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ABSTRACT

A mathematical model is proposed to optimize theuanh solar irradiation availability where
the placement of the buildings in urban environmenproves the use of solar energy
resource. Improvements on the solar energy poteafighe urban grid are reached by
maximizing the exposure of incident solar irradiation roofs and facades of buildings. The
proposed model considers predominant, the amourmire€tt solar radiation, omitting the
components of the solar irradiation diffused anflected. The dynamic interaction of
buildings on exposure to sunlight is simulated agnio evaluate the shadowing zones. The
search for optimal topological solutions for urlgrd is based on a Genetic Algorithm. The
objective is to generate optimal scenarios forglagement of buildings into the urban grid in
the pre-design phase, which enhances the useasfigaldiation.

Keywords: optimization, solar irradiation, urban topologlgadowing, genetic algorithm.

INTRODUCTION

With the oil crisis in the seventies and increasiogfort conditions of houses, particularly in
cities, there arose the need to rethink urban phgnmaking it more sustainable. Solving this
problem can have several approaches, notably: €dJuBtion of energy consumption, (ii)
Bioclimatic architecture (iii) Replacement of prigaenergy sources by renewable
hydroelectric energy from endogenous resourcesn Ithe first item, it may be the result of
policy implementation of voluntary or forced susability rules, the latter depends on how
the man thinks the implementation and constructtdnhousing. The third item relates
statement paradigm replacing the current energyixnéiased mainly on use of fossil fuels
by renewable energy sources, especially solar grergilable throughout the earth's crust.
With the goal of contributing to the optimizatiohtbis resource, some authors have proposed
models aiming to improve the use of solar energid&s and Norford (2002) and Caldas et
al. (2003), used a Genetic Algorithm (GA) to optmithe construction budgets by
minimizing costs with HVAC, lighting and buildingself. Hensen (2004) developed an
application in Java environment using a GA as ahaeism for evaluating the performance
of project design coupled with creative functiohaliPando Oliveira et al. (2008) presented
thermal performance indicators for urban constanctielated to the placement of buildings
on the north-south alignments. Robinson and Bak@0() considers a GA to manage energy
consumption for application to urban environment.

The problem of optimal placement of buildings obaur grid environment using GAs or other
evolutionary techniques has been investigated yesauthors as Xiyu et al. (2005), Znouda
et al. (2007) and Kampf and Robinson (2009). Iis fiaper a mathematical model based on
the optimal placement of buildings that favors tiee of solar energy, also allowing its
electrical or thermal conversion is proposed. Byiméing the area of exposure to incident
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solar irradiation on roofs and facades of buildinggprovements on the energy performance
of the urban matrix are reached. Thus, it contebutecisively to reduce dependence on other
forms of energy less environmentally friendly.

MODEL OF SOLAR IRRADIATION EVALUATION

The proposed model for the determination of soleadiation is described in this section
(Duffie and Beckman, 2006). At each instant thedent solar irradiation on a tilted surface
can be given by the following expression:

1(B)=1gncosd| +Ip + It 1)

where | () is the global incident irradiance on a surfacehvgilope 3, | gy, is the direct
irradiance incident on a horizontal surfa@g, is the angle of solar incidencép is the
diffuse component of the irradiance amgl, is the reflected component of the irradiance.

Integrating in order to time the equation (1), betw the rising and the setting of the sun, the
radiation that reaches a plane with a slgbéocated at the earth's surface is obtained fan eac

day of the year as follows:

sunset
H(B)= 1(B) dt 2

sunrise

The proposed model considers the overriding vafudirect sunlight, so it falls to 2nd order,
the components of diffuse and reflected solar tamia

The determination of the amount of solar radiationident on a surface involves the
estimation of some variables. These variablesiaraddition to the geographical coordinates
of the place, the sunlight angée, which can be calculated by Cooper’s equation (lBuhd

Beckman, 2006):
8 =23.45-se (@) -(n+284) (3)
365

beingn the number of the day of the year (Julian daynftbJanuary = 1 to December 31 =
365). The solar altitude: is the angle between the celestial horizon ofabserver and the
position of the sun given by equation (3) and isnael by,

o = arcself cosg cosé Cosw + senp sen’ ) 4)

that depends on the latitude of the plagethe solar height anglé and the anglew

establishing the position of the sun at every mdmehe angle of sunrise is defined by the
equation

wgr=—arccod—tg ¢ tgd) (5)
and the angle of sunset is given by
wgs=arccog—tg ¢ tgd) (6)

The limits of integration in equation (2) are obtd from equations (5) and (6) for each day
of the year at the local latitudg. Figure 1 depicts the relationships between thgteanand

geographical coordinates. The solar azimuth isatigle y shown in Fig. 1, and defined by
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_ arco sena - seng —send ) (7
r= COSw - COSP

In Fig. 1, the angles shown have the following negst ¢- Latitude, angular position
relative to the equator and positive in the nartheemisphere withp e [-90:907]; § -
Declination, is the angle between the line conmgcthe centers of the sun and the earth with
the equatorial plan} - Inclination, angle between the plane of the suegfand the horizontal
plane, ¥ - Azimuth angle of the surface, is the angularatise between the local meridian,

and the projection of the normal to surface in lloeizontal plane;w- Hour angle, is the
angle measured in the celestial pole, between likerger's meridian and the meridian of the
sun (takes the value of 0° at noon in solar tingg); Angle of incidence, is the angle between

the direct irradiation on the surface and the nbwhraction to the surface?, - Zenith angle,

is the angle of incidence of direct irradiationtbe surface relatively to the normal direction
at local position;a - Solar elevation angle, is the angle between thredntal line and the
direction of the incident solar beam, is the comyaat of the zenith angle;s- Solar azimuth
angle, is the angle between the projection of direadiation on the horizontal plan and the
line indicates the South pole. Shifts to EasteriNofth-South axis are negative and to West
of that axis are positive.

Normal to the
horizontal plan

| Mormal tothe

_\O/ _ tilted surface
P

\ Fast
Projection of the sunray 0
the horizontal plan -

South

Projection of surface normal on to
the horizotital

Fig. 1 Angles definitions and geographical coortiésa

The solar incidence angtg, is obtained from

cosb ,= send seng cosf — send cosg senf cosy +
+ COSJ COS@Y COSP COS@ + COSO Seng serns cosy cosw + (8)
+ C0So senf seny senw
The incident direct solar irradiation on a facadthwany orientation and any slope over a time

interval corresponding to one degree of the appanegular motion of the sun and equivalent
to 4 minutes in the time scale, is given by
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1 360n
RA ,n)=—1 1+ 0.033cos cos0 9
Dint (o,n) 15 sc[ ( 365 ):| z 9)

being | g =1367W /m? a solar constant (Duffie and Beckman, 2006). Taié/ camount of
irradiation RADYY (n) is given by

RADI(n) = f RAD¢ (@,N) (10)

W=WgR

The annual value of irradiatioRACY®?" is given by the sum of the values obtained in (10)
with ne [1, 365):

365
RADYe?" = Z RADY () (11)

n=1

Equation (11) allows calculating the incident iiedgtbn on four building facades neglecting
the effect of other buildings located on the urbad.

APPROACH TO SOLAR IRRADIATION AVAILABILITY

After calculating the incident irradiation on th&cédes over the year, the interference in a
building set is studied. So, the projected shadofike buildings during the day and the year
are determined. The values obtained will be deduttan the amount of irradiation received
by simulating the losses due to shading of a bagidin the context of its integration into the
urban grid.
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Fig. 2 Placement possibility’s for buildings in arbgrid environment

To study and maximize the potential of solar iradidin exposure it is necessary to define the
topology of the placement zone of the urban grid.identify the positioning of buildings a
mesh of rectangular elements with four nodes eaatonsidered, as shown in Fig. 2. The
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numbering of the mesh nodes and their geometricdonates enable the identification of any
building in urban grid through their respective asdindeed, the nodes of the element where
the building is located establish its connectiwitip the grid and define its positioning relative
to other buildings.

To build a model that represents the dynamics aflsiy is firstly necessary to verify the
condition of shading. This condition relates thegiin of the shadow projected by a building
to be lit by sunlight with the distance betweenldings. Secondly, assuming the existence of
shading it is necessary to consider, in the dedmiof the problem, the hypothetical shaded
areas by mutual interaction of a couple of building urban environment. Accordingly, it
proceeds to the evaluation of so-called start amdl angles of shadow and the projected
shadow length defined on the plan of urban gride Pnoposed model for calculation of
incident solar irradiation is based on the analg§iswutual effect between two buildings and
subsequent analysis of the overall design solupiaposed for buildings disposition in the
urban grid environment. Thus, considering the nadgposition of a pair of buildings into the
grid, it is defined four possible alignments ac@ogdto their position on the landscape: i)
alignment oblique left (code K = 1, the second &ndth quadrants), ii) alignment oblique
right (code K = 2, the first and third quadranisg), horizontal alignment (code K = 3), iv)
vertical alignment (code K = 4). The code refergh®designation used in the implementation
of the numerical code for dynamic shading model.
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Fig. 3 Relative positioning of two buildings on tpkan of the urban grid
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Figure 3 shows in detail the different scenariossttered in the relative positioning of two

buildings in the urban grid plan. In the compretemsnalysis all possible combinations of
pairs of buildings are considered, which makes mddat and unnecessary analysis of
alignments of three or more buildings. The shadgsgjected by the interposition of

buildings in the path of the sun's rays do notvelko full or partial exposure. The factors

associated with the relative positioning of builgBnin urban grid, the sunlight angle, etc.,
change of the shadows at each instant during thieasal on every day throughout the year.
Considering this fact, it is necessary to analyae tlynamic shading quantifying their

influence on solar irradiation received by roofsl dacades of the buildings. The shading
areas are considered in the calculation modeleoptiential of solar exposure.

Set up a pair of building€,; and E,, whose relative position corresponds to a given
alignment. By convention and respecting clockwige,is the first building to be lit by the

sun at each day and thus its shadow is projecteghother one during sometime. Given the
great distance from the sun to the earth when cosdpaith the dimensions of buildings, it is

considered that the solar rays are transmittedllpbt@ each other. Let's consider the

numbers 1, 2, 3 and 4 identifying the verticeshe tectangle where a building is located,
arranged in a counterclockwise direction with tingt fone beginning at the lower left corner.

There are geometric elements that play a key rolgefining the different shading scenarios,
they are: i) the straight line of early shadingilsthe straight line of end shading FS; iii) the
line of the end of the illuminated area; iv) theeliof the resumption of the lighted area. These
lines are still being defined from the nodal conedes associated with the two buildings as
shown in Fig.3. Common to all scenarios there & lines AS and Al, related to the
advancement of shadow and light, respectively. Ahand AS lines run around a fixed point
of reference, describing a rotation angle whictiisctly proportional to the apparent relative
motion of the sun (assuming the Earth as an alesadfierential).

The shade range is limited by two angles, denoteadrly shading anglens, and end
shading anglewgg, corresponding to the position of the sun in igaent motion,
throughout the day between sunrise and sundownleWte angular position of the sun is
within the range defined by the two angles, morecisely w; € [w,s,0x5], there is the
possibility of a building to project its shadow another one. The angless and w5 are
defined by the relative position of the pair of Idings in the urban grid and depend on the
considered alignment.

The approximation model used to calculate the afdhe projected shadow is based on the
four previously described scenarios consideredhferinteraction of a pair of buildings. As an
example it is considered a detailed analysis fer ittorning period (AM). The transition

between the three zones of partial or total shagngyviously identified is performed

continuously. Whereas the apparent movement ofsthe it appears that the zone 1 is
characterized by the reduction of area of the ilhated facade with the advance of the
shading front. During the course of the sun pateiscribed a portion of arc corresponding to

the center angleA®) defined from ®,s. The width of the portion of shaded facade of

building E, is directly proportional to the center angle)(i) :

L= Ae® (12)
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where L; represents the maximum width of the projected swadccording with shading

scenario into analysis ans™® is the center angle described by the sun patdermone 1.

Inside zone 2 the area is accounted consideringeenidth L; of facades as shaded. This

situation occurs whemw; € |5 +Ao)(1),(oFS—Ao)(2) . The widthL; is equal to the sum of

both sides of rectangle corresponding to the hzfsshaded building for the scenarios of left
(K=1) or right (K=2) oblique alignments. For thehets two scenarios of horizontal and

vertical alignment of buildings (K=3 and K=4 respeely), L is equal to the length of
shaded side of the rectangle corresponding todbkgs lof building.

The zone 3 is characterized by reduction of thettwad the shading area which results from
advancing of light front defined by the width, of the illuminated area on the buildirgy, .

This width L, is proportional to the center angmj)(i) described by apparent motion of sun

and defined fromm,g— Aw®:

L,= Ae? (13)

where Ao is the total center angle described by the sudern=one 3.
The widthW(e ) of the shadow projected on the buildiig during the morning (AM) is
then defined as
Ly if og<0;<og +A0®
W(w;) =9 Lt if  og +A0® < 0 <Wpg ~Ae® (14)
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Fig. 4 Identification of the projected shadow: - Solar height angle;
Csp - Length of the projected shadow, - Height of the building;

h(w) - Height of the projected shadow; - Distance between buildings
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The area of shaded region is defined as
Aloi) =W(o;) h(oj) (15)

where h(w;) is the height of the projected shadow. The samd kf reasoning is made to

obtain similar expressions for the afternoon (PMhiere there is a shadow projection on the
building E;. To calculate the height of the projected shaddw;) let's consider Fig. 4 from

where it is observed that if the shading existslapends on the height of the building
projecting shadow, the solar height angle and iktace between buildings. There it will

place the shade on the facade of a building wheralistance between a pair of buildings is
less than or equal to the length of projected sWaa®shown in Fig. 4. Thus the height of the
projected shadow is given by:

H-dtgloep)] if ds—
) tglo())]
h(w;) = Y (16)
0 if d>
tglo(w;)]

where H is the height of the building which makes shadalv,is the distance between
buildings E; andE,, anda is the solar height angle defined by

o) =7~ 07(0) (17)

being 8, calculated from equation (8). The calculationtef tlistance between two buildings

follows a methodology based on the use of nodatdinates locating the rectangular basis of
the building disposed on the urban grid as refeimesgction 3.1.

The calculation of equation (16) is carried outyowhen the solar azimuth angle belongs to
the range of angles limited by the start and enghafdow identified in the analysis, i.e.

w; € [a)|s ’wFS] -

The previously presented dynamic shading model ldhba considered together with the
shading condition which defines the moment whersttae of a building interposed between
the sunlight and other building reaches this last @ shown in Figure 4. There will place the
shade on the facade of a building where the disthetween a pair of buildings is less than or
equal to the length of projected shadow as follows,

d<Cqp (18)

where the length of projected shadow is calculated
H

Cepn= 19
" tglow) )

and so the shading condition is defined as
H

d< (20)
tg |0<(0)i )

beingd a fixed value for each pair of buildings disposedurban grid.
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Using the proposed simulation model for the dynamoicshading it is possible to evaluate the
effect of projected shadows interaction of a sdiwfdings on urban grid environment and to
calculate corresponding incident solar irradiation.

Considering the model presented for solar irradmaitalculation and the dynamic shading
model previously proposed, the amount of daily sofadiation received on a facade of the
illuminated building will be given by

Wss
RAD{V(M) = " RAD (am)[l—%} (21)
W=Wsr

where Ay is the total area of the facades of each builéxgpsed to solar irradiatiomyg is
the sunrise anglewpgis the sunset angle, an®AD,; is the direct solar irradiation

calculated from equation (9). The prodinfts) W(w) in equation (21) defines the area of the

shaded region resulting from the dynamic analysiéopmed for shading motion. The amount
of the annual useful incident irradiation is givey the sum of the values obtained from
equation (21) wite [1, 365] as follows

365

RADY® = z RADI® (n) j22

n=1

The value defined in equation (22) is calculateddach building considering four facades.
To calculate the annual incident solar irradiatessociated with a design solution must
consider its topology on the urban grid environmaefined previously and to make a global
analysis. The main parameters to consider in thieaglanalysis model are:

- The latitude of the place;
- The slope of the facades;
- The number of buildings on the design solution;

- The disposition of buildings on urban grid witietdefinition of nodes, elements and
their connectivity.

The vector of design variableshas a dimension equal to the number of buildirgsiclered

in the analysis. The vectardefines the topological distribution of buildinga urban grid.
The disposition of each building in urban grid eowment is indicated by element number
that holds the building as previously describett.is thus possible to define the geometry of
the problem needed to simulate the dynamic proziesisading.

The overall analysis is based on the following step

1% Step. Definition of all combinations of pairs dfillings associated with the design
solution through a combinatorial analysis;

2" Step. Dynamic simulation of shading for each pébuildings;

3 Step. Calculation of annual incident solar irréidia with analysis of the mutual
influence on each pair of buildings;

4t Step. Repeat the procedure for all pairs ofdougs defined in step 1;
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5™ Step. Determination of the total annual incidesiasirradiation associated to the set
of buildings on urban grid environment.

The total annual incident solar irradiation of ge of buildings on urban grid environment is
defined as

Ncomb

RADT() = ) (Ranyex), (23)

k=1

being N¢omp the number of combinations associated to desitytisn.

OPTIMIZATION MODEL

An optimization model is presented aiming to obtidia optimal positioning (disposition) of
the buildings on urban grid environment. The optis@ution is found by minimization of
the effect of projected shadows of the set of ligd and maximizing by this way the
incoming solar irradiation on facades of all builgs. With this model, the concept that lets it
explore the space in the urban design phase ofingpwdusters is introduced, where the
parameters are defined by the optimization of udbsign variables. The model simulates the
interaction of buildings on exposure to sunlighteTesearch of topological optimal solutions
for the urban grid is performed using a Geneticofillpm. The ultimate goal is to generate
scenarios, using an optimization algorithm for poming the buildings on urban grid
environment, which enhances the solar exposurenpale

The topology optimization problem aiming to obt#ue optimal solar irradiation incoming is
then defined as follows:

MaximizeRADT(x) (24)
xe (2
subject to gy (X) = dka(x) -1<0 , k=1,..Neomb (25)

where 2 is the domain defined by the urban grid array eissed to possible positioning of
buildings, dy is the distance between two buildings belonging-tb combination of a pair

of buildings determined by the design solution, ahds the minimum allowable distance.
The vector of design variableshas a dimension equal to the number of buildirgssiclered
in the design solution that is previously defined.

The method of searching for the optimal positionmigthe set of buildings aiming the
maximization of the incoming solar irradiation dretfacades is based on a GA. The flow
diagram of the proposed GA is shown in Fig. 5. Thedel for calculating the incident
irradiation presented in Section 2 and the modehdyic shading Section 3 are considered.

The genetic algorithm performs the search of thin@d solution based on four operators:
selection, crossover, mutation and deletion. Theppsed GA is based on previous
developments used in industrial applications (Copdme Antonio, 2002; Castro, 2004,

Conceicdo Antonio and Afonso, 2011). The stoppimdgercon used in the evolutionary

process is based on the relative variation of theammfitness of a best reference group
belonging to the population, for a fixed numbemgeherations, and the feasibility of the best
fitted solution.
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The fitness function is defined in Equation (24)cdntrol algorithm suitable for verifying the
admissibility of the constraints defined in equati@5). Integer code format is adopted for
the entire chromosome of each design solution,go#iis encoding genotype equal to the
numbering of the elements on the urban grid preshodefined.

Y

. SELECTION 5
Pop(fitness) i CROSSOVER RANDOMLY GENERATED
: MUTATION POPULATION E
ELIMINATION :
Pop €) 3 ) —
- - Topological definition
Calcylgtlon of.the annua of the solutions;
Solar incident irradiation \ |<¢=——t L e
Eitness of the solutions - Solar incident irradiation;
- Shading dynamic analysig;
- Constraints of the problem.

No stopping

criterion

Fig. 5 Flowchart of the Genetic Algorithm

RESULTS

The studied design considers 10 buildings with @rg, with four vertical facades and
height of 30 m. The latitude of the place is 40rdeg north. Figure 6 shows six classical
topological solutions (A, B, C, D, E, F) considergd the analysis. These solutions are
compared with the topological optimal design solut{(G) presented in Fig. 7 and obtained
using the proposed optimization model. The codeaxth topological solution referred to
positioning of the buildings into the urban gridvennment is according to Figure 2 and is
presented in Table 1.

Figure 7 shows the topological distribution cor@sging to the optimal solution. The
optimal solution has a dispersion of buildings bg tirban grid space separating them from
each other reducing the adjacency indices and asorg the occupancy rate of urban grid
environment.

The energy gain allocated to the annual solar peleobtained with the optimal solution is
computed and compared with each conventional calssiopological solution. The
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percentage values are described in Table 1. By iexagnthe table the optimal solution (G)
has a potential exposure to sunlight higher thanaher solutions and superior to 10 % for
one of the cases. Despite the increase in the accyprate of the urban grid this should not
be an inconvenience but an opportunity for carkfadlscape management between buildings.
It should be noted that the total area of impleraton is not changed in any of the solutions
thus remaining constant.

Fig. 6 Topology of classical solutions with 10 lolirigs

Fig. 7 Topology of the optimal solution (G) for bQildings
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Table 1 Comparison of classical solutions (A-F)wagptimal design (G)

Positioning
solutions
building A B Cc D E G
1 1 1 1 3 1 1
2 2 11 11 4 12 14 10
3 3 21 21 5 23 25 70
4 4 31 31 6 34 36 63
5 5 41 41 7 45 47 91
6 6 51 3 33 56 11 32
7 7 61 13 34 67 22 16
8 8 71 23 35 78 33 40
9 9 81 33 36 89 44 100
10 10 91 43 37 100 55 97
Energy 10.145,0 10.453,3 10.222,0 10.342,3 | 10.863,7 10.703,7 | 11.198,0
OPT ™ 10,38% 7,12% 9,55% 8,27% 3,08% 4,62% 0,00%
® I_Engrgy annually received on facades of the Optimal
buildings, kWh Solution
) Enhancement degree of the optimal solution
compared to each classical solution

CONCLUSIONS

A framework of the models used for simulation arehgration of various geometries for
different organizations of the urban grid is préedn The development of a numerical
simulation model that supports a set of buildingserted into the urban grid is formulated
and presented. Taking into account the effect afdetving between buildings the annual
amount of energy received from the direct solaiatézh is calculated using the developed
model. The apparent motion of the sun is simulaed the areas of shading due to the
interaction of buildings in the urban context acdentified. Some cases of geometries
associated with various possible placements fouggoof buildings are presented and the
corresponding solutions are ranked as to their\zdae.

Given the need to obtain urban grid designs enhgrsiin exposure and due to the inability
to simulate those exhaustively, the study, debnitiformulation, development and validation
of an optimization model of the solar potential carried out. The design variables are
identified, the objective function is defined andetmathematical formulation of the

optimization problem of the solar potential is @neted. A genetic algorithm to search the
optimal design solutions is proposed and develophd.main details of the research method
in particular the operators of the genetic algonitare described. Examples of application of
optimal design are presented. The obtained solutame compared with the conventional
classic configurations for urban grid based onrsexgosure potentials.
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