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Optimization of Natural Ventilation process in highrise buildings is one of the
most complex and least addressed phenomenon in the field of sustainable
architecture. This issue requires urgent consideration to reduce the computation
time due to fast growing demand of vertical construction in metropolitan cities.
Until recently most highrise buildings have been operated with mechanical
systems, causing high energy loads in hot climates and have high carbon
footprints. Highrise buildings with natural ventilation and sky gardens can
address these problems. This study involves the development of a Genetic
Algorithm (GA) addressing the multi objective optimization of natural ventilation
in tall buildings incorporated with Sky-Gardens at different levels all connected
through a central ventilation shaft. The fitness function for this GA is composed
of three scales; temperature reduction due to evapotranspiration of plants of
sky-gardens, optimum wind velocity for channelizing air inside the corridors and
ventilation shaft, and optimum building configuration. The aim is to find the best
solutions for tall buildings constructed in hot climate through the provision of
optimized airflow paths suitable for the effectiveness of natural ventilation, within
a reasonably short computation time for supporting design processes at early

stage.
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INTRODUCTION

High rate of urbanization in metropolitan cities and
scarcity of land are instigating a high demand for
vertical construction. High-rise/tall buildings, on the
other hand, are consumers of natural resources and
energy, adding new problems to the urban envi-
ronment such as urban heat island effects and high
carbon footprint. As, the global market is increas-
ingly demanding more complex, functional and tall
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structures for office activities and accommodation re-
quirements (Safarik, Ursini, & Wood, 2018), the neces-
sity to construct more environmental friendly build-
ingsalso increases. Environmental performance opti-
mization of tall buildings using sustainable technolo-
gies if tested at an early design stage can significantly
cut down carbon footprint and energy consumption
(Trabucco & Wood, 2016). However, environmental
optimization studies especially for complex tall struc-



tures are extremely time consuming and can delay
the time needed to properly evaluate design alterna-
tives.

Furthermore, unlike other fields of science, op-
timization in architecture is a complex and ambigu-
ous process, because objectives are interdependent
and optimizing one aspect can bring down the per-
formance of other aspects. For instance , use of nat-
ural ventilation helps in reducing the cooling load
for buildings in hot climate, however the quality of
air it introduced in buildings may be polluted for ex-
ample due to proximity to a heavy traffic urban area
or industrial area causing health issues (Sev & Aslan,
2014). Therefore, some problems are better under-
stood when addressed and optimized locally, but
others can only be addressed simultaneously. The
whole process is cumbersome and sometimes exas-
perating for the designers. Furthermore, tall build-
ings are usually incorporated with hybrid ventila-
tion systems failing to reduce the installation cost as
well as energy consumption costs resulting from me-
chanical ventilation systems (Etheridge, 2008; Konis,
Gamas, & Kensek, 2016).

Use of Genetic Algorithms (GA's) in architecture
is argued to be not just a trend but also a neces-
sity (Fasoulaki, 2007), by playing a vital role in ad-
dressing the problem of multi-criteria optimization.
When properly applied, it can be an efficient tech-
nigue to optimize complex multi-variable problems
and guide architects towards more efficient designs.
Furthermore, the whole process and simulations can
be run on standard PCs (Emanuele, Alessandro, Ivan,
&Yi, 2013). (Fasoulaki, 2007) integrating a generative
model with a Genetic/Evolutionary algorithm used as
an optimization tool for the calculation of design per-
formance according to a fitness function.

Most of the previous studies focus on exter-
nal building shape optimization to enhance build-
ing aerodynamic for effective urban wind flow us-
ing a generative model and GA, as done by (Bing &
Ali, 2015; Feng, Shuyi, & Tong, 2016). However, this
research focusses on optimization of air flow paths
in terms of Area, position and shape of ventilation

shafts and segmentation together with the overall
building form/shape to find out the best solution
with optimum wind velocity, air temperature and
building configuration using generative model and
GA.

METHODOLOGY, RESEARCH PROCESS &
RESULTS

The methodology involves two main phases (a) de-
velopment of a generative model and (b) develop-
ment of the optimization model using an Evolution-
ary algorithm. The Optimization model includes the
definition of fitness function that in turns is depen-
dent upon CFD simulation and building configura-
tion. These two phases are explained in the following
subsections.

Development of the Generative Model

The development of the generative model starts with
the definition of the geometrical features that are
needed to generate various, in fact as much as possi-
ble, tall building morphotypes, including the main ar-
chitectural elements needed to promote natural ven-
tilation, which can be summarized to be

« An inner ventilation shaft or chimney
(Moghaddam, Amindeldar, & Besharatizadeh,
2011; Mughal & Corrao, n.d.; Oldfield, Tra-
bucco, & Wood, 2009); to help buoyancy ef-
fectin tall buildings that can also aid the effec-
tiveness of cross-ventilation when the spaces
are facing a tall open space such as an atrium.
(Wood & Salib, 2012).

» Segmentation with a set of green terraces
called sky gardens (Etheridge, 2008; Wood
& Salib, 2013; Yang, Tu, & Francis, 2004);
that not only enhance natural ventilation but
also provide better thermal conditions as
compared to green balconies (Taib, Abdul-
lah, Fairuz Syed Fadzil, & Swee Yeok, 2010)
by cooling down the local temperature to a
maximum of 3°C (Raji, Tenpierik, & van den
Dobbelsteen, 2015). They also reduce con-
gestion and provide better psychological im-
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Table 1

. . No. Code Variables Range
Variables and their 1 A Profiles Type or Building type — four different building profiles 7-4
ranges f<.>r responding to the same set of variables producing four types of base shapes
developlr?g for floor plan
parametric 3-D 2 B Fillet Radius on floor shape corners (m) 0.0-2.0
qugls of tall 3 C Number of Floor Parts (number of sides of basic shape — applies to types 2-8
buildings 3 and 4)

4 D Floor surface width/ Side B (m) 10-21m
5 E Side X of Chimney (width of central air shaft) (m) 10-50m
6 F Side Y of Chimney (Length of central air shaft)-for floor type 4 only (m) 10-50m
7 G Scale Factor (distorts the plan according to an axis) 0.2-1.2
8 H # of floors per Section (between sky gardens) 3-10

9 I # floors per sky gardens or sky garden height 1-4

10 J Rotation -Tower rotation angle (rotates floors) 1.0-10.0
11 K Step # Floor per Section -Vertical shift per section given in number of 0-3

_floors (slides sections vertically)

pactin tall buildings (Oberndorfer et al., 2007)
together with increasing the wind velocity
and consequently the natural ventilation phe-
nomenon by improving the permeability of
building (Mohammadi, Calautit, Mohammadi,
& Calautit, 2019; Mughal & Corrao, n.d.; Niu &
Burnett, 2001; Yang et al., 2004).

These parametric models follow some scientific rules,
stated below:

- External aerodynamic forms (Circular or

oblique outer form of building) lessen the
wind loads on the structure, and the rotating
external shapes develop the effective pres-
sure differences for efficient natural airflow.
Furthermore, the shape of floor plan defined
in a way that it helps entering the outdoor
wind from multiple facades of building (i.e.
polygon, oval), improves the natural ventila-
tion (Bing & Ali, 2015).

« A min of 10 meter and max of 21 meter of

floor width/plan depth from central core can
be ventilated through natural wind flow pro-
cesses as for effective cross-ventilation, the
depth of the room must not exceed five times

Design - ALGORITHMIC AND PARAMETRIC 2 - Volume 2 - eCAADe 37 / SIGraDi 23 | 647

its height i.e. 3.5*5=17.5 meter (Kubota & Ah-
mad, 2006) So this is a parametric variation
of what can be considered a normal building
depth, both in terms of cross-ventilation and
access to natural light

+ The shape of central core/chimney can vary
for the effective natural ventilation process
with the Width of chimney no less than 10 me-
ters.

- Researchers agree that a tall building can
be represented through the use of 60
floors or (Serras & Valente, n.d.; Skyscraper-
centre.com/ctbuh.org, 2019; Wood & Salib,
2013). Hence, for this study, the number of
floors will be taken as 60.

The total set of building morphotypes was pro-
grammed using the parametric design interface,
Grasshopper, generating solutions from the combi-
nation of a reduced set of input parameters. The
names and Range of these variables are given in Ta-
ble 1.

The above-mentioned variables compose the
ten variables or chromosomes of the genetic code.
Variables 5 and 6 depend on variable 1 and there-



fore constitute a single variable (chromosome) in the
genetic code. The parametric model contains a few
other variables for the model generation, but they
are not needed for the exploration of genetic varia-
tions. One is the floor height which is supposed to
be fixed depending on the project type - housing or
office building. This value is previously set by the de-
signer. Similarly, the number of floors is fixed. In this
case, we assume that the number of floors is not a
variable set for optimization assuming that the total
number of floors in a specific lot is either given by
regulation or by the contractor as design specifica-
tion. Therefore, the optimization procedure focuses
on optimizing the other variables according to a fit-
ness function evaluating the performance in terms
of comfortable indoor air velocity, building config-
uration for affective air flow paths and temperature
reduction of indoor air resulting in reduced cooling
load as well as the building capacity. A particular in-
stance of the model is given by a specific combina-
tion of variables and constitutes the genetic code of
that particular instance as the example shown in (Fig-
ure 1).
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Development of Optimization Model
Definition of Fitness Function. The fitness value for
a tall building is a function of the following factors:

« Temperature reduction of indoor air: Accord-
ing to a study, it has been found that using
vegetation on walls and rooftops helps reduc-
ing the air temperature in hot climate by min

3-4°C locally (Luisa, 2014). Green roofs help
reducing surface ambient temperature from
7-10 °C, while the outdoor and indoor cool-
ing effect ranges between 0.05-0.6 °C and 0.4-
1.4 °C, respectively depending on the green-
roof type, urban density and time of the day
(Morakinyo, Dahanayake, Ng, & Chow, 2017).
However very few studies have been done on
the cooling effect of sky-gardens in indoor en-
vironment and one of the recent studies indi-
cates that the sky-gardens help reducing in-
door air temperature by 0.52°C mean to 2.0°C
max (Mohammadi et al., 2019). This criterion
is evaluated using a scale ranging from 0 to
1 representing minimum to maximum values
of reduction in air temperature (compared to
ambient temperature) inside the ventilation
shaft and Sky-Gardens, obtained through CFD
simulation using RhinoCFD tool. The higher
value on scale, the best is the solution.

Wind velocity of indoor air: Wind velocity
should be in the comfortable range as given
by Szokolay (0.25-1.0m/s) in indoors (Szoko-
lay, 2008). However, a wind speed ranging
between 8 to 10 m/s is considered to be af-
fective for channelizing the optimum flow of
air in ventilation shaft and sky garden zones
(Stathopoulos & Dean, 2009). Sky-Gardens
can generate high wind velocity up to 10 m/s
in high-rise buildings; however additions of
trees or some other architectural features like
space distribution and arrangement of floor
plates can reduce it up to 50% to 80% (Mo-
hammadi et al., 2019). This criterion is eval-
uated using a scale ranging from 0 to 1 rep-
resenting minimum to maximum values of in-
crease in wind velocity (compared to outdoor
air velocity) inside the ventilation shaft and
Sky-Gardens, obtained through CFD simula-
tion using RhinoCFD tool.

Building Configuration: It considers the prin-
ciple that an investor will demand for the
best possible ground use considering the le-
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Figure 1
Generative
Algorithm to
develop a
3D-model and its
genetic code



Figure 2

A screenshot of
Grasshopper
interface with the
algorithm, finding
the fitness values of
the 3D-models;
ranging between
0-10 and
representing worst
to the best solution

Figure 3

3D-model based on
the 3rd Case of 8
samples chosen as
random population

gal constraints of the plot, and therefore that
investor will be wanting the maximum possi-
ble area while keeping the other evaluation
criteria. So, in this case more area means bet-
ter building configuration. Hence the Gross
floor area of the building should be maximum
following the floor plan depth ranging be-
tween 10 to 21m from facade to central venti-
lation shaft which is generally reported to be
most effective depth in terms of natural ven-
tilation process (Aslan & Sev, 2014; David &
Brian, 2008; Wood & Salib, 2013).X = f [CFD
(Treduced, Vwind), Plan width]Where X is the
fitness value or rank. This function ranks each
solution on a scale of 0-10 representing worst
to the best options.
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CFD simulation of a random population; Results
and Discussions. A CFD simulation of arandom pop-
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ulation was done comprising 8 samples of 3D-Models
of tall buildings. The tool used for simulation was
RhinoCFD. The results of only one case are presented
here due to word and space limitation. The Figure
3 shows different views of Case-03 with sky-gardens
space (in green color) whose CFD results are being
presented in Figure 4 and Figure 5

The total computational domain has 60x60x40 (L
x W x H) cells in FLAIR for a simulation. Domain was
characterised by the wind and solar data taken from
weather data of Singapore. The data was taken of Au-
gust 01 and time 1pm When; wind velocity= 5.1 m/s,
wind direction=170 degrees from y-axis and ambient
temperature= 26 °C. Turbulence Model used is Chen-
kim KE.In order to evaluate temperature reduction
duetofoliage (vegetation), energy source is switched
to Fixed Heat Flux for foliage for a negative value of
300 W/m3 as cooling affect due to vegetation (Tim-
mermans et al., 2014). The Model is analysed as an
isolated building with the terrain type as open flat
terrain with few grasses and few isolated obstacles.
Relaxation factor for convergence control is taken as
0.001 that is global convergence criteria. Total num-
ber of iterations are 1000.Figure 4a shows the effect
of vegetation on temperature reduction. From the re-
sults it was found that the minimum temperature is
recorded as 25.3 °C. Also, this lowest temperature of
air is attained after it passed through the vegetation.
Hence a reduction of 0.1-0.7 °C in indoor air temper-



ature has been attained due to vegetation in sky gar-
dens. Blue arrow shows the direction of wind.

Figure 4b show the behaviour of wind velocity
while passing through the building. The wind veloc-

ity has been increased after passing through vegeta-
tion. The wind comes towards windward facade and
it slows down near the building surface and changes
its direction to the sides of building where it gains
more speed. While the vortex s generated on the lee-
ward facade due to negative pressure. The configura-
tion of the building is in a way that inletand outlet are
at different heights, so the stack affect is basically oc-
curring in small steps and enters from one floor and
exists from the floors above. This phenomenon can
be seen clearly in the Figure 6.

For this case maximum value of velocity of the
wind passing through the Sky Gardens is recorded
as 10.7m/s. Similar results have been driven by (Mo-
hammadi et al., 2019). A CFD simulation of a sample
of 8 Models of tall buildings suggests that after pass-
ing through the sky/gardens the wind temperature is
reduced between 0.3 to 1 °C while the wind velocity
is increased ranging between 10 to 20 m/s. This phe-
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Figure 4

a)Air temperature
on a cut-plane
passing through
the centre of
building and
parallel to the wind
direction, b) Wind
velocity on a
cut-plane passing
through the centre
of building and
parallel to the wind
direction

Figure 5

Close up of the
model near ground
floor



opi
Optimization model Genetic Code

applied to 2 NO. A B C D E F G H 1 J K
) 1 3 107 3 1589 3141 3141 074 7 3 245 1

random population 2 4 199 3 2097 4988 49.88 120 10 3 203 1
3 3 134 6 1738 3682 3682 087 10 5 671 3

4 4 178 2 1981 4566 4566 1.09 9 2 281 0

5 2 068 3 1375 2363 2363 054 9 2 341 0

6 2 055 4 1301 2095 2095 047 8§ 3 274 1

7 2 069 4 1378 2373 2373 054 9 3 343 2

8 4 190 5 2047 4809 4809 115 10 4 616 3

|

[ Random Population ]

oaw>
v

Fitness
Evaluation

T

1: Temperature Reduction of indoor air

2: Wind Velocity
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CASE NO. A B C D E F G H I J K
1 Mutation 3 1.07 3 1589 4988 4988 12 10 5 6.71 3
2 4 134 6 1738 3141 4988 074 7 3 245 1
3 3 134 6 1738 3141 4988 074 7 3 245 1
4 4 199 3 2097 3682 3682 0.87 10 3 203 3
5 Crossover 1 1.9 2 1981 4566 4566 109 9 4 203 3
6 2 178 3 1375 23.63 48.09 1.15 10 2 341 O
7 1 1.07 3 1589 4988 3682 12 10 3 203 1
8 2 1.07 3 1589 3682 3682 0.87 10 5 203 3
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nomenon, however, because of building configura-
tion makes the natural ventilation a complex process
and it can bring out the best to the worst solutions
depending on the genetic code definitions. The fit-
ness function provides a multi-criteria evaluation of
these results as previously defined.

Application of Optimization Model. The GA ap-
plied to this study is shown in Figure 6. A random
function generates a set of genetic codes for gener-
ating a population of individuals. The genetic code is
composed of the ten above mentioned variables or
chromosomes. The range of the variables is pre-set
within architecturally meaningful values so that the
code may only generate physically coherent build-
ings. The parametric Grasshopper code generates
the population according to the generated genetic
codes. Once defined the initial random population,
the optimization procedure enters a loop involving
a set of steps. In the first step of the loop, the pop-
ulation is subjected to the evaluation procedure us-
ing the fitness function where both the CFD analy-
sis and building capacity are evaluated. The fitness
function algorithm ranks the population according to
the defined criteria above and selects the half best
ranked. In the following step, the algorithm applies a
genetic operation (e.g. mutation, crossover) to a se-
lection of 75% of the best ranked selection and gen-
erates another random number of individuals which
are added to the selected set and submitted to a sec-
ond round of this loop. The process repeats through
various loops until the selected best ranked starts
showing irrelevant improvements between loops. At
this point the designer is left with a selection of opti-
mized solutions and also provided with the variables’
variation range producing the optimized solutions.
Such information provides not only a set of available
optimal solutions but also the genetic information
to produce others. The designer is therefore free to
(designerly ) explore this information to further im-
prove the design involving other aspects of the de-
sign problem that were not included before. The ap-
plication of Optimization Model to a random pop-
ulation of 8 samples has been done in the manner

shown in Figure 6.

CONCLUSION

The present paper presents a study aiming at the de-
velopment of a design interface for the optimization
of natural ventilation in the design of tall buildings.
The developed system is composed of a building de-
sign generator and a genetic optimization system
evaluating results according to a fitness function de-
signed to evaluate the building’s natural ventilation
performance. The design generator generates multi-
ple design solutions following the instructions given
in the form of genetic codes. The design solutions are
then evaluated with a fitness function that assesses
their natural ventilation performance. The optimiza-
tion system loops the best fit designs together with
additional randomly generated solutions until the re-
sults of the best fit show little improvement between
generations. The paper puts the focus on two as-
pects of the system: (1) the random design generator
and (2) the natural ventilation performance evalua-
tion including the definition of the fitness function.
These are the two essential parts of the genetic al-
gorithm, but until this moment these are separate
codes running on different software platforms. The
genetic loops or generations are presently produced
by running the interfaces separately. For the final
step of this research a single but complex step is yet
to be concluded: linking automatically the loops, i.e.,
linking generation, evaluation, selection, new gener-
ation and so on.

The CFD analysis was able to detect the expected
reductions in temperature and the fitness function to
rank the set of solutions according to its input vari-
ables. The temperature reductions in the simulations
present variations between 0.3 X and 1 ¥ showing
that some solutions are able to reduce temperature
more than others. Still, depending on the context cli-
mate one might argue that this temperature reduc-
tion is not enough. In this regard we need discuss a
few points:

» Our results are obtained assuming a fixed ca-
pacity of sky-gardens of inducing a specific
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cooling effect. The design of the sky-garden
is not discussed nor explored in all its vari-
ables. It is simply taken as a cooling device
with a specific cooling effect. If the design
variables of a sky garden are also taken into
consideration, it could be possible to induce
higher temperature reduction. Such explo-
ration should be done according to specific
types of climates to evaluate the types of de-
sign producing the most effective cooling be-
havior. For example, in hot humid climates it
could be useful to explore the use of materials
that capture moisture and are simultaneously
use to pass the air through to induce the cool-
ing effect.
+ Asthe wind speed is reported as always faster
at the sky-gardens and the sky-gardens are
responsible for temperature reduction, one
wonders if designing elements to reduce the
wind speed at the sky-gardens would possibly
reduce further the temperature in the advan-
tage of the whole ventilation system.
Different types of vegetation may provide dif-
ferent types of sky-garden response increas-
ing humidity if needed or decreasing humid-
ity if species collecting humidity from the air
are use in the sky-garden.
« The construction materials of the sky-gardens
may complement the effects of the vegeta-
tion especially in relation to the possibility of
capturing air humidity (useful in humid cli-
mates) and using the water/humidity thus col-
lected to further cool the air.
Finally, the design of the facade elements and
the systems for air admittance inward shall
play a fundamental role in making the best
use of the detected behaviours provided by
the analysis (but this is design detailing and
not conceptual design decision).

To conclude we may point that the presented system
interface does have the potential to inform designers
about the building morphotypes that best respond
to the fitness function, but although this may be con-

Design - ALGORITHMIC AND PARAMETRIC 2 - Volume 2 - eCAADe 37 / SIGraDi 23 | 653

sidered to be a step towards building sustainability,
we should also pinpoint the insufficiency of this as
the single aspects to manipulate in the design of tall
buildings even if looking just at natural ventilation.
Future work requires the combination of more factors
involved in the design of the building addressing the
many aspects referred in this discussion.
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