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Abstract

Mitigation of overheating in streets is an important task for urban planners and architects. Urban sur-
faces in streets, such as footways and fagades, can contribute to increase overheating in cities, whereas
the trees can help to decrease insolation.

In this paper we created an algorithm to determine optimal distance between the trees in a street in or-
der to mitigate facade and footway insolation. A parametric study for different street orientations and
building geometries was therefore conducted for the hottest wave of the year for the corresponding lo-
cation. The results show that different trees disposition can mitigate overheating of horizontal and ver-
tical surfaces up to 7%. The algorithmic and parametric approach used in this paper can contribute to

more precise urban design guidelines for comfortable streets.
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Introduction

The design of a street is a key issue in bioclimatic urban
design methodology (Oke, 1988; Ali-Toudert & Bensa-
lem, 2001; Bajsanski et al. 2015). Due to this, in dif-
ferent urban areas inappropriate street design cause
overheating of the surfaces. Numerous researches
took into account this problem in order to obtain bet-
ter conditions for human well-being in open urban
spaces (Ali-Toudert & Mayer, 2006; Andreou, 2014;
Chan et al., 2001).

Geometry, orientation and position of the built en-
vironment have impact on urban surface level of in-
solation (Chatzidimitriou & Yannas, 2017). Footways,
bicycle path and parking lots, located in front of the
buildings, which are exposed to the sun most of the
day, can contribute to increasing temperature of these
areas in cities (Andreou & Axarli, 2012). Overheating
of fagades and surfaces in front of the fagades can be

solved with trees, taking into account its geometry, po-
sition and number. Many studies showed that trees are
one of the most effective strategies for cooling of the
urban environment (de Abreu-Harbich et al., 2015; Pi-
cot, 2004; Taleghani et al., 2016; Miloevic et al. 2017a).
The rapid development of various software applications
which allows solar simulations and analysis, consider-
ing surrounding buildings and trees, can contribute to
find practical solution of adequate trees disposition in
streets (Simpson, 2002; D. Amado & Poggi, 2014; Ba-
jsanski et al., 2016; Milosevi¢ et al. 2017b).

In architectural and urban planning practice dis-
position of trees in streets depends on aesthetical rea-
sons. Architects and urban planners often do not take
into account entire geometry of the street, such as ori-
entation, height of the buildings and street configura-
tion (Baker et al., 2002).
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The aim of this paper is to create an algorithm
which determines the favorable distance between
the trees in order to decrease fagade and footway in-

Methodology

solation. Algorithm takes into account surrounding
buildings, trees, location and street orientation as well
as climate factors.

Methodology consists of several phases

o First phase is modeling of the geometry of three-di-
mensional built environment. The 3D model can be
created in any 3d modelling program and import-
ed into Rhinoceros in order to reference geometry
in Grasshopper (https://www.rhino3d.com/6/new/
grasshopper). Models represent streets and they in-
clude the buildings and trees as solids with defined
geometrical characteristics.

o In second phase, we created an algorithm in the
visual programming software, Grasshopper (Rhi-
noceros plug-in), that automatically changes the
distance between the trees in order to detect the fa-
vorable distance in the terms of surface insolation
mitigation.

o Third phase includes exporting all geometry from
Rhinoceros to Ecotect (Horvat and Dubois, 2012)
software by using Geco (Grasshopper add on) for
environmental analysis and solar simulations by
taking into account weather data for chosen loca-
tion of the street.

» Fourth phase includes calculation of insolation. All
numerical results obtained by the solar simulations
from Ecotect software are transferred to the Grass-
hopper.

o The last phase refers to detecting the minimal inso-
lation value which corresponds to the favorable dis-
tance between trees, and hence determines the ur-
ban design recommendation for the distribution of
trees in the street.

Algorithm for detecting optimal trees distances

The algorithm created in this paper estimates trees
distances in order to provide minimal insolation on
urban surfaces, buildings’ facades and footways dur-
ing the summer period. By changing the locations of
predetermined number of trees on the footway, the in-
solation can be reduced.

Geometry of built environment and trees distances
Geometrical characteristic of the environment which
are included in this research are:

- buildings’ geometry,

- footway size and shape,

- trees’ geometry.

Buildings’ geometry has a significant influence on
level of insolation of the footways. Geometry of the
building is determined by its height and shape. The
vertical surface is used in algorithm for representing
facade and the footways are represented as a horizon-
tal surface located in the front of the building.

One part of the footway is planted with trees.
Trees’ geometry is simplified and each tree is pre-
sented as a spherical solid. Dimensions of the trees
include crown diameter D and height of the trunk.
Centers of the tree trunks are located on a single

line which represents the tree path. Trees are moved
along the path, and after each change in distribu-
tion, the solar simulation program calculates inso-
lation level. Maximal distance between the trees is
determined by equal distribution of the trees on one
segment of the footway, and minimal distance of the
trees is dependent of the diameter in order to prevent
overlapping of crowns.

Solar simulations and detecting

the favorable trees’ distance

Solar analyses are performed in Ecotect, software for
solar analysis, which is connected with Grasshopper
by Geco, Grasshopper add on. Geco allows simultane-
ously exporting geometry from Rhinoceros to Ecotect,
and back simulation numerical results into Grasshop-
per. Numerical results can be exported in any spread-
sheet software in order to detect differences between
the resulting insolation values.

To perform solar simulations, we defined the cli-
mate data for target location and specified period of
the year (0-365 day(s)) and day (o-24 h(s)). The cli-
mate data is used for Belgrade, for summer period,
from May 1°t to October 1%, because this period is leaf
on period.
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The algorithm is tested on several examples of the
streets with different distance between fagade and
footway and with different street orientation. Taking
into account that streets are usually very long, with
a lot of trees, the street is divided into the segments
modelled and simulated individually. In order to per-
form calculation of solar analysis faster it is assumed
that the number of trees is four in each segment.

Geometry inputs which are used in these street seg-
ments are:

- length of the facade - 30m;

- height of the fagade (H) - 11m;

- crown diameter - 5m;

- trunk height - 2.5m;

- footway length - 30m;

- footway width - sm to 12m (with bicycle path).

Facade and footway insolation

The generated algorithm is tested on street with
E-W orientation first. The solar insolation is calcu-
lated for the facade. In the first iteration four trees
are placed in even distribution with maximum dis-
tance between the trees, with insolation 2129,1 Wh/
m? (Figure 1). Algorithm is used to detect that the
most favourable solution which cast maximal shad-
ow on the facade is when distance between the trees

Figure 1. Insolation of the fagade with maximal distance
between trees centers (a) facade (b) perspective view of
the street
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is D+1m, with insolation 2086,6 Wh/m? (Figure 2).
It can be noticed that by using algorithm, favoura-
ble distribution of trees on footway, decreased the fa-
¢ade insolation by 2%.

In Figure 3, the relationship between the distance
between trees’ centers on footway and the level of in-
solation on the fagade is presented. It can be noticed
that for maximal trees’ distances, D+s, the level of in-
solation is the highest. Due to this, it can be conclud-
ed that such distribution of trees often used in urban
planning would not provide the maximal overshad-
owing on the facade in case of the street similar to the
one presented.

In the same example the surface of footway is also
included in solar simulations. The footway is placed
in front of the facade with maximal distance between
the trees, D+5m, with insolation level of 2329,2 Wh/
m? (Figure 4). With the algorithm application, the
most favourable distribution is detected, the one with
trees’ distances D+0.8m <, with insolation level of
2181,9 Wh/m?® (Figure 5). The amount of insolation is
decreased 147,2 Wh/m, i.e. the improvement of over-
shadowing is by 6,32%.

Compared with other trees’ distances, it can be no-
ticed that the highest level of solar insolation is with
the maximum trees distances, D+5 (Figure 6).

Figure 2. Insolation of the fagade with distance between
trees centers D+1m (a) fagade (b) perspective view of the
street
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Figure 3. Level of insolation of the facade for different distances between trees centers

Figure 4. Insolation of the facade and footway with Figure 5. Insolation of the facade and footway with
maximal distance between trees centers (a) facade (b) distance between trees centers D+0.8 (a) facade (b)
footway and (c) perspective view of the street footway and (c) perspective view of the street
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Figure 6. Level of insolation of the facade and footway for different distances between trees centers

In the next street example, the footway is located ~ footway is overshadowed by the building, and due
12 m meters away from the building to notice results  to this the trees are placed on the right side. The im-
when the footway is not next to the building, with  provement in solar insolation mitigation is 6%.
maximum distances between trees, D+5m, with insol- Important factor for overall insolation influence
aton level of 1945,8 Wh/m? (Figure 7). When the sim-  is street orientation. The analysis of the same street,
ulations of insolation are performed, favourable trees’  same geometry, same footway, same number of trees,
locations were moved to the right side, and the dis- same distances between trees, but different orienta-
tances between trees are D+1m, with insolation lev-  tion (Figure 9) is performed to highlight the impor-
el of 1830,1 Wh/m? (Figure 8). The software for solar  tance of orientation. The current insolation level with
simulations takes into account that the left part of the =~ maximal distances between trees is 1368,8 Wh/m®. By

Figure 7. Insolation of the footway with maximal distance Figure 8. Insolation of the footway with distance between
between trees centers (a) footway and (b) perspective trees centers D+1m (a) footway and (b) perspective view
view of the street of the street
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Figure 9. Insolation of the footway with maximal distance
between trees centers (a) footway and (b) perspective
view of the street

using algorithm in N-S orientation it can be noticed
that the insolation level of the footway decreased up to
6,35%. The most favourable distance obtained by algo-
rithm is D, with insolation level of 1281,8 Wh/m? (Fig-
ure 10). Also, position of trees is different depending
of the orientation.

Figure 10. Insolation of the footway with distance
between trees centers D (a) footway and (b) perspective
view of the street

If the orientation of the street (45°) as shown on fig-
ure 11, the location of the trees and favourable trees’
distance will be different. Insolation level in this case
is 2891,7 Wh/m”. In figure 12 it can be seen that the
favourable distances between trees changed to D+2m
and the insolation level is 2734,3 Wh/m? and insola-
tion decreased by 5,45%.
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Figure 11. Insolation of the footway with maximal
distance between trees centers (a) footway and (b)
perspective view of the street

Conclusions
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Figure 12. Insolation of the footway with distance
between trees centers D+2m (a) footway and (b)
perspective view of the street

In this paper various software applications are com-
bined to enable processing of the data and automat-
ed changing of the geometry. By using this approach,
the level of insolation at footways and facades can be
reduced up to 7%. Accordingly, the urban microcli-
mate can be improved and be more comfortable dur-
ing summer.

This algorithm can be used for any world location,
by using appropriate climate data. Also, any geometry
of the building, with any orientation, can be created
and parameterized and used in the algorithm. Except
spherical, other geometries of the trees can be used,
such as ellipsoid, cylindrical or conical depending
of the shape of the urban greenery which should be
planted in particular environment. Ability to change
these geometrical parameters contributes to wide us-
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ability of algorithms such as the one presented in this
paper for adequate trees planting in any street.

Approach in this paper allows better cooperation
among architects and urban planners as well as land-
scape designers in the beginning of urban planning
process, in order to create an environmentally con-
scious urban design that minimize the level of insola-
tion of building fagades and footways in streets.

The limitation of this approach is simplification of
the geometry and the complexity of the street envi-
ronment in order to perform large amount of simula-
tions in short time period. The fagades are represent-
ed as flat planes and the insolation is measured only in
street facade while the side ones are ignored. The real
trees’ parameters, such as leaf density, transparency
and transpiration are not taken into consideration.
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The future research refers to investigate similar
problems in urban environment for various types of
urban surfaces. Similar algorithms can be applied
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