’, ditch and pond. The inclusion of east-west and north-south orientations doubled
2.1.2 The REALCOOL
project
the number of testbeds.
Designing within a post-positivist framework involved projecting optimal biometeorological eﬀects and increased rainwater storage capacity into the testbeds. In the ﬁrst iteration,
Water cooling effect
the design experiments dealt strictly with biometeorological parameters (design 1). Various
Evaporation from the water can
of water. (for
To this
end, eight
have been
investigatedwere
and combined in
design elements
shading,
water vaporization
and ventilation)
create a cooler environment.attempts representative
urban
water
redesigned
with
two
directions
to create maximal cooling eﬀects during a typical tropical day (Tmax ≥ 30 °C),
However, because of less
bodies settings (Figure 9),
North-South (NS) and Eastaround 21st
of June at 3 p.m. in The Netherlands.
Typical designing activities, such as
evaporation happened on still
including CANAL 1, CANAL 2,
West (EW) each, followed by
sketching
or
physical
scale
models
(Figure
3),
were
used
for experimenting with diﬀerent
or slow-moving water bodies,
CANAL 3, SINGEL 1, SINGEL 2,
defining sixteen prototypes
the temperature might be design options.
DITCH 1, DITCH 2 and POND,
(Table 1) which are available
warmer than their surroundings
(Lenzholzer, 2015). This was
the main challenge motivating
the research question behind
the REALCOOL project. This
project was started from 2016
and finished in 2018, which was
led by Wageningen University
and Hogeschool van Amsterdam
with using a Research
Through Designing approach
("REALCOOL," 2018).

Based on the demonstration
that combining vegetation
with water can provide a
cooling potential (Robitu et
al., 2006) and interventions,
like shading, evaporation and
proper ventilation, help to keep
urban water bodies and their
surroundings cooler (Nishimura
et al., 1998; Webb & Zhang,
1997; Yokohari et al., 2001), the
REALCOOL project explored
Figure 9. The REALCOOL testbeds (Cortesão, Lenzholzer, Klok, et al., 2020)
possible local cooling effects
Figure 2. The REALCOOL testbeds. Images credits: Lenné3D.
23
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C. Jacobs, et al.

Table 1
Overview of the water bodies considered in REALCOOL, their width and depth and the initial water temperature (Tw,i) at 6 CET used in the ENVI-met
simulations. Design interventions and tree species used in reference situation and design are listed. Color code and symbols: blue = water,
grey = buildings, green = trees, grass, or pergola, white = bricks, light grey = wooden decks, black = asphalt, triangle = fountain, octagon = water mists.
C. Jacobs, et al.

to designers (Jacobs et al.,
2020). The prototypes were
sorted by four typical water body
layouts: ‘Gracht’ (canal), ‘Singel’
(boulevard), ‘Sloot’ (ditch) or
‘Vijver’ (pond) (Cortesão et al.,
2017).

Optimal cooling design
strategies were developed
for each prototype. These
strategies considered the water
environment as a whole, not
only the waterbody, but also
the adjacent spatial features
like vegetations and aimed to
improve outdoor thermal comfort
around urban water bodies
(Cortesão et al., 2018).
According to Jacobs et al.
(2020), the micrometeorological
simulations, performed with
Envi-met, indicate negligible
cooling effects from water itself.
Although water does not lead
to significant cooling effect, the
space around water bodies
often provides chances to create
cool environments during hot
days with the combination of
strategies (shading, vaporization
and natural ventilation).

Water body

Reference (REF)

No water (NO)

Design (DES)

Table 1 (continued)

Water
Singelmist,
2 NS Field elm A
green slope,
width = 5 m
stairs

Canal 1 EW
width = 20 m
depth = 2 m

depth = 1 m

Tw,i = 24.1°C

Tw,i = 23.3°C

Canal 1 NS
width = 20 m
depth = 2 m
Tw,i = 24.1°C

Different
trees, green
slope, stairs

Field elm A

Water mist,
stairs

Field elm A

Ditch 1 EW

Field elm A

Different
trees, green
slope, stairs

Different
Field elm C
depthwater
=1m
trees,
mist, nonTw,i = 23.3°C
linear
quays Field elm C
at north and
Ditch 1 NS F at south
side

width = 9 m
depth = 2 m
Tw,i = 24.1°C

Different
trees, green
slope, stairs

Field elm C
Different
depthwater
=1m
trees,
mist, nonTw,i = 23.3°C
linear
quays Field elm A
and C at
Ditch 2 EW both sides
alternang

width = 9 m
depth = 2 m
Tw,i = 24.1°C

Decks

depth = 1 m

width = 10 m

Trees,
terraced
gardens

None

Tw,i = 20.8°C

Ditch 2 NS

Canal 3 NS

Pergolas,
width = 5 m None
decks

width = 10 m

Trees,
terraced
gardens

depth = 1 m

depth = 2 m

Pond EW
Different
Field elm B
trees, green
width = 30 m
slope

Singel 1 EW
width = 12 m
depth = 1 m

length = 40 mField elm B

Tw,i = 23.3°C

depth = 0.5 mand B and F

Singel 1 NS

Different
Pond green
NS
trees,
slope

Trees, decks,
water mist
and
fountains

None

Trees, decks,
water mist
and
fountains

None

at north side

Tw,i = 21.8°C
width = 12 m

width = 30 m

depth = 1 m

Field elm B

Field elm B
both sides

depth = 0.5 m

Singel 2 EW

Field elm B
and C

at south side

length = 40 mand F at

Tw,i = 23.3°C

None

Field elm B
C, and Blac
poplar

Tw,i = 23.3°C

Tw,i = 20.8°C

None

Field elm B
C and Blac
poplar

Tw,i = 23.3°C

depth = 2 m

Field elm C
Black popla

Field elm C
Black popla

width = 5 m

Canal 3 EW

Field elm C
Black popla

Field elm C
Black popla

width = 3 m

Canal 2 NS

Field elm C
and Black
poplar

Field elm C
and Black
poplar

width = 3 m

Canal 2 EW

8U

Design
Tree species
intervenons in reference
and in design

Field elm B
and C

Field elm C,
Different
trees,
21.8°C Black poplar
Tw,i = green
slope, stairs

width = 5 m
depth = 1 m

Field elm C

Tw,i = 23.3°C

Table

It can be seen that the new version
of ENVI-met, with the settings discussed above, produces a more rea
and Black
surface water temperature duringpoplar
daytime. The new settings imply stronger mixing, which is considered
almost complete absence of mixing implied in older ENVI-met versions. In the Netherlands, the assumption o
is a reasonable one for shallow water bodies (up (continued
to 2-3 m) on
most
the time (Jacobs et al., 2009). Comparat
nextofpage)
angles and frequent occurrences of (partly) cloudy conditions imply limited warming of the top layer in
conditions that often occur in The Netherlands can then overcome stable stratiﬁcation of the water by
1. Overview of the ENVI-met
modelsand
forshear
REALCOOL
prototypes
microwave breaking,
stress. However,
fair-weather daytime summer conditions with very low

near-surface
temperature gradients and hence higher surface temperatures. In such a situation, the mode
(Jacobs et al., 2020)
perature may be underestimated, which would then lead to an overestimation of the cooling eﬀect. During n
water by sensible and latent heat exchange and radiative cooling nearly always create well-mixed conditions
like most urban ones.
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Suitable prototypes for the river Mark

35 m

A

10 m

B

A

Section A - A

B

Figure 10. Snapshots of the 3D animations’ storyline for prototype Canal 1 east-west
orientation ("REALCOOL," 2018)

C
C

9m

Section C - C

Figure 11. Snapshots of the 3D animations’ storyline for prototype Canal 2 east-west
orientation ("REALCOOL," 2018)

70 m
20 m

Section B - B

Figure 13. Typical sections of river Mark
current situation

Figure 12. Snapshots of the 3D animations’ storyline for prototype Canal 3 north-south
orientation ("REALCOOL," 2018)

According to the spatial
configuration of the river Mark,
CANAL1, CANAL2 and CANAL3
are the closest with the existing
part. CANAL1 (Figure 10) is
featured with an averaged 40 m
wide canyon and a central 20

m wide water body bordered by
two symmetrical quays in highdensity center areas (Cortesão
et al., 2018). The quays are
replaced by steps towards the
water and grass slope which
bring people closer to water and
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thus have a cooling experience.
The crowns of trees kept in place
shade the areas near the water.
Evaporation is provided by the
water mist along the edge and
grass serves as a cool surface
through the evapotranspiration.
Ventilation is enabled by the
shape and pace of trees which
unblock the wind. Compared
to CANAL1, CANAL2 (Figure
11) has a narrower space
(average 25 m wide symmetrical
canyons with a central 9 m wide

waterbody) and lower quays
("REALCOOL," 2018). Besides
the same elements in CANAL1,
non-linear quays are a new
intervention, further enhancing
the cooling experience by
improving access to water.
In CANAL3 (Figure 12) an
averaged 10 m wide water body
is bordered directly by buildings
with ("REALCOOL," 2018).

Decks along the water bring
people closer to water. Pergolas
with climbing plants provide
shading at peak hours and
enable evapotranspiration which
intersperses ventilation.
As for the reopen part of the
river Mark, there could be more
chance to shape the waterfront
space. Strategies from other

prototypes should be considered.
From SINGEL1 and SINGEL2
different sizes of trees are lined
long the bank, shading the water
and enabling a cooler breeze.
Fountains are applied in the
POND, which help to cooling the
air. For more general information
on the REALCOOL project
the reader can get from the
Climatelier website.

2.2 Project-based missions and strategies
The requirements and strategies
of the Nieuwe Mark project
were identified during the
meeting with the design team

from Breda municipality. The
design should primarily focus
on four assignments. Except for
climate adaptive, three tasks

(history, ecology and biodiversity,
experience) should be included.

History
The history of Breda is partly
told by the monuments that used
to have an important position.
The city wall along the river
Mark previously presented to
defend Breda at the beginning
of the 14th century. Currently,
the wall on top of the ground
has disappeared, only the
underground foundation left. In
order to reflect the city spirit and
history, this city wall will be made
visible again in the street. It could
be designed in a new form. For

instance, the former location of
the medieval city wall can be
reshown by specific pavement.
This makes the legibility of the
city recognizable again over
years. Apart from this, quays will
come back with the character of
the old quays, as far as possible
without railings and brickwork.
Figure 14. Illustration of history
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Ecology and Biodiversity
Ecology is defined as the study
of how organisms interact with
each other as well as with their
physical environment (Krebs,
1972). The river Mark is the
ecologically interesting place for
flora and fauna, which reinforces
the ecological diversity of Breda.
This can be achieved through
greening, the natural dynamics
of the river, and the application
of native plants. An environment
is being created that offers
space for the development of
ecological connecting zone.
Biodiversity is the variety of
life in a defined area across
all scales, from the genetic,

through species and ecosystems
("Stanford Encyclopedia of
Philosophy Archive," 2016).
A large biodiversity was
encouraged within the design
to create an environment which
allows different plants grow.
Diversity in plants with different
inflorescences and flowering
times forms an interesting habitat
for various organisms. The
whole is adapted to the natural
condition so that it does not need
any artificial maintenance with
complex technology.

Figure 15. Illustration of ecology
and biodiversity

Experience
The river Mark will be developed
in time and spatial to create a
charming city. This means that
the environment is closely related
to the river. Meanwhile, this
new river will be very attractive
throughout the year. In the
design, this could be transformed
into providing people of all ages
with perception of water at
different levels. People are able
to explore the river by multiple
routes as well as experience
this space in different time

period. Then environment is
functional with plenty of facilities
and encourages visitors to
stay or move on. The seasons
are experienced through the
application of greening.

Figure 16. Illustration of experience
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2.3 Integrated design principles
The previous two parts elaborate
climate-responsive design and
project demands separately.
Urban heat stress can be
reduced through a microclimate
intervention combining shading,
ventilation and evaporation.
Therefore, they are essential
for the climate-responsive
design principles. From the
project perspective, three tasks
(history, ecology and biodiversity,
experience of the water) should

be satisfied and, thus, form the
project-based principles.
In order to test the feasibility of
the design knowledge created
with REALCOOL in practice,
the two dimensions, climateresponsive design and project
demands, needed to be
combined. Therefore, the design
principles for conducting this
research along the river Mark
are integrated and composed of:

shading, ventilation, evaporation,
history, ecology and biodiversity,
and experience.

2.4 Design toolbox
A ‘toolbox’ was defined to bring
together the different design
elements used to address
the design principles. This
toolbox was developed as an
approach to the integrated
principles, the strategies based
on the REALCOOL prototypes,
mentioned in 2.1.2, and further
combining the measures towards
each principle illustrated in
session 2.1.1 and 2.2. It can
be seen from figure 17 that the
top part displays the climate-

based principles and the projectbased principles are performed
at the bottom. The middle part
consists of the design elements
which are applied in the project.
Each element is surrounded by
one or several colorful frames
correspond to the color of
principle letters, showing how
they relate to each other.
The application of this toolbox
was a core aspect of this
research. It served both for
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conducting and assessing the
designs: on the one hand,
the toolbox guided the design
production; on the other hand, it
worked to evaluate the designs
produced.

Shading

Ventilation

Tree

Evaporation

Shrub

Vine

Artificial device

Pergolas

Grass

Green wall

Fountain

Water mist

Paving material

Deck along the water

Stair towards the water

History

Green slope

Non-linear quay

Ecology + Biodiversity

Figure 17. Toolbox with design elements and principles
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Experience

2.5 Design matrix
A design matrix was created
to steer the design production
and test the designs produced.
Therefore, the matrix comprises
the toolbox. Each design element
was graded by experts with a
five point rating scale from very
negative (-2) to very good (+2).
This worked as a test part in the
research. The result of it helped
to refine the design for an optimal
one. The design elements
shown in figure 19 are not
always related to every principle.

Therefore, it should be rated
with neutral (0) when it has not
function for the related principle.
In order to made the outcome
of matrix assessment more
readable, after test from experts
the filled table was transformed
into a diagram (Figure 18) to
directly present the value.

Figure 18. Visualization of evaluation format
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Figure 19. Design matrix with design elements and principles
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3

RESEARCH METHODOLOGY

The research methodology
consists of two parts: Preparatory
stage and Research through
Design (RTD) (Figure 21).
The thesis started with the
preparation for research. In this
step, several tasks were achieved
as to prepare the RTD stage
ahead. By doing the literature
study, the knowledge gap was
clarified firstly. After figuring out
the site selection criteria, the
river Mark was chosen as a test
location. Meanwhile, research
question was set up and further
splitted into two sub-research
questions. Then the theoretical
framework was formed through
literature study and consultation
with experts. The knowledge
from climate-responsive design
and the REALCOOL project
were obtained from literatures.
By meeting with the design
team from Breda municipality,
main tasks of this project were
illuminated. After this, integrated
design principle, toolbox and
assessment matrix were
identified.
Afterwards, the RTD
methodology (Lenzholzer et
al., 2013) was employed as
to develop a design process
functioning a research tool.
Generally, RTD is an iterative

process in which each iteration
is built on the achievements of
the previous one. This thesis
comprises three iterations,
referred to three loops, that
include designing and testing
stages. However, the first two
were paralleled with each other.
At the RTD stage, the two subresearch questions and the
main research question were
answered. As shown in the
figure 21, the RTD was carried
out by 3 design loops, followed
by a specific site design. Loop1
and 2 were performed through
two design alternatives, which
answered sub-research 1 and 2
respectively. Loop 3 answered
the main research question. The
site design was developed to
show more detail about the type
of interventions applied.
In loop 1 and 2, by applying the
toolbox, two alternative designs
were generated as to answer
sub-questions 1 and 2. In order
to answer the sub-research
quesion1 (What is the best
climate-responsive design for the
area immediately adjacent to the
river Mark?), design 1 was mainly
along the river Mark, which was
a linear cooling space. In this
process, there were two design
options, design 1A and design
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1B. When it came to answer the
sub-research question 2 (What
is the best climate-responsive
design for a network of cool
spaces around the river Mark?)
an urban cooling network was
built to form the design 2. Tests
were conducted in the end
of each loop. The evaluation
for each design was made by
expert judgment, which referred
as consulting with a climateresponsive design researcher
and the design team from Breda.
The assessment matrix was
used to this end. The expert from
two domains rated the climate
part and project part respectively.
They graded design 1A, 1B and
2 through filling three matrix
forms for each.
During loop 3 the main research
question (What is the optimal
application of existing knowledge
on cooling urban water
environment to the river Mark
project?) was answered. Based
on the outcome of previous tests,
a refined design was developed,
referring to design 3, together
with a further test including
micrometeorological simulations
with the ENVI-met model.
Finally, a site design was
produced. The RTD process

finished with a discussion
and conclusion, i.e. a critical
reflection on existing knowledge
and whether the design strategy
behind the Nieuwe Mark project
could be applicable in other
projects.

Design 2

Site design

Design 1

Design 3

Figure 20. Sites distribution for research through design (Source: adapted from Googlemaps)
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Figure 21. Overview of the research method
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4

RESEARCH THROUGH DESIGN

4.1 Loop 1 / Design along the river
Loop 1 in regard to sub-research
question 1 (What is the best
climate-responsive design for the
area immediately adjacent to the
river Mark?) was about creating
a linear space along the river
Mark to cooler the environment.

Concerning the current situation,
there were two options, design
1A and design 1B. Design 1A
prefers to maximize the cooling
effect, which can be more ideal.
By contrast, Design 1B takes
more site circumstances into

consideration and can be more
feasible. Both designs began
with site analysis.

partly circles around the site
where the river is muted. The
reopened river is equally divided
by Fellenoordstraat into northern
and southern parts.

the existing river, they are quite
isolated with small crown so as
provide less shading but good
for ventilation. As refer to the
muted water body, the trees grow
there are relatively larger with
continuous canopy. This is helpful
for blocking the solar radiation
but might formulate obstacles
for ventilation. Nevertheless,
some of the trees are located in
the past river site and should be
removed to leave the space for
reopening water body.

4.1.1 Site analysis
The analysis considered with
the river body status, main road
system, land use along the
river, vegetation, shading from
buildings, heat stress distribution,
wind flux through design area,
potential cooling range of water
body. The analysis is illustrated in
two aspects, functional attributes
and microclimate characteristics.
The river and roads have a close
relation. The water body within
the site is consist of existing part
and reopening part. In terms
of the main road system, two
city roads for vehicles have
a great effecting on the site.
Markendaalseweg partly goes
along the current river and

The land use along the existing
river is mostly composed by
public buildings, including
restaurant, retailing and office,
with less residential. The northern
part along the muted river works
for a school and southern part is
a military forbidden area which
will be opened to the public in the
future.
The current trees around the
water body present two features.
Talking about the trees along
40

The solar analysis was made
with the Sketchup model for
a typical heat wave day in the
Netherlands. The chosen date
was July 1, after the summer

Figure 22. Site photos of river Mark
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Markendaalseweg
Karnemelkstraat
Business
Restaurant
Residential
School
Retailing
Function

Reopening
water
Existing
water

Existing & reopen water

Land use

Fellenoordstraat

Main road system

Existing trees

Wind flux

Potential cooling range

1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2
>2

Shading analysis

Heat map

Figure 23. Diagram of site analysis

solstice, so near the annual
maximum of solar radiation. The
time range from 08:00 to 20:00
is focusing on the shadow from
the building, since it is a kind of
non-transparent objects casting
deep shadows (Lenzholzer,
2015). Even though the current
river is situated in a high-density
city center, the water body is
not always covered by shadow
from buildings. Some parts are
easily exposed to the sunlight
and absorb more solar radiation
during the daytime, as a result
becoming warm. However,

there is less building located
in the military area providing
less shadow, which can be
compensated by the shading of
the trees from the site.
In summer, eastern winds are
prevailing during heatwaves in
Western Europe (Gromke et al.,
2015). When it comes to the
urban area, the wind flow helps to
reduce urban heat by ventilation.
According to the urban heat map
from the ‘klimaat effect atlas’
website, obviously, the heat
problem is more intense on both
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sides of the river because of the
high density. This was addressed
with an urban cooling water
body. Open water bodies provide
a down-wind cooling effect at
least a few hundred meters
(Murakawa et al., 1991). And
the wind direction is unstable
and thus multi-direction winds
are possible within one day.
Therefore, the water body will
produce a potential cooling effect
on both sides when the cooling
water body is ready. The cooling
water body is created through
climate-responsive design.

4.1.2. Design concept
Based on the site analysis, the
design concept was explored
from the corresponding two
aspects. Firstly, according to
the zoning map, the site was
divided into three functional
parts. According to the land use
analysis, three zones were urban
boulevard, campus landscape,
and park landscape respectively.
Different atmosphere was
created based on the spatial
configuration and characteristics.
Secondly, in order to reduce the
urban heat stress, three basic
microclimate interventions were
applied as the general solutions:
creating shading as much as
possible without blocking the
wind flow, increasing evaporation
as much as possible, using the
dominant wind, and creating
wind channels. Before stepping
into the design part, two options,
design 1A and design 1B, were
proposed with the consideration
of to what extent the site is
changed and to what extent
urban heat stress is mitigated,
followed by designs.

Urban boulevard
Campus landscape
Park landscape

Zoning map

Shading
Evaporation
Ventilation
Toolbox

-2 -1

0 +1 +2

Experience

Cooling strategy

Figure 24. Diagram of the concept for design 1
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Ecology +
Biodiversity
History

4.1.3 Design 1
Design 1A / Maximize cooling effect
Design 1A was on the track that
the cooler the water surrounding
area the better. Therefore, there
were more adjustments on the
site to offer more opportunities
for microclimate design, such as
changing the paving materials.
According to the design
guideline, multiple combinitions
of toolboxes were applied in each
zone.
The urban boulevard was
designed to be a car free place
and transform into a complete
waterfront space, which is more
convenient for people enjoying
doing outdoor activities. Thus,
the current asphalt road was
removed. It was shown from
the master plan (Figure 25) that
the boulevard is mainly covered
by yellow color which is the
permeable material increasing
evaporation and less purple
color representing for the same
small ancient stones with the
city center paving material. The
clean-cut boundary between
two materials is a clue for the
exact location of the historical
city wall. More trees are planted

along the river, which increased
shading, evaporation as well as
ventilation. Isolated big trees
were set when it meets with the
wind channel, especially on the
square place. Grass and shrubs
serve as a compensation for
evaporation. Where there is no
enough space or not suitable for
trees, green wall offered shading
for building façades. Artificial
devices, like parasol, shaded
the outdoor space close to the
restaurant. The eastern square
is the upwind direction. The
fountain there provides downwind
cooling effect by the air flow. In
order to diverse the experience
along the river, the water
surface was partly enlarged
together with non-linear quays,
which provides boating spaces.
Meanwhile, lower decks along
the water and stairs towards the
water were designed. These all
improve the accessibility to water
so as to enhance the cooling
experience.Pergolas with water
mist provide shading for short
stay with cooling environment. All
of the vegetations together with
river help to boom ecology and
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biodiversity.
As for the campus landscape,
it mainly aimed to create a multifunction outdoor space with
pleasant thermal comfort for
students there. The whole area is
consist of two shapes of space,
a slim rectangle space in north
and a square shape space in
south. Because the rectangle
space is quite narrow, especially
for the western bank, there is no
space for trees. The solution for
shading was planting tree directly
on the quay (Figure 26). There
was a wall situated at the west
boarder. Vines along the wall
can shade the nearby ground
and stimulate evaporation. On
the east side there is a small
square which is the junction for
surround buildings. Stairs and
deck were built for people get
close to the water. A green wall
shades the façade directly facing
the water. The multi-function
place was mainly achieved by
means of the square space.The
whole place was treated as an
outdoor, including the river body.
The western part functions as

Figure 25. Mster plan of design 1A

Shrub

Tree

Paving
material

Grass
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Green wall

Water mist
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Non-linear
quay

Artificial
device
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the water
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the water

Pergolas
Green
slope

Section A
Permeable paving material

Trees

Green wall
Deck along the water

Water mist
Non-linear quay
Artificial device
Artificial device
Permeable paving material

Green wa
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Section B
Permeable paving material

Shrub
Pergolas
Permeable paving material
Artificial device

Non-linear quay
Water mist
Deck along the water

Section C
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Grass

Deck along the water

Old brick
Trees
Tree on the quay

Tree on the q
Deck along th

‘audience seats’ with a forestry
background which had gaps for
ventilation. The front side was a
more open grass with a green
slop to the water. In order to
include the people boating on
the river as part of the audience,
the water surface was enlarged
for short stay. The eastern bank
works as a main arena facing the
green slope where people can do
outdoor performance. The design
enhanced the interaction on both
sides of the river. River banks
were connected by the bridge.
When the outdoor environment
is shaped, users can define the
space by themselves.

all

Grass
quay
he water

Old brick
Isolated tree
Artificial device

Based on the current greenery,
the zone of park landscape
was designed to be a more
natural contacts of the river with
green slops on both sides of
the water body, which is more
relaxing place for people. The
horizontal tree lines and shrubs
parallel with the east wind aimed
to shape wind channel and
further expanded cooling range.
Simultaneously, vegetations
add more shading and increase
evaporation. The park with less
artificial constructions provide the
habitat to more flora and fauna.

Green wall

Figure 26. Section A, B and C of design 1A
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Shrub

Green slope

Green slo

slope

ope

Water mist

Permeable paving material
Deck along the water

Figure 27. Section D, E and F of design 1A
Shrub

Permeable paving material
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Design 1B / Best compromise
Design 1B took more practial
things into consideration with
more respect to the current
situation, for instance resvering
the car road and keeping the
same shape of the water surface
as before. The balance between
the design priciples and site
condition was made through
a different application of the
toolbox. Following paragraphs
only focus on elaborating the
differences.
In the zone of urban boulevard,
the bus line was pushed close to
the building instead of keeping
it laying in the middle of the
space between buildings and

river. This allows an integrated
waterfront space with maximizing
area. The rest part of paving
materials is same with design
1A. Followed by this, there was
less space for trees. Meanwhile,
the water boundary was not
changed, which was practical for
construction. This partly reduced
the accessbility to the water with
cooling experience. Compared
with design 1A, there was a
limitation for toolbox application
to compromise with the reality,
which led to less cooling effect.
There was less difference
between design 1A and design
1B in the campus landscape
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area. Only the water surface was
desinged differently. Design 1B
reserved the water boudary as
before, which means larger grass
place and smaller water body by
contrast.
The part of park landscape is
the same as the one of design
1A.

Figure 28. Mster plan of design 1B

Shrub

Tree

Green wall

Vine

Artificial
device

Paving
material

Grass

Water mist

Pergolas

Deck along
the water

Stair towards
the water

Green
slope

Section A
Permeable paving material

Trees

Green wall
Car road
Deck along the water

Water mist
Artificial device
Artificial device
Permeable paving material

Green wa
Old brick

Section B
Permeable paving material

Car road
Shrub
Permeable paving material
Artificial device

Non-linear quay
Water mist
Deck along the water

Tree on the q
Deck along th

Section C
Permeable paving material

Car road

Grass

Deck along the water

Trees
Old brick
Tree on the quay

Section D
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Figure 29. Sections of design 1B
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4.1.4. Test 1
Different design solutions
were developed for each
zone because the optimum
combination of microclimate
design and functional aspects
could be realized in different
ways. The various design
solutions examined have been
categorized as 'ideal' or 'realistic'.
The first category referred
to the optimum microclimate
situation and the latter meant
the best compromise between
microclimate and site current
situation.
The test commenced with
experts’ judgement on cooling
effect and project missions.
Test 1A and test 1B were
towards design 1A and design
1B respectively. The results of
test 1A (Figure 30) and test 1B
(Figure 31) showed that tree has
the best performance within the
toolbox, followed by green slope.
Even though some design tools,
such as stair towards the water
and deck along the water, did
not have a direct relation with
climate-based principles, they
improved the accessbility to the
water and further enhanced the
cooling experience. Thus, all of

design team prefered to choose
design 1B, since it fitted the best
with the project.

the tools were reserved to the
next step and adjusted according
to the specific assessment. In
general, experts from Breda

Tree

Shrub

Vine

Artificial device

Pergolas

Grass

Green wall

Fountain

Water mist

Paving material

Deck along the water

Stair towards the water

Figure 30. Results of test 1A
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Green slope

Non-linear quay
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Figure 31. Results of test 1B
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4.2 Loop2 / Design through the city center
Loop 2 was concerned with subresearch question 2 (What is the
best climate-responsive design
for a network of cool spaces
around the river Mark?), which
designed a cooling network

through the city center close
to the river Mark. The most
important difference from design
1 was that the target design
scope was not focusing on
the direct waterfront space but

exploring other space around the
water. This loop checked whether
there was the potential to expand
cooling range or better cooling
effect with a larger area.

According to the urban heat
map, the city center has an
obvious heat stress problem
most because of the high-density
construction. There are hardly
any trees in the public place
except for several on the center
plaza. However, the trees from
the backyard of the neighborhood
and the surrounding area of the

city provide a lot of shading and
evaporation. The water body
also has a lower temperature.
Therefore, a relative cooling
area is presented. The building
pattern is an advantage that
urban canyons parallel with the
prevailing east wind. The streets
shape the wind tunnel and
enhance the ventilation.

4.2.1 Site analysis
The site is a commercial and
residential mixed area closing to
the river Mark, which is a quite
crowded zone. The outdoor
space is largely made up of more
urban canyons and less plaza.
Except for the main urban square
located in the center place, other
buildings with different functions
were distributed equally in this
place.

1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2
>2

Existing trees

Heat map

Cooling range

Figure 32. Diagram of site analysis
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Wind flux

Figure 33. Site photos of Breda city center
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4.2.2 Design concept
Because of similar spatial
configuration of target place,
this area was treated as a whole
and thus the design concept
was mainly related to cooling
interventions. Based on the site
analysis, there was a potential
cooling connection between
existing cooler areas when
overlapping all the analysis

layers. As a result, ‘green blood
vessels’ were developed to
connect ‘green spots’, which
formed the cooling network.
From this, ‘green spots’
should be further cooler and
the ‘green blood vessels’ can
be built through microclimate
interventions. The cooler city
center and cooler river cause

a positive influence on each
other, which expand the pleasant
thermal comfort zone.

Green spot
Green blood vessel

Potential cooling connection

Cooling network

Figure 34. Diagram of the concept for design 2
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4.2.3 Design 2
Design 2 was aimed to create
a cooling network and mainly
concerned with the questions
how to enhance the ‘green spots’
and how to formulate the ‘green
blood vessels’. Within the design
scope the ‘green spots’ were
referred as an eastern entrance
place of the city center, an urban
plaza located in the center
place and two public spaces
in the western neighborhoods.
In contrast, the ‘green blood
vessels’ were referred as four
east-west streets, of which three
passing through the center place
and one going around the city
center from the outside.
The first ‘green spot’ was
situated at the east of the site
which is the upwind of prevailing
wind in summer. The upwind
may spread the cooling effect to
the downwind direction, which
made this spot significant to
address the heat problem. It was
composed of, from right to left,
a parking place, a traffic island
splitting the car road into two
directions and a backyard of the
mixed block of the city center.The
pavement of parking space was
changed into grass grids to avoid

storing too much solar radiation
and increase evaporation. The
tree array shaded the floor
without blocking the wind. Some
trees were removed from the
traffic island to create spaces
for air flow. Two sets of dry
fountains were set at the open
area. When the wind blows
through this place, the water mist
is carried away and sprayed out
to cooling the surrounding area.
In order to further directly invite
the wind to the city center, two
buildings were removed from
the mixed block to formulate
the wind channel. This channel
mainly made use of the backyard
of the block. The backyard was
designed with a water pool and
a fountain. The nearby trees and
shrubs shaded the pool and kept
it cool. The fountain lowered
the temperature by spraying
the water and the wind further
carried the water mist to cool the
downwind direction.The second
‘green spot’ was located in the
center urban plaza. Several
isolated trees were added to
the exiting trees to provide
more shading and evaporation.
Underneath, the paving material
was transformed into permeable
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pavement for further evaporation.
The last two ‘green spots’ in
the western neighborhood were
designed with reorganizing the
parking place and arranging
them adjacent to car road instead
of close to the house entrance.
Except for the traffic road, the
rest paving material was switched
to permeable pavement. And
the parking place was filled with
grass grids as well. These all
helped to evaporate.
As for the ‘green blood vessels’,
they were specific designed for
the highly paved streets. Three
streets through the city center
have two kinds of width varied
from 6m to 8m and from 10m to
17m separately. For the narrower
street (section B of figure 35),
a small entrance garden with
shrubs, flowers and vines was
set close to the façade facing
south since this facade is likely
to absorb more solar radiation.
The façade facing norther was
equipped with pergolas where
vegetations and water mist
can be added. These elements
provided shading and increase
evaporation. In the fatter street
(section A of figure 35), more

tools can be applied. Isolated
slim trees in line can offer
more shading without forming
obstacles. Part of the stone
pavement can be changed into
permeable materials, leaving

enough width for vehicles. The
street around the city center is a
main traffic road. On both sides
there is the way for pedestrian.
The pavement was transformed
into permeable material as well.

Linear trees were planted on the
sidewalk. These were all based
on the microclimate interventions
for cooling environment.

10 - 17 m

Section A
Vine
Entrance garden
Slim tree

Pergolas
Water mist
Old brick
Permeable paving material

6-8m

Section B
Vine
Entrance garden

Figure 35. Sections of ‘green blood vessels’ from design 2
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Pergolas
Water mist
Old brick

Figure 36. Mster plan of design 2
Tree

Water mist

Fountain

Grass

Shrub

Paving
material

Vine

Pergolas

4.2.4 Test 2
Not all of the design tools were
applied in design 2, because
the target place was not directly
adjacent to the river. Thus, some
design elements, such as nonliner quay, stair towards the
water, green slope and deck
along the water, were evaluated
with 0 (Neutral) at the beginning.
It can be seen from the result of
test 2 (Figure 37) that tree played
a significant role in climateresponsive design from an
overview. It had the highest score
of both shading and evaporation.
Vine and pergolas ranked the
second in shading. Meanwhile,
grass, fountain, water mist
and paving material also had
a good grade of evaporation.
By contrast, the ventilation
caused by design tools was
not that much functioned. As
for the project-based principle,
only ecology and biodiversity
can be evaluated, since history
and experience of water only
had value on waterfront space.
Shrubs and vines showed
the best score of ecology and
biodiversity. Apart from this,
the backyard of mixed block
cannot be used as wind channel,
because it belongs to the bishop

of the church nearby. This
information should be included in
updating the design.

Tree

Shrub

Vine

Artificial device

Pergolas

Grass

Green wall

Fountain

Water mist

Paving material

Deck along the water

Stair towards the water

Figure 37. Results of test 2
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Green slope

Non-linear quay

4.3 Conclusion of loop 1 and loop 2
Loop 1 and loop 2 answered subresearch question 1 and subresearch question 2 respectively.
The outcome of each test helped
to refine the design in the next
loop. During the test process, a
webinar was organized by the
municipality of Breda and BLAST
foundation to collect the green
wishes for the river Mark design
from citizens. The result of the
poll (Figure 38) shown that most

people preferred the network
design. Meanwhile, all principles
applied were accepted well and
with an even distribution of votes.
A combination of all the results
was the basis for developing
design 3.

Figure 38. Result of the poll
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4.4 Loop 3 / Design refined
After finishing the study of all
sub-research questions by
first two loops, loop 3 aimed
to answer the main research
question (What is the optimal
application of existing knowledge

on cooling urban water
environment to the river Mark?).
Firstly, a refined design based
on the combination of all the

4.4.1 Potential for
improvement
Before starting design 3, it is
necessary to clarify the potential
to improve the design on
overarching climate-responsive
design. By overlapping all the
results of tests (Figure 39), the
possibility was clear. Shading
can be added by more artificial
device in the outdoor space.
More shrubs under the tree help
to evaporate. Using different
sizes of the trees along the river,
which looked more natural, was
good for ventilation. In order
to explore more experience of
the water, artificial device and
pergolas with water mist were
applied on the deck along the
water to enhance the cooler
feeling. Vines were planted along
the quay offering the habitat to

Tree

design possibility was delivered.
Secondly, a test of Envi-met
simulation was executed to finally
examine the cooling effect.

Shrub

Vine

Artificial device

Pergolas

Grass

Green wall

Fountain

Water mist

Paving material

Deck along the water

Stair towards the water

Green slope

Non-linear quay

Figure 39. Overlapping results of test 1 and test 2 with improvement possibility in blue arrow
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attract more faunas. History can
be enhanced by adding more
elements to attract people.

4.4.2 Design 3
The scope of design 3 was a
combination of previous two
designs’ boundary, which meant
the linear waterfront space and
the cooling connection through
city center, and further formulated
an integrated water environment
and network to mitigate urban
heat stress.
In terms of the waterfront area, to
some extent it was an optimized
design based on a combination
of all advantages from design
1A and design 1B. The car road
was kept close to de building
so as to have an integrated
water environment. Meanwhile,
several parts of the water body
surface were enlarged with nonlinear quay and deck along the
river which made the river more
reachable and offered people
diverse perception. Large water
surface was also kept in the zone
of campus landscape. Fountain
from design 1A was reserved and

kept distance with the car road.
Large and small trees planted
along the river helped ventilation.
More vegetation growing on the
quay offered shading on the
water as a compensation when
there was no enough place on
the river bank for trees. At the
same time, more habitat was
available for flora and fauna.
As for city center, the wind
channel from the eastern
upwind spot was carried out
by removing another two nonhistorical buildings. The backyard
of mixed block was covered by
isolated trees and shrubs for
cooling. Dry fountains on the
sidewalk were also designed for
this area as an alternative for
the fountain and water pool of
design 2 which were canceled.
In the center urban plaza, a
new set of fountain was added
for evaporation and promoted
people playing with water. In
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addition, artificial devices were
put on the square to offer more
shading and staying place.

Shrub

Green wall

Vine

Figure 40. Mster plan of design 3
Artificial
device

Pergolas

Tree

Paving
material

Green
slope

Stair towards
the water

Grass

Deck along the water

Non-linear quay

Water mist

Fountain

4.4.3 Test 3 / ENVI-met simulations
Method
The software ENVI-met 4 is a
model widely used to describe
microclimate and human

thermal comfort. Here ENVImet was used to assess the
cooling performance of the

climate-responsive design.
The Physiological Equivalent
Temperature Index (PET) has
been used as the main evaluation
criteria for the simulations.

3

1

Figure 41.
Locations of
three sample
places
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2

The simulation was carried
out on three sample places
(Figure 41) which are the most
representative zones. It was
unrealistic to run the simulation
for the whole area under a time
pressure. Sample site 1 was the
environment of existing water
body and Sample site 2 was the
area around the reopen river.
These two sites together fully
covered the river Mark. Sample
site 3 was located in the middle
part of the city center, including
an urban plaza and urban
canyons which refer to the typical
pattern of ‘green spot’ and ‘green
blood vessel’. Each sample site
had two rounds of simulation
which referred to current situation
and after design respectively.
The comparation between two
rounds of simulation showed how
much the cooling effect was.

Process
The whole process mainly
included three steps: model
making, simulation running, and
data visualizing. There are 3
versions of space for running
the ENVI-met simulation,
100*100*40, 180*180*35 and
250*250*30. Before creating
the model, it was necessary to
decide which one was suitable.
ENVI-met is a time-consuming
software, the lager space the
more time devoting. Because of
this limitation, the smallest one
(100*100*40) was chosen for the
test as a prerequisite.
The model was built through the
program called SPACES. Within
this program, a three-dimension
was composed of buildings,
vegetations, soil covers and etc.
To begin with, the location was
set in Breda. Then, in order to
fit the version 100*100*40, each
grid (x axis, y axis, z axis) in
SPACES was equal to 4 m for
the first two sample sites and
2 m for sample site 3. So the
grids of three sample models
were 85*90*34, 70*95*32 and
90*70*34 respectively which
represented 340*360*136 m3,
280*380*128 m3 and 180*140*68
m3 with the considering that the
z axis of the model should be

Figure 42. Heatwave records from 1911 to 2020 (KNMI, 2020)

as three times as the height of
the highest building in the site.
After the basic setting, the whole
model was built within SPACES
according to the design before
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and after. Besides, buffer grids
surround the design area was
necessary to ensure a successful
simulation running and thus part
of the build within the site was

removed to leave the boundary
place empty.
Secondly, simulation running was
made up of two parts, context
setting and ENVI-met running. By
using the program ConfigWizard,

the input context was defined,
including date, timespan, initial
temperature, wind speed and
direction and etc. Because the
test aimed to check the cooling
performance during the peakheat time of a day, the timespan

Site model

Site model

Design model
Figure 43. 2D view of the models for
sample site 1

Design model
Figure 44. 2D view of the models for
sample site 2
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was from 6:00 to 16:00 which
covered the hottest period (from
11:00 to 15:00) with the highest
exposure to the sun. At the same
time, the date was selected on
25 July 2019, as in recent one
century the highest temperature

Site model

Design model
Figure 45. 2D view of the models for
sample site 3

37.5 °C appeared on this day
(Figure 42). Subsequently, the
initial temperature and wind
speed were defined by simulation
starting time of this day. And the
weather data was obtained from
the neighboring KNMI station
Gilze-Rijen, which are 23.4 °C
and 1.0 m/s. Wind direction was
90 (east) as mentioned before.
Other data was filled with default
values of ConfigWizard. When
finishing data setting, simulation
space 100*100*40 was chosen
for running. The outcome was

(Matzarakis et al., 1999) and the
meteorologically acceptable 1.5
meters. In the end, the exported
file worked for data analysis.

a data package, from which
the PET value can be further
exported through program
BioMET.
Lastly, program LEONARDO
2014 was used to visualize the
final data. The analysis was done
at 1.2 m (for sample site 1 and
2) and 1.4 m (for sample site
3), since the z grids represent
different height. These two
heights are representative and
lie between the average center
of gravity of humans (1.1 meters)

Results
The results were analyzed in
ENVI-met in a comparison of
the site current situation and
the climate-responsive design
measures. The results of the
different simulation runs were
presented in tables to provide
an overview for the reader. The
middle part of tables 2 presented
the average thermal condition
of each sample site on 15:00
respectively.

Site selection

PET (CS)

PET (CRD)

PET (CRD-CS)

PET (CRD-CS) Max

Sample site 1
Sample site 2
Sample site 3

47.1 °C
45.7 °C
45.9 °C

45.5 °C
43.9 °C
43.8 °C

-1.6 °C
-1.8 °C
-2.1 °C

-14.6 °C
-15.3 °C
-15.7 °C

Average

46.2 °C

44.4 °C

-1.8 °C

-15.2 °C

Table 2. PET from current situation (CS) and climate-responsive design (CRD), 15:00,
and PET difference between CS and CRD (CS - CRD). When differences are
negative, the situation with design is cooler.
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Sample site 1
The climate-responsive design
provided an average reduction
of 1.6 °C in PET with the existing
river and its surrounding area
(Table 2). Vegetations, especially
the trees, provided the most
shading and thus cooled down
the water body and waterfront
space as well we increase
the evapotranspiration. The
permeable paving material and
upwind fountain enhanced the
evaporation. The large and small
trees along the river shaped the
wind channel for ventilation.

Sample site 2
The two-round simulation of
sample site 2 was a comparation
between without and with water
body. And there was a largest
difference of PET value around
1.8 °C (Table 2). Within ENVImet, water surface was a kind
of soil cover. It might cool
down the environment through
evaporation during the daytime.
In the norther part, most hard
pavement was replaced by grass
together with green slope into
the water. This further enhanced
the evaporation. In the southern

Site

Design

Figure 46. PET map of sample site 1, 15:00

Site

Figure 47. PET map of sample site 2, 15:00
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Design

part, some trees needed to be
removed to empty the place for
reopening river. However, when
the trees together with shrubs

Sample site 3
Sample site 3 was a highly paved
urban canyon with city plaza and
streets. The vegetation played
an important role in reducing the
urban heat stress. Slim trees
along the road provided shadow
on the close building and ground
so as to block the solar radiation.
Meanwhile, entrance garden on
the façade facing south direction
was easily to expose to the
sunlight and thus resulted in
more evaporation. More isolated
trees shaded the urban plaza
with large canopies. Fountain in
the open square offered cooling

According to tests on three
sample places, shading played
a significant role in thermal
comfort. Compared with sample
site 1, site 2 showed a better
cooling effect. This was partly
because in site 2 there was a
reopen water body which to

were reformulated as wind tunnel
to stimulate ventilation, the
surrounding area had a better
cooling experience.

experience by spraying water
into tinny drips. All this measures
Site

lowered the PET value with 2.1°C
(Table 2).
Design

Figure 48. PET map of sample site 3, 15:00

less extent enhanced cooling
by evaporation itself. This was
also partly because site 2 had
more vegetation with canopy
shading the ground. Sample site
3 showed the best cooling effect,
since the vegetation provided
a lot of shadow on the building
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façade which prevented the
material absorbing too much
solar radiation in the daytime.
And the urban canyon was the
most parallel with the prevailing
wind direction and wind flow
helped to ventilate.

4.5 Site design
The place chosen to develop the
site design was a square, the
Franciscanessenplein, along the
existing river body. The reason
was that this square has the
most probability to show the
combination of design measures.

Base on the results of test 1, 2
and 3, the site design was further
developed, with the balance
between the maximum cooling
effect and project demands. The
site design is explained through
integrated design principles.

Artificial device
Deck along the water
Green wall
Fountain
Grass
Paving material
Tree
Stair towards the water
Pergolas
Non-linear quay
Shrub
Water mist
Vine

Figure 49. Master plan of site design
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Shading
Canopy can provide the most
effective shadow and trees
were generally organized in
two patterns. Linear trees were
planted along the river and car
road to prevent the water surface
and asphalt from absorbing too
much short-wave solar radiation.
When there was no place for
tree close to water, the tiny tree
growing from quays served as
a compensation for shading.
When meeting with the possible
wind corridor, such a plaza with
several entrance points against
the wind direction, isolated trees
were set there and green wall can
shade the façade of the building
with more sunlight. Sometimes,
considering the outdoor function
responsive to the surrounding
building, like restaurant, artificial
device worked as outdoor dining
room and shaded the ground. So
does pergolas with plants.
Ventilation
Linear trees paralleling with the
prevailing wind helped to form
the wind channel. In order not
to block the wind, enough urban
porosities should be left where
lower shrubs or grass can be
a replacement for trees with
cooling effect.

Evaporation
Most of the vegetations
have a strong ability of
evapotranspiration. In order to
add more evaporation, a large
area pavement was replaced
with permeable paving material
except for the car road. Fountain
in the square with wind and water
mist put on the pergolas also
worked for evaporation.
History
Historical wall was presented
in a clean boundary with multi
design elements, except for
different paving material and
grass, also including shrubs
and fountains. This helped to
maximize the cooling effect with
more evaporation and attract
more people to be there and
explore the history with clues
from design. Meanwhile, the
quay was reorganized as a
harbor for boating, reshowing
the historical scenes in a new
way and attracting more people
get close to water with cooling
experience.
Ecology and Biodiversity
Local vegetations can be used
as many species as possible. All
of the vegetations provide proper
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habitat to attract more kinds of
fauna, especially the vines along
the quay filled the blank between
ground and water in the urban
area.
Experience
The experience of the river was
diversified with multiple kinds of
the connection with the water.
Non-linear quay with wide
deck created a small square
directly close to the water. Stairs
towards the water were a vertical
connection to the river. Narrow
deck sometimes appeared on
one side of the river, sometimes
on both sides. On top of it,
artificial devices were added
together with water mist at sitting
places. Vines along the quay
softened the boundary feeling.

Figure 50. Bird view of site design,
from northwest direction
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5

DISCUSSION

In overview, this thesis
addresses the urban heat
stress problem by developing a
climate-responsive design for the
Nieuwe Mark project. Generally,
climate-responsive design places
more focus on improving the
microclimate. However, when it
comes to the practical project,
there might be the conflicts

between the project demands
and the strategies employed to
improve outdoor thermal comfort.
Their balance and combination
is of importance. Therefore, a
climate-responsive design based
on the integrated principles
developed fills the knowledge
identified in this research. This
knowledge gap is made of two

components: one is through
applying the existing knowledge
into a real-life project, and the
other is by testing the solid
cooling effect by the meteorology
simulations. After a preparation
stage, the knowledge gap was
explored through RTD, which
included designing and testing
the designs produced.

more than these, since during
the meeting with the design team
there were also other aspects the
project wanted to achieve, such
as nature-inclusive, maintenance
and cost. These elements were
excluded in this thesis because
of time constrains. However, it is
acknowledged that considering
these parameters would have
been beneficial.

all the prototypes were picked
to develop toolbox. Meanwhile,
this thesis aimed to examine the
feasibility of design knowledge
created with REALCOOL in a
real-life project. Because the
thesis’ study area is not only
the adjacent riverfront area but
also the public space around
the water, the knowledge from
REALCOOL was expanded with
the combination of the climateresponsive design. Therefore,
the toolbox also included climateresponsive design elements,
like permeable paving material.
All the design measures were
adapted to the project missions
through the balance between
the project assignments and the
outdoor thermal comfort.

Reflection on theory
The theory consisted of two
parts which are from the existing
climate-based knowledge and the
Nieuwe Mark project information.
In terms of the climatebased knowledge, it started
from introducing the climateresponsive design and then
the REALCOOL project, which
were obtained from the literature
study. The project requirements
were acquired through the
meeting with the Breda design
team. Based on these two
aspects, integrated design
principles (shading, ventilation,
evaporation, history, ecology and
biodiversity, experience) were
developed as well as the design
toolbox and design matrix.
However, the principles could be

As for the toolbox, most of the
design elements were generated
from the REALCOOL prototypes.
Even though only three
prototypes are the closest to
the project spatial configuration,
considering the complexity of
the site and the river body is not
strict east-west and north-south,
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Reflection on methods
SRQ 1
The study by Jacobs et al
(2020) suggests designers to
bring different spatial elements
together, including the water
body, to enable optimal cooling
effects over the urban spaces
around the water. Therefore,
from the beginning the target site
was treated as a whole linear
cooling space, and the design
concept was proposed according
to the site analysis, considering
how the public space connects
with the surrounding functional
buildings and how to create a
cooling environment with the site
spatial configuration. After this,
the elements from the toolbox
was flexibly applied into the site
under the guidance of integrated
design principles. Nevertheless,
there was a limitation before and
after this process. The design
was stared from site analysis.
In order to improve the thermal
comfort, the microclimate
analysis is important, which were
elaborated with shading analysis
and wind flux. The shading
analysis referred to the waterfront
area was an overlapping of
shading from 08:00 to 20:00. It
helped to show how the shadow

SRQ 2
distributes during the daytime.
However, the shadow analysis
from the eye level is more helpful
with more details. But due to
the time limitation and the size
of the project area, it was hard
to analyze each section of this
region. Hence, the design after
this microclimate analysis was
conducted in general.
Apart from this, test is a
significant part in the RTD. After
design, the test was achieved by
the experts’ judgement. Experts
evaluated designs through
filling the design matrix. Before
test, designs were presented to
experts through online meeting.
Then the filled form was obtained
by email. The design matrix did
not include a section for specific
explanations, which made it hard
at times to interpret the feedback
obtained. The feedback obtained
was clarified during the meetings
as much as possible. Some
misinterpretations might have
occurred. The social distancing
measures imposed by COVID-19
made impossible to meet faceto-face, which would have made
the task much easier.
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The city center of my research
site is neither directly next to the
river nor the assignment from the
Nieuwe Mark project. However,
there is a strong heat problem
over this zone. Especially in
summer, the prevailing east wind
could bring this heat stress to the
riverfront place, which worsens
the thermal comfort of water
environment. In order to create a
better cooling effect, expanding
the target scope was a new
attempt and thus not all the
principles can be achieved within
this area. Broadly speaking, city
center is around the river Mark to
some extent. Then the concept
cooling network was built for
this zone, from which the ‘green
blood vessel’ was developed
with the wind flux. The limitation
is that when the breeze is with
slow wind speed, the wind
might be blocked by the highdensity construction. Therefore,
the cooling effect cannot be
transferred to the riverfront area.
Besides, there was a same test
as the one from Loop 1, which
had the same limitaion caused
by COVID-19.

MRQ
According to the feedbacks from
the experts, the final design was
a combination of the linear space
along the water and the network
through city center. It is obvious
from the masterplan that the
network only has an impact on
the existing river body. This is
because the time pressure and
the city center is a representative
zone of the UHI. If the network
is expanded and connected with
the reopening river part, the
cooling effect would be more
ideal.

measurement was limited. The
research is about heat problems
in the warm season. The impacts
of the designs during the cold
season were out of the scope of
thesis.

The final design was tested by
the meteorology simulations.
The software ENVI-met is a
fundamental but rather timeconsuming tool. Considering the
time available to conduct this
thesis, the simulations were only
run for the daytime. If the running
time could have last for a whole
day, it would be clear how much
heat stress mitigation is possible
day-round. As mentioned above,
the simulation of sample site 3
did not fully cover the whole city
center area because of same
reason. Because the accuracy
of the 1 meter grid size in ENVImet, not all the design elements
can be built, such as pergolas
and artificial device, so as the
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Evaluation on results
As literature says that shading,
evaporation and ventilation
are three key elements for
microclimate intervention around
urban water bodies to create
a cooling water environment
(Cortesão et al., 2017). In this
thesis, it was observed from
the ENVI-met simulations that
there was an average reduction
of 1.8 °C in PET according to
the results of three sample
sites (Table 2). This outcome is
close to the observation from
the REALCOOL project and
indicates that there is indeed
a cooling effect from applying
these principles in practice when
treating environments around
water bodies as a whole, such as
suggested in previous research
("REALCOOL," 2018). However,
this is uneasy to be perceived
unless the value exceeds 4 °C
(Matzarakis et al., 1999). But
when looking at local effect, it
can be observed an average
reduction up to PET values of
15.2°C (Table 2), which because
of the shading whose effects are
often local with the maximum
local cooling effect. From this, it
shows that the maximum PET
reductions are largely due to

shading.
The imperceptible cooling
effect is primarily because of
two reasons. On one hand, the
integrated climate-responsive
design for the river Mark is
a combination of improving
microclimate and fulfilling the
project missions. This means
the potential maximum cooling
effect is unfeasible with the
thinking of project requirements.
For instance, even though
trees play best for shading,
the public space should be left
for empty or other elements
so as to satisfy the outdoor
function with the connection to
the surrounding buildings. On
the other hand, compared with
REALCOOL prototypes, the
scale of river Mark is larger and
not all situation can fully match
with these prototypes. Thus,
the cooling effect is diluted by
mismatched points.
Apart from this, more information
can be red from the PET map.
Vaporizing water through
fountains (4 m high water
jets) also works well with PET
reduction up to 4.1 °C. However,
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its spatial distribution is limited.
Evaporation from permeable
paving material makes local
place cooler with PET decrease
up to 4.2 °C. Enabling natural
ventilation was also found to be
essential to maximize the cooling
connection.
According to these evaluation,
the study implies that although
the cooling effect is diminished
because of involving the project
demands and the site complexity,
it can still be perceived from
the significantly cooler spots.
Considering that the REALCOOL
prototypes are developed
immediately adjacent to the
water body, the enlarged design
scope is a new feasible attempt
for a better cooling effect around
the water.
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CONCLUSION

SRQ 1:
What is the best climate-responsive design for the area immediately
adjacent to the river Mark?
This sub-research question
aimed to create a cooling
environment along the river
Mark and was carried out by
loop 1. Different measures were
used on the water surface and
surrounding area. Two design
options were explored by
several rounds of hand sketch
based on the ideal and realistic
consideration and all design
elements from the toolbox are
applied in the design. According
the feedback from test 1, the
optimal design was the one
fitting the project better which
kept the existing car road. And

this road was moved close to the
building side. From the result of
test 1, it showed shading and
ventilation were mainly provided
by trees which were generally
in two forms, linear tree with
different sizes of crown and
isolated trees. Evaporation,
ecology and biodiversity were
enhanced by most of the
vegetations. Water features also
worked well for evaporation.
History was reshown by paving
materials. Experience of the
water was diversified through
enlarging water surface, multi
shapes of quay and decks and

etc. With these designs and test
SRQ 1 is answered. There was
a significant compromise with
the project demands by partly
sacrificing cooling effect in a reallife project. As for enhancing the
water cooling effect, the research
(Cortesão et al., 2018) suggested
to provide more shadow on the
water surface. Considering the
complex environment around
the water body, it is suggested to
leave as much space as possible
along the water to provide the
trees or other shading device for
the water surface.

SRQ 2:
What is the best climate-responsive design for a network of cool spaces
around the river Mark?
This sub-research question
was set up to develop a
cooling network through the

city center next to the river and
was executed in loop 2 which
was parallelled with loop 1 and
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thus had the same approach,
sketching and test. Because of
the site location, it is an on-land

design without experiencing the
water and reshowing historical
elements. The best design was
the one stimulating and enlarging
the existing ‘green spots’ which
were further connected by the
‘green blood vessel’. The result
of test 2 conveyed that shading
was mostly offered by linear
slim trees in the street and
vines growing along the façade
facing south. Evaporation was
reinforced by dry fountain and

water mist on the pergolas.
Ventilation was slightly increased
by pergolas with plants. Ecology
and biodiversity was related to
all vegetations. Until now, SRQ
2 is answered. The network was
mainly formulated by following
and making use of the prevailing
wind directions because of the
special context with high-density
building. Natural ventilation is
valued as much as shading.
Even though water body was

not feasible within site, water
features, such as water mist and
fountains, can provide cooling
effect through evaporation. This
promoted people experience
water in a different way.

MRQ:
What is the optimal application of existing knowledge on cooling urban
water environment to the river Mark?
The main research question is
to generate an optimal climateresponsive design for the river
Mark and address heat stress
problem. The exiting knowledge
was used to form the theoretical
framework at the beginning. The
RTD was a process with the
application of this knowledge.
The answer to the main research
question was informed by the
answers of the sub-research
questions which were elaborated

previously. Based on loop
1 and loop2, loop 3 was a
refined design, according to the
assessment from experts and
poll of citizens, with a final test.
Eventually, the optimal design
was a combination of linear
waterfront space and network
through city center. With the final
test by ENVI-met simulation,
it was proved that there was
a cooling improvement of the
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integrated climate-responsive
design. The answer to MRQ
indicates that the cooling urban
water environment could be
maximized by applying the
microclimate interventions in an
enlarged target area.
Among all the design elements
from the toolbox, the most
applicable measures are
generated. They are most
important to ensure in practice

the theoretical knowledge from
REALCOOL. For example:
•

Trees close to the water

•

Vines on the southern
facing façade

•

Fountains in the middle of
a square

•

Permeable paving material
on the pedestrian road

In summary, this research
showed that the design
knowledge created with
REALCOOL is feasible in
practice. Furthermore, it also
showed how large the cooling
effects can be produced. The
strategies for the river Mark could
serve as a reference for other
designers when meeting with the
similar assignment. The design
measures from the toolbox could
be combined flexibility with the
adaptation to the specific project
demands and context. This
research may make contribution
to the field of climate-responsive
design by shedding light on the
creation of cooling urban water
bodies.
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APPENDIX

ENVI-met outcomes / PET maps
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