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This thesis work explains the process and the steps of the
definition of Chameleon, a parametric tool fderasshopper
Chameleonis intended as a pluigp for designers, allowing them to
consider visual comfoend energy savings the earlier stages of ¢h
design, during the forrfinding, leading them to a more conscious
choiceof the final shape of thtagcade.The main aim of this tool is to
bring someparametersinto the clue of the design, using themot
anymore as criteria tealidate or reject the pqmosed solutions, but as
integrated parts of the design, guiding iMardsthe optimizationfor
the daylight comfort and the energy reduction from the very first stages

of the process

KEYWORDGIimate Based Daylightodeling, VisuaComfort, Parametric Design, Chameleon, Plug
In, Annual Sunlight Exposure, Spatial Daylight Autonomy, Building Integrated Phaotdraitaic
Finding



Questo lavoro ditesi sipofieQA Yy G Sy G2 RA &LIA ST NBE Af
passaggi logici che hanno portato alla definizione di Chameleon, uno
strumento parametrico utilizzabile mediante il software Grasshopper.
Chameleon vuole essere un plagoer progettisti, permettendo loro di
considerae possibili valori di comfort visivo e di risparmio energetico
nelle prime fasi di design, durante processo di fornfinding
portandoli a una scelta piu consapevole di quella che risultera essere la
forma finale della facciata. L'eftivo principale di questo strumento &
di permettere ad alcuni parametri, altrimenti utilizzati come criteri di
convalida di una soluzione proposta, di assumere un ruolo principale ed
entrare nel vivo del progetto come parti integranti, guidandolo verso
Q20GAYATTFT A2yS RSt O2YF2NI RAdz2NYy2 S RS

primissime fasi del processo.
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OArchitecture is an art of pure invention. Unlike the other arts,
[it] does not find its patterns in nature, they are unencumbered
creations of the humarnmagination and reasonw X Bor,
regardless of whichrastic creation of architecture we look
upon, it was primarily and originally always conceived to satisfy
particular material need, primarily that of shelter and
protection from the onslaught of clingaand the elements or
their hostile forces. And since we can gain such protection only
through combining the materials nature offers to us into solid
structures, we are always forced to adhere closely to the

structural and mechanical lawgs

GottfriedSemper, 1854






This thesis wordrises as theompletion of our two years Mastef cience Degree, putting together

the topicsdeal with in these two years whictepresent a common field afterest. In fact, this work

treated many aspectsf facadedesign, meeting thmterests of all the components of the groughe

aim is thedefinition of aparametrictool, which at the end of the process came out adiraate
basedplugin for GrasshoppecalledChameleonto designfacadego guarantee visual comfort and
reduce energy consumption. Along with the most engineered part of the, wudrikh includes
mathematic, geometric and energy calculatiarmther relevant commonent of the study has been

its combination with tharchitecturalissu8 Ay 2 NRSNJ G2 20 G A joran®yeé dzf G a
effeciveRSa A 3y SNNA& topidlINR | OK G2 GKS

Thiswork fitswellin a context of studies that are moving towattus desigrof responsive enveloge
which seethe dbuildingskin as a responsive skas onecomponent of the sustainable low energy
concep.€! Lang states that there are somaestions that the designeerds to address related to
a facade, which are related mainly to three areas: Function, Construction andeuover, after
the increasing attention that it is paid to the ecological awareness, to the reseanganof CQ
emissions reduction, tthe requirement ofthe lowest possible energy needs ahdir satisfaction
through aproduction of energy donky the building itself, according to the principleNZEBa new

factor should be added, which is Ecology.

O Function: what is the@ractical purpose of the building/the building skin?

O Construction: what are the elements/components of the building skin and how are these
elements assembled into a whole?

O Form:what does the building/building skin look like?

O Ecology: what is the energyrsumption of the building/building skin during construction
use and demolitiop
Theaim of this study is to create a tool which can combine all the aspects seen bsfarenatter
of fact nowadays, the trend in the construction field isntmve towards the realization oEomplex

modelswhere the interoperability is the keyword and all the information anddtfferent aspects

1C Schittichg Ly 59 ¢! L[ Birthiuse? BefliB, 2000 Ay 4 £ =
15



of the building are recordetbgether: different characters work together applying changes, adding
information in real timewhichchange downstream the overall projektowever, tk BIM process is
introduced in a step subsequent the fofinding oneform-finding isa stepwherél KS a2t R Y I Y
approach is still used: the S a A 3y S NIsdo bé ¢hécked ahd &lRlated by engirsabout

thermal, energy, structural arather aspectseverytime a change is applied, the project comes back

to the designerin a looped process until the final project is validated by everyone.

Therefore,there is a lack of tools especially studied for the designer vductprehendall the
engineered aspects amdlows him to perform a design of the facade withtbe need dthe iteratve
processexplained before. Hence the aim of creating a tool espedaakigned for the architect,
which canperform the formfinding process, taking into account the enerdgylight and visual
comfort and the construction issuéshe geomeiesproposed to tie designer have been previously
studiedin order to guaranteehe satisfaction of the technical and production requiremethesy will
be tested in different fields: visual comfort, energy productown consumption, allowing the

designer to make a conscious choice of the fagdde.

This process is complex, siitdenplies the study and thdeepening of mangtifferentaspects which

will converge to reach the final god&llong with the researches on the parameters to consider and
evaluations on the ways of assigning a hierarchy to thergaconsidered, the mairhallenge has

been thedefinition of the characteristics of the todoth followinga path tracked byone of our
colleagues, Pietro Pavesi, withwiwk titleda ! LJF N} YSONAR O RS&AA3IAY g2NJ Ff
OdzNIi I Ay gl ft aeadSy F2NJ RI &f and éodsidgingiedivestion: G A 2 y
taken by similar studies, tHamal decision has been the development of a fiuigpr Grasshopper

able to obtain at the end of the optimization procesgerforming configurationof the facade.

t ASGNR t IwasSasthd) én a toisdind pfiocess which was based and driven by the energy
efficiency of the system and the indoor visual comioitays the foundations for a design process
aiming to guarantee to the inhabitants a comfort in terms of daylight and energy savings with the
definition of a performing combination of shapes and materfdeugh, thigprocess was especially
studied for a tmate with all the relative restraints; as a consequence, a further optimization of the
study would be the definition of a more complex flow, which can allow the calculation of the final
performing configuration starting from whichever climate and contendking this process as

general as possible.

16



It is possible to simplify ithesisstudy in four main

Definition of the . .. .
stages, which start from the definition of the tothis

Boundary Technical phase commhends all the preliminary studies done on
conditions constraints
Defnition of the the parameters to be consideredyn the existing
prescriptions for thelaylight and thermal comforbn the
rt enerdy. different rating systemsind the already existing tools
Definition of the performing similar analgs. The subsequeh step has
been the evaluation of the technologiadpects which
may possibly influence thgeometry and giving it some
CHOICE PROCEDURE constraints andlimitations. Ideally, the defition of
Day“?ht Apparcance  JEOMELriES, intendedlsoas a combination ddifferent
C t . .
omer materials can be evaluatestccording to the boundary
Energy Energy
production Savings

conditiors, which have been studied too, in order to
Figurel-1: Main steps of the process

establish which are the inputs that the user has to
provide. Subsequently, the flow for the testing procedure has been develdgiting simplified
methods of calculations for the daylight values #re energy balance. The output of the testing
procedue will be object of fither optimizations according to the will of the user, who will choose at
the end the best configurationsetween the possible ones, guided mainly by four main factors:
daylight comfort, energy production, energy savings and archidcppearance-dence the name
chosen for the tool: Chagteon; in fact, the tootombinates materials and shapes, in order to obtain
the best configuration according to the boundary constraints and to the envirortheehtiilding it

is placed in.

In the rext dhapters all of these steps will be explained, enhancingtrés, the pros of the choices
done andthe improvementsnade on the analysis procedure; difficulties atrdggles met during
the development of this studyill beaddressed too, in ordepbtsuggest further implementations of
a tool which can, according to our opinion, comprehend and havécatnphsalso on different

aspects of the building engineering fietlldan the ones studied and whi@an represent a really

innovative tool.

17



2. DAYLIGHT COMFORT

Lighting igyetting alwag more importance in the design of buildinlyee to itsfundamentalrole in
the experience of the interior spac@sthe comfort of inhabitantglue toits influence on the energy

consumptions and many other asys which are increasingly considered.

The aim ofthis chapteris to make an overview on the daylight topic, focusing on the different
parameters that may be considered in the design prot¢hesgurrent most renown certifications

and standards relateatthe daylighissue and thgparameters and assumptions that will be used in
this thesis workn order to make the reader aware of the reasons why the light has been chosen as

the driving parameter of the entire design process.

18



2.1 EFFECTS ORYLIGHT ON HUMAN WEEING

Light influences the human health not ontynsidering thesightaspect and the fatigue related to
visual activities carried out in a not well daylit plafegtually, the human dependency on light has
been evaluated mainly otusliesin which the man has been deprived of the light or on the contrary
exposed to an excessive amount of ligghdreover, psychological studies underlined the importance

of the light on thesanityof peopleandits influence on thie mood.

Another impatant aspect of the light is its effect on themanbiorhythm, the sacalled circadian
rhythm. The circadian rhythns based on the alternation of day and night along the day, due to the
earth rotation, which consequentictivates the production of hormes: cortisol and melatonin.
Along the circadian periodhich isa day,a person sleeps around 8 hours and stays awake around
16. During the waken period, the body has a fruitful activity, &lo a higher production and
regeneration of cells and tisssjeon the other hand, while a person sleeps, there is a decrease in all
the activities, exception for thevo hours before the awakening, when the body reactwaself to

be prepared for the activity.

2.2 DAYLIGHIN BUILDINGS

Due to theimportanceof the lightunderlined in the previougaragraph it may be understood that

inside buildingswhere people spend the most of their time, the illuminance is a crucial adpect.
buildings along wih the natural light, the highest amouot light is provided by electrical sources:

thed | &Bquate for performance visual taskbut they can lack the appropriate spectral
composition and intensity required to stimulate the circadian system. All zones within a building that
do not regularly achievthe lighting conditions necessary for effective circadian stimulus can be
labelled as biologically daakd considered as zones where sustained occupancy over extended time
periods may present a risk for disruption of the circadian syste@snsequentlya growing number

of standards in the last few years added chapters and prescriptions for the daylight design aiming to

the achievethe comfort of inhabitants.

2Y® Y2yAazr a! y20St OANDFIRAFY RFEEAIKEG YSGNRO F2NJ 60dzAf |
USA, 2016
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Along with the comfort issuehé design of buildings increasingly consideriatpo the aspect ahe

energy savings, moving towards NZEB. NZEB (Nearly Zero Energy Building) is a concept introduced i
the directive EPBD (Energy Performance Building Directive) of 2010; the EPBD desgatiblesan

a nearly zereenergy building aa buildinghavinga very high energy performardhé nearly zero

or very low amount of energy required should be covered to a very significant extent by energy from
renewable sources, including energy from renewable sources produgedain S 2 NJ ofdity ND & £
G2 'YYSE LT FINIGAOES mMZ a¢KS SySNH& LISNF2NXYEyO
calculated or actual annual energy that is consumed in order to meet the different needs associated
with its typical use and shall reflect the hagtienergy needs and cooling energy needs (energy
needed to avoid overheating) to maintain the envisaged temperature conditions of the building, and

R2YSaiuA0 K24d 461 GSN) ySSRa d¢

The design based on the achievement of this goal, will give space to a ecampleteep analysis on

the daylight aspect, since it will represent a mean not only of assurance of visual comfort, but also, if
designed correctly, of energy savingdact,the exploitation of daylight is recognised as an effective
mearsto reduce the artificial lighting requirements of rdamestic buildinggin practice however,
daylight is a great undexploited natural resource. Significant amongst the various reasons for this
may be the lack of realism of the standard predictivéhod: the daylight factor approact For this

reason, it was useful to introduce some parameters which will be useful to gilyaamic

interpretation of the daylight analysis.
2.2.1 Definition of parameters

2.2.1.1 Daylight Factor (DF)

Daylightfactor is the most common metric used when studying physical models to test daylighting in
W2 ASNDI ald alil eepresentd e raodi? peEcehihge between the indodworizontal
illuminance and theinobstructedoutdoor horizontalone. It is usefulo assess the penetration of

light in a room, but as it can be imagined, it is more reliable for climates having not a great deal of

sun, since it is calculated in overcast conditardsthe sun component is excluded from the scenario

3¢ 26 NRa ySINIe SHE yw REE 20 dOERXFHAAEINAY OA LI S& dzy RSNJ
4 A.Nabil, J. Marajevicad ! & ST dzt FefAaIKG AfgNMNEYRIYE ty OBmaly ¥ ONBALNE 055 Yyl
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For this reasorthis method has two dislwantages:

O It does not depend orthe building orientationdue to the symmetrical sky luminance

distribution;

O It does not dgend onthe location, hence the climate, of the building.

2.2.1.2 Daylight Autonomy (DA)

It is represented as a percentage of annual daytime hours that a given point in a space is above a
specified illumination level. It was originally proposed by the Association Suisse des Electriciens in
1989 and was improved by Christoph Reinhart betw&€i-2004. It is a major innovation since in
considers geographic location specific weather information on an annual basis. It also has power to
relate to electric lighting energy savings if the user defatareshold based upon electric lighting

criteria. The user is free to set the threshold above which Daylight Autonomy is caleulated.

2.2.1.3 Useful Daylight llluminance (UDI)

The UDI has been developed by Mardaljevic and Nabil in 2005, as a modification of the concept of
51 8f A3KG | dzihasykeeryuded bydohdrii evaluate the illuminance predictions from
climatebased analyses. Daylight autonomy is a measure of how often (e.g. percentage of the working
year) a minimum work plane illuminance threshol8%5 Ix can be maintained by daylightredoIn
contrast, the UDI scheme is founded on a measure of how often in the year daylight illuminances
within a rangare achieved. Real daylight illuminances in buildings vary enormously, much more than
is suggested by variations in predicted daylightofac Notions of illuminance uniformity that are a
legacy of the traditional daylight factor approach are therefore inapplicable for realistic, daylit
conditions. Likewise, the notion of simply achieving a threshold illuminance (i.e. daylight autonomy)
hasrestricted value for two reasons. Firstly, daylight autonomy fails to give significance to those
daylight illuminances that are below the threshold (for exany@e |x), but which are nevertheless
known to be valued by occupants and also have the palewatidisplace all or part of the electric

lighting. Secondly, daylight autonomy makes no account oateunt by which the threshold

5 patternguide.advancedbuildings.net (last vig/08/2018)
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illuminance was exceeded at any particular instant. This is significant because high levels of daylight

illuminanceare2 gy (G2 06S aGNRy3aAfe aaz0AlridSR gAGK 20
The UDI defines three ranges of illuminances:

O Useful daylight illuminance (between 100 and 2000 lux)

O Below the useful daylight illuminance (lower than 100 lux)

O Exceeding the useful rangaver 2000 lux).

2.2.1.4 Daylight Glare Probabilith GB

/'L.{9 [AIKGAY3I DdzZARS [ Dt RSTAYySa GKS 33t NB I &
reduction in the ability to see details or objects, causedrbyresuitable distribution or range of
YAyl yOSzZ 2NJ §EtlihnBefirftion @2 thfelichlidulatior ¢f the DGP (Daylight glare
probability) has been studied byienold and Christoffersen in 2006 as:

L?.w,,
DGP = ¢1E, + ¢z log (1 +3 ﬁ) +c3

Equationl: DGP Calculation

Where:
O Eis thevertical illuminance at the eye [lux];
O Lsis the luminance of the source;
O P is the Guth position index.

In order to calculate the DGP it is necessary to generate a suitable hemispherical fish eye image at
each time step of the annual simulation, for a tstep of 1 hourlt is then possible to evaluate the

glare, according to some limits for the values obtained:

6 A.Nabil, J. Mardaljevj 2006 | & SF¥dzf Rl &f A3IKG A fdrdaighyfacgr®SayY | NBLIX | OSY
"S.Robingg> &/ L. {9 fAIKIGAY3I TFdzARS [DT£X /L.{9X wHunnp
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Imperceptible glare | Perceptible glare Disturbing glare

95% DGPs limit .35 .4 .45

Mean DGPs <0.38 <0.42 <0.53

Tablel: DGPs limits

2.2.2 Parameters used in the project

Due to the increasing attention paid on tteeylight issues towards the NZEB, also the most renowned
energy rating systems updated their terms and prescriptions abouddlggght. The one taken as a
reference for this project is the LEED (Leadership in Energy and Environmental Design) certification,

due to its widespread us#l over the world

LEEDs agreen building certification program that recognisestainable bilding strategies and
practices. To receiveEED certification, building projects satisfy prerequisites earn points
towards one of the five rating systemsBuilding Design and Construction; Interior Design and
Construction; Building Operations and Manmance;Neighborhood Development; and Homes. Each

ratingsystem is made up of a combination of credit categories

The version of LEED taken as a reference is the LEED v4, which is the most recent, published in 2015
the lighting part in this new releage¥ (G KS [ 995 &l ¢ | y20l 6t S dzLJR}
credit under the Indoor Environmental Quality (IEQ) category has been updated in LEED v4 to
incorporate new metrics. LEED 2009 provided a prescriptive compliance path to achieve daylight
credi. This compliance option allowed the calculation of daylight in a space using the window design.
These calculations lacked in accuracy as they did not account for {smgedic performance factors

such as building orientation, exterior conditionserattion with interior finishes or time of day and
year.Daylight Factor (DMas previously used for assessing LEED Daylight Credit for buildings. The
new versionLEED v4, however, accounts for annual hourly measurement of daydigipizioe. This

iIs mae effective in capturing the dynamic characteristic of interior daylight illumination throughout

a year.Three options have been suggested for assessing the LEED DaylighfTReefilist and

second optionsare based ona computer simulationwhile the tird one has an experimental
approach involving two illuminance measurements
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For the daylight simulations, LEED v4 states that:

O The frst optionfeatures a new simulation calléd{ LJ- G A+t 5F&f AIKI ! dzi
Sunlight9 E LJ2 &SMiBldaydight autonomy (sDA§ a standardequiringthat 55% ofthe
occupable hours during the yeare adequately daylit in a project (above 300 léf)nual
Sunlight Exposure (AStwhich is the percentage of squaneetersin regularly occupied
spaces thahas direct sunlightiuring the year, controls the upper limit for assessing glare
issues. LEED v4 requires that illuminance values ofl0@@d above must not exceefs?
occupied hours durinthe year and must not exist in more than 10% ofdbeupable floor

area.

O Second optioradopts a simpkpoint-in-time approach, which is tdemonstrate through
computer modeling that illuminandevels will be between 300 lux and 3,000 lux for 9 a.m.
and 3p.m., bothcalculateon a cleaisky day at the equinoxes (15 dawythin September 21st
and March 21st). Two points candeEned if these illuminance values are achievable for 90%
of regularly occupied space, one point for 75% of occuigpade Option2 only provideswo

points maximum, whereagption 1 provideshree points maximum.

O Third options based on measurement of the physical spatier than computer simulation.
Howeverthe requirement is similar to option-Achievalluminance levels between 30Qix
and 3,000lux. Three points will be gained if tileminance value is achieved for 90% of
occupiable spaceaywo points for 75%. The Measurement can be taken ahany between
9 a.m. and 3 p.m. Two measurementsracuiredduringa yearc the first one can be iany
regularly occupied month, and the second one, howenesxds to be taken at least 5 months
later to account foseasonal effects. Although option 3 can potentially leatiree points,
the documentation process can be lengthy sitheetwo measuremets have to be taken at

least 5 monthapart.

Option 1 is the one the has been considered in this thesis siadepts thedimate-basedDaylight
Modelling (CBDM)approach, predicting hourly dayliguantity on an annual basis1 fact, it
providesthe most accuratestimate of daylighting performance in a spabe.assess the Daylight
credits requirebyi KS [ 995 @n3x LffdzYAylFdAy3 9y3IAYSSNAyYy3
Spatial Daylight Autonomy (SDA) and Annual Sunlightd&pBs ¢ ! { 983-£2).6L9{ [ a

[ SGQa aSS Ay RSGIFIAf GKS G2 LINFYSGSNB GKIFG ¢
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2.2.2.1 Spatial Daylight Autonomy (sDA):

sDA is a metric that defines a percentage of area that meets minimum daylight illuminance levels for
a specified fraction of the wking hours per year. In case of LEED v4sogEindicates that a
certain percentage of area must meet or exceed 300 lux for at |18%st05 the working hours per

year.

The threshold to achieve points through this compliance path is:

Table2: sDA threshold

Percent of area nating sDA requirement Points available
55% 2 points
75% 3 points

However, spaces designed to achieve these high thresholds faosAesult in too much direct

sunlight in a space. This is measured using the metric ASE (Annual Sunlight Exposure).

2.2.2.2 Annual Sunlight Exposure (ASE):

ASE is a metric that identifies the potential for visual discomfort in interior work spadelSEBov4,
no more than 10% of a space should have direct sunlight more than 1000 lux for a maximum period

of 255 hours per year (A%dgo/=s).

2.2.3 Overview of other standards

Along with the LEEDrgscription, at the beginning of the process, otlséandards haw been
analysed in order to define which is the current direction taken by the most impanantsed

standards.

2.2.3.1 Well standard

WELL Building Standahés been released by WELL building institut20ib4. The aim of this

document is to marry thbest pratices in design and construction with evidebesed health and
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wellness interventions. It harnesses the built environment as a vehicle to support human health,
wellbeing and comfort. This is achieved in part by implementing strategies, programs and
techrologies designed to encourage healthier, more active lifestyles and reducing occupant exposure

to harmful chemicals and pollutarits.

A consistent part of this document is dedicated to lggid to its relationship with human healtib

states thatits difference from the otheguidelinesisth i A G &af 221 a y24 2yfteé |
avoidance, but also to recognize the important role that the light [..] has in creating alerting and
circadianphas@ KA FiAy3 STFSO0Gaowé

As the assumptionf®llowed in this project, the horizontal plane is placed at the same heggla
to 0.76 m above finished floor; on this plane the lighting system should maintain an average of 215

lux, with tasks lights providing between 300 &1 lux.

Inthe paragralf G 5F @t AIK{G a2RSft f Ay 3&PplorésKh® sainé® jafametedzA f R,

used by LEED and used in this project. In particular:

O Spatial daylight autonomy (sEéss») is achieved for at least 55% of the regularly occupied

space.

O Annual Sunlight Exposure (A&Ezs) is achieved for no more than 10% of regularly occupied

space.

2.2.3.2 BREEAM standard

The BREEAM Standard is another-kredwn and widely used standard tartification of buildings.

As far as the visual comfort is ceneed, it is organized in a different way from the one seen for the
WELL standard and the LEED v4, since it distinguishes the intended use of the builtheg and
thresholds for the parameters are different according to that. Moredkierdiscriminant isiot the

valuesof ASE and sDA, but theyldight Factor (DF).

Along with theDaylight Factor requirediso a percentage of floor is defineds the reader can

understand such a definition of parameters is not suitable for a tool for the design stage, since it goes

82 9[ [ .dAftRAYI Ly&aiGAdGdziSs 29[ .dAfRAYI {dFYRFENR JOmME:
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too much in the detail of the intended uaad implies the use of many more parameters compared
to the other two standards seen; ftis reason, it has been decided to not considdvidreover,
the DF is a measure whishténded not to be used, duetioe fact it is not a climatbased parameter

and it is a pointn-time calculation.

2.2.4 Why ASE and sDA?

As seen in paragrapgh2.1, the daylight parameters are many and their use (also combining them
together) may be used to describe the internal conditions of a room. So, why chd8Eirasnd sDA?
Obviously, LEED certification is one of the most used certifisdbora building anda LEED
certification increases its valugence the importance choose parameters that coule leasily used

if the user wants to certify the@sualcomfort achievedMoreover, also thérend of therecent years

Is to move towards a dynamic daylighting matrics, which are specifically defined for the location
(through the analysis of thepwfile) and they are not poiat-time simulations but can be done on

a yearly basis.

Sefaira guidelines on the use of dynamic anatyate that hese two parameters are powerful if

used togethersincesDA has no uppdimit, and the purpose of the usgf ASHs tobalanceit. The

I NOKAGSOGQa 321t A& G2 YL EThi¥rksulSs difibult to Befohtdindd 1 S S
due to the fact that adding gtad partscause an increase tfe two valuesso in order to reduce

ASE and increase sDAsihecessary to usnd considesome othersolutions, such as:
O d&he shape and orientation of floor plates
O the amount of glazing on differefdcades (e.g. north vs. soutlacing)
O the shape of glazing (tall and thin vs. short and Wide

O the design ohading devices (which can be designed to block direct sunlight while admitting

indirect light)¢®

As it can be imagined, some of the previous listed actions impact also on the energy use and

consumption of the buding, as it will be further explainedparagraphr.2.1

9 www.sefaira.com/resourcefast visit 01.09.2018)
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Since the very beginning of this work, one of the maistiors was which software/plug could
be the best to make daylight anaggs i.e. which one could give results as similar to the reality as

possible, in a valuable time and why possible differences could occur.

Considering that the first goal was to evalua®&=And sDA parameters becausaldhe statements
explained in the previous chaptetr wasimportantto make analyss with software based on the
ClimateBased Daylight Modeling, that imew approach developed in recent years to address the
issues asswated with Daylight Fact¢bF) Moreover, since the environment plugrinsthat can be

used for this scopes wide,it is important to define whicakmong them is the more reliable.

This chapter shows its first part a theorical comparison, which hasrbdonethrough the study of
different paperswritten by the developers of the different software, in order to make a comparison
on the differences of calculation and accuracy; thery tiese been tested on field, using a reference
room with windows plaagat different heightsThe results have be@ompared with the outcome

of the theorical part, alstw verify if themodels have been set properly.

As it will be seen, the different tools obtain values slightly differtsequentlyassumptions on
the differences due to the sky model and the values of direct and diffuse radiation will be addressed

and explained.
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3.1 CLIMATSBASED DAYLIGHT MODELLING

Climatebased daylight modelling (CBRQNh fact,dis the prediction of variousdiant or luminous
guantities (e.g. irradiance, illuminance, radiance and luminance) using sun and sky conditions that
are derived from standard meteorological datasetd therefore is dependent upon both localed

orientation, in addition to buildingoafiguration anccompositioné!®
Comparedvith the traditionalDaylight Factor approach, CBDM has the folloatlvgintages:

O Predicts absolute measuresddylight illumination using realistic descriptions forgkg and

sun conditions;
O The evaluation uslig lasts fola year to capture variations in meteorological conditions;
O Solar and sky conditions are evaluated together;
O Building location and orientation are taken iotmsideration.

The term climatébased daylight modellingias first coined by Mardaljevand does not have a

formally accepted definition yet

CBDMakes sun and sky parameters found in the standard meteorological data files which contain
hourly values for aholeyear, considering that aevaluation period ofmentireyear is needed to
getall the variatiosin conditions thaarerepresented in the climate datas@&erezAlF\Weather 8y
Modelis the sky considerdd calculate the sky luminous distribution for diractl diffuse irradiation

of a given sky condition.
GThe two principal analysis methods are cumulative and Samges.

- A cumulative analysis is the prediction of some aggregate measure of daylight (e.g. total
annual illuminance) founded on the cumulativeninance (or radiance) effect of (hourly) sky

and the sun conditions derived from the climate dataset. It is usually determined over a

10 ¢ D KASSegedent afaylight performance in buildings: methods and design stratégles 2 L ¢ t NBaas Hn
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period of a full year, or on a seasonal or monthly basis, i.e. predicting a cumulative measure
for each season or month turn.

- Timeseries analysis involves predicting instantaneous measures (e.g. illuminance) based on
all the hourly (or suimourly) values in the annual climate dataset. These predictions are used
to evaluate, for example, the overall daylighting potdndf the building, the occurrence of
excessive illuminances and in assessing the performance of daylight responsive lighting

O2y GNPt ade

Evaluations founded on the cumulative approach have the potential to influence the design of the
building form at thevery earliest stages of conceptideven if the evaluations have to be doneafor

entire year, only data for the occupied periods (e.g. the working day) needs to be considered.

3.2 DE-INITION BTOOLS

The analysis on the daylight performance for indgmaices is a topic which has seen relevant
advances in the last 15 years, with the use of increasing reliable software for the calculation and the
introduction of restrictive parameters also in the requirements for the certifications of a building.
These aalyses are made increasingly performing with the introduction of dynamic methods for the
simulation, which allow to consider also transient conditions, dynamic system, dimming devices and

sensors for the control of the lighting.

Despite all the progresséisat have been made in the last years in this field of research, it has not
yet arrivedat an established path and scheme for a general method of analysis. Reinhart and

Wienold"? stated their list about the elements that obstacle the achievement ofjtzik
O ab2 &aAy3atS aavYdZlGAzy SYy@BANRYYSyYyOrT
O Simulation time;

O Too complicated simulation processes;

1 hitps://www.researchgate.net/publication/30154 %6 (last visit 11.09.2018)
12C.F. Reinhart, J.Wienolil 8e daylight dashboard A simulatonb &8 SR RS&A 3y |yl feaia F2N RI
University, June 2010.

31



O Outdated rating schemes;
OLYFoAfAGe (2 AYGSNIINBG aAavYdzZ I GAz2y NBadzZ Gao

The first three points are strictly related with the analysis done using software faalthiéaton,

since in the majority of the cases, they will result difficult for the user to be used and they become
more time consuming than expected. Moreover, as a result dhtteeand fifthpoint, the simulation
process tends to be complicated, espdgiif the user is a beginner and the lack of experience cause

problems in the interpretation of the results.

On the heels of what has been stated before, in this project the evaluatewenfy performance
and daylight conditionbave beenperformedwith the use ofa dynamic simulatiorsoftware.As
explained before, the aim difis studyis a comfortbased formfinding process, which will lead to an
analysis ofmany models implying differentsolutions forthe facade, which will be evaluated
according to the requirements established by LEEDthis reasqgrthere was a need for a flexible
tool in terms of modellingt K G Q& § K SGradsBopp&rthaf is dekcéibed belowhas been
used as the main tool for modelling in this stutlgives the possibility to quickly modify the models
through parametric dgign There are also pluigs for Grasshoppethat can perform energy and

daylight simulations on the same model, share inputs and results.

The whole model has bedwilt usingGrasshoppeand allthe simulations were performedt least

for an earlystageapproach to this topiajsingthe different plugins described belowsrasshopper

Ad I IANILKAO FftA2NAGKY SRAG2NI (A I @modekig i S I N
generaed by adding and connecting different components (commands) into a canvas and an

illustration of the model is previewed in Rhinoceros.

3.2.1 Ladybugand Honeybee

Ladybug and Honeybee are two open soptag-insfor Grasshoppeand Rhino3D that help explore
and esaluate environmental performandel. Roudsari, the developer thie two software describes
Ladybug as a tool faerasshopperwhich importsstandard EnergyPlus weather files (.epw) into
provides a variety of 3D interactive graphics to support the deaisading process during the initial
stages of desigrOn the other handHoneybegoins togetherfour validated simulation engines

specifically, EnergyPlus, Radiance, Daysim and OpenStwdich evaluate building energy
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consumption, comfort, and daylitihg'. Theseplug-ins enable a dynamic coupling between the
flexible, componenbased, visual programming interface @rasshopperand validated

environmental data sets and simulation engines.

3.2.2 DIVA

DIVAis a tool developed by SOLEMMAZ?, which describes it ashéghly optimized daylighting and

energy modelling plum that allows users to carry out a series of environmental performance
evaluations of individual buildings and urban landscapes inclugiigtion maps, photorealistic
renderings, climatdased daylighting metrics, annual and individual time step glare analysis, LEED
daylighting compliance, and single thermal zone energy and load calculations. DIVA uses Radiance as
an engine to perform theaylight simulations. Radiance is a suite of programs for the analysis and
visualization of lighting in design, based on ray tracing techniques and it is widely used and validated.
DIVA can be considered a further development of the program Daysim, whadeison Radiance

algorithms and it calculates annual illuminance using a chbzsed daylight modelling (CBDM).

3.2.3 Other tools

Otherpluginsfor parametric daylight analysis are availabledmsshopperas for example Geco or
Gerilla, but DIVA and bdmigHoneybeeare currently considered as the most complete and

performing ones; here below a brief comparison table between the listed tools:

13\M. Sadeghipur Roudsari, M. Pak, A.Sniitladybug: a parametric environmental plugin @rasshoppeto help
designer create an environmentattpnscious designs D2 NR2Yy DAff | NOKAGSOGdzZNBI HAamc
“www. Solemma.net (last visit, 13/08/2018)
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PROCESSES ANALYSIS TOOLS
Ladybug Heliotrope Geco Gerilla Diva-for-Rhino
Analysis ﬂ/
Climate Analysis

Visualization /

Massing/Orientation Study \/ \/ \/

Daylighting Study \/ \/ v

Energy Modeling \/ \/

Limited to one thermal zone
" Only daily sun path diagram

Table3: Comparison of the existing environmental analysis tools for RBiasshoppéf

As it can be seen from the tabddove Ladybug and DIVA are the most completesomdnich
combine both daylight analysis and energy modeling; the other software tent to focus their
simulations only on one of the two aspects. Ladybug irtiaddbffers a detailed analysis of the
climate, which can be used also to carry autonomous simulations about the daylight parameters, as

it will be explained in the next chapters.

3.3 CHOICE OF TOOLS FOR THE PROJECT

As explained before, this thesis startsaaprosecution bthe thesiswork done by one of our
colleaguesthe first approach was an analysis of the tools used in that work in order to create a sort
of continuity also from the software point of view. For this reason, at least at the begitmaing
chosen tool was DIVA, sincevis the one used in the other thesis project aasdofor its user
friendly interface Nevertheless, also Honeybee and Honeybee+ have been considered, in order to
understand if the results wemmmparable or if there were differences amdthat case, dienewhich

can be the differencesnd the resors behindthat.

3.3.1 Comparison between Honeybee and Honeybee [+]

The initial step consisted in creating a workflow Honeybeeand DIVAbut afterthe very first
simulationsit was clear that theesultswere quite different andmoreorer Honeybeeloes not have
a component whiclealculates the ASE. After this, the possibility to use anottlagin came up and

the same workflow has beenodified to be suitabléor Honeybee [+]. This nguiugin permitted to

15 C.F. Reinhart, J.Wienolil,he daylight dashboarg A simulation based design analysis for daylit spaiced I NJJ I NR
University, June 2010.
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understand that thenethods inplemented forannual daylight simulation Honeybee heae several
limitationsand, as explained froMostaphaRoudsarithe creator of these twplugins, some ofthe

issues related to Honeybeeow solvedn Honeybee [+] are the followiri§

O Simplified calulation for direct solar contribution.

O Low resolution Tregenza sky model.

O No support for sutannual simulations.

O No support for BSDF materials.
Honeybed_egacyuns annuatlaylightanalysesising the Daysimngine keeping the limitations due
to use thisRadiancebased simplified method.he introductiorof Honeybed+], in fact is due to the
fact thatDaysim needed to be regedwith Radiancaeuitilities, in order to have more accurate and
preciseanalyseskeeping at the same timegll the functionalities of Ladybagdall theadvantages
related tothe useof it. Only a limited number of positions of the sane modeled in Daysim during
direct solar calculationsloneybee [}; insteadfollowsthe real position of the supnsidering each
hour of the year when the sun is up in the sky and creatingccurate and precise analemnhais
is made possible thanks to the combinat®F (G KS Fdzy Ol A 2 yderfddyifiahdSthe 2 F v
sunpath created by LadyBunother limitationis that Daysinproduces onlyhe total illuminance
values (i.e. diffuse + direct) that doest allow to calculate values of the ASE. Compared to it,
Honeybee [+] keepthese values separated, in order to be accessible by the user. Moreover, the sky
generated in Daysim is limited to 145+1 patcivdile] 2y S8 0SS wb 8 -gmiddmtx wl RA

which has no limitations on generating skies, implying higheutest.

18 https://github.com/ladybugtools/honeybee(last visit 12.09.2018)
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In Figure3-1 thereis explained a comparison abalifferent methodologies talividethe sky for

annual daylighanalyses.

1983
Daylight Coefficients

2000
Daysim

2008
Standard
Daylight Coefficient

2017
Improved
Daylight Coefficient

Figure3-1: A More Accurate Approach for Calculating llluminance with Daylight Coefficients. Proceedings of the 2017 Annual IES
Conference. Portland, Oregon, USA.

Another important limitation oDaysim is that it is unable to suppaonbnthly or weekly daylight
simulations.flthe usemwants to have results of a simulation onlydarertain period of thgear, he
hasto run the sinulation for theentire year. Honeybed+], instead, is able tmodel the daylight for

any custom list of has during the year.

As the materials are coarned,Honeybee/Daysim doa® support BSDF material, that stands for
GOARANBOGAZ2Y I &AO0FGUSNAY3I RAAGNRAROGdziAZ2Y TFdzyOlA
fact, the type of shader determines théstlibution function, which determines how the light is
scattered and how the material appears. This is a major limit&tioauser ventsto model Complex

Fenestration Systems (CFS).

Finally Daysim doesn't suppbmulti-processing calculation which will be a major limitation for large
scale simulations or simulations with dynamic blinds. Honejpjeeses Radiance utilities which

supports buikin multiprocessing calculation.
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After all theseconsiderationsHong/bee hasiot been considered in the calculations of sDA and the
ASE and, through the use of anslraded best case, some comparison has been done between DIVA

and Honeybee [+]

3.3.1.1 Radiance engine for Daylight Simulations

Boththe Honeybee [+] and DIVA tooledrased on the same calculation engiRadiancethatis a

free and validated lighting simulation tadedfor climatebased daylightlt was first documented

in scientific literature by John Mardaljewehowas also the firsghat documened and validate the
application of Radiance for calculating illuminance with Daylight Coefficients. The Daylight Coefficient
Method helps to calculate illuminancearying sky conditions through mathased calculations

(Tregenza and Waters 1983)

d wl R ausesa@ngorid of Monte Carlo and deterministic ray tracing techniques to calculate radiance
values (McNeil & Chadwell, 2012). Direct, specular indirect and diffuse indirect components are
calculated in order to trace rays backwards from measurepw@nt to source (McNeil & Chadwell,
2012). It is commonly used through other programs, which allow the user a limited input@md set

most of the simulation automaticalty’

This is precisely how Honeybee and DIVA work, allowing the user to set the geometnd sky
material properties, as well as Radiance parameldre.most accessible Radiance parameters are
presented inrabled4. Changes in these parameters can haverafgignt impact on the quality of the

simulation results, as well as the duration of the simulation

17N.Baker,dModelling and Analysis of Daylight, Solar Heat Gains and Thermal Losses to Inform the Early Stage of the
Architectural Procegs> { i2 01 K2t YX HAMT
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Table4. Radiance parameters for daylight simulation

RADIANCE PARAMETERS DESCRIPTION
_ab_ | AMBIENT BOUNCES The number oftliffuse bounces in the indirect calculatior
[2,3,6]
_ad_ | AMBIENT DIVISIONS The number of sample rays sent out into the hemisphe

WPMHZ HANYE0] nndcz )

_ar_ | AMBIENT RESOLUTION| Adjusts the limit beyond which the accuracy of the indir¢
calculation will relax16, 64, 128]

_as_ | AMBIENT SUPERSAMPL The number of extra samples used for areas of high
variability in the hemisphere [128, 2048, 4096]

aa_ | AMBIENT ACCURACY The maximum error permitted in the indirect calculatior|
[0.25, 0.2, 0.1]

3.3.1.2 Radiance Calculation approach

In order tohave a better understanding of the differences between DIVA and Honeylmethd
I yydzl £ RI & tappraaghivith lityslinipértank ta €xplain how the two software learn from

the weather file and discretize the sttgme to analyze the direct andfdi$e radiation.

Since Radiance analyses llluminance throdgh Oaylight Coefficierilethod, it is important to
introduce the Daylight Coefficiemt factor thatbasicalljdepends on the geometry of the rogmuith

the related values of reflectance and tsamttance of the surfaceand on the context withthe
surrounding buildingsThe luminance values for the skies used in the Daylight Coefficient Method
are usually derived from TMY weather data for different geographical locatlesedata contain
hourly values for direct normal and diffuse horizontal irradiaitiotine specified location, that helps

to create a continuous Radianbased sky definition through the Perez All Weather Sky Model. Then,
the sky model is discretized into luminous patches #pgiroximate the hemisphere. Radiance

generate a sky vector discretig the skysing either the Tregenza or Reinhart division schemes.
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Figure3-2. Ortographic projection of the Tregenfteft) and Reinhart (right) sky patches division

To understand better, sky vector is a list of average RGB radiance values forisexdtided patch
of the sky.All the sky vectors create a sky matrix, that contains 8760 sky vectors, one for gach hou
of the year. In the pictures below is possible to see a continuous sky on the left, and then, how the

sky is discretized for a Tregenza (145 patches) or Reinhart (580 patches).

Figure3-3. Representatio of thesky vectors of aontinuous sky model (left) and the Tregenza (middle) and Reinhart (right)
discretized models

DIVA uses Daysim as engine for calculation. Daysim is Rdmiaadeas previously said, but consider

the discretization of the sky prmled by Tregenza. On the other hand, Honeybee [+] allow the user
to choose which sky discretization prefers the most, whether Tregenza or Reinhart. Obviously,
considering that the first method divides the sky in a lower number of patches, the reshé will
provided faster, but the annual analysis will be less precise and ac@Asétes possible to sem

Figure3-3, for discretized sky modelaf a certain time, the position of the sun in the gkyhe
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Tregenza model, and consequently in DligAgpproximated to -# sky patchesespect to the

Reinhart model, and so in Honeybee [+]

The contribute of the direct radian is treated in different wayinDIVAand Honeybeg+], DIVA
usingDaysimhas 65 sun position fixed to cover all the hour of the yeaeach hour the contribution
of the direct radiation isrom the nearespoint from the real sun positiorloneybee [+lises the
real sun positiofirom the analemmdor the analysis locatiofor each hour of the yeand so the
contribution of the direct radiation is calculated in a more accurate Waig. difference lead to

slightly different ASE results.

3.4 SENSITIMENALYSIS THROUGH A BASE CASE

3.4.1 Default Windows

The basic case test building considered in this sedtigure3-4) is a rectangular single zone (8m
wide x 6m long x 2.7m high) with an external wall on the side with the windows and adiabatic
partitions on the three left sides. It is 12 windows analyzed with different exposure conditions (S

EW-N). The room is a base case taken from ANSI/ASHRAE standards.

ASH RAE-J dkoff0 1

80m

05m |

20m 20m
_ 30m 30m

A

Y
A
Y

<>

02m I

— ]

05m 10m

IEA BESTEST Base Case Geometry

Figure3-4: Base case geetry
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The analyss have been carried out considering two different climate files, MilaMeardi, because
of their different latitude. In this way it has been possiblenalyze how the height of the sun
influences the daylight and the feedback about sDA and ASE frotwdhdifferent programs
compared: ldneybee [+hnd DIVA.

The dove test case has been consideesdadefault caselLater onthe analyss were carried out

also with smaller windows put at different heights on the facade.

According to this IES documehe room for the analysis has been designed as follow:

- Period oAAnalysisThe designs are evaluatiEdm 9:00am to5:00pmduring the working days

- Analysis Pointghe analysis grid is a 60cm x 60eithin an analysis area, at a heigh76tm

abovethe floor.

The external surface where the windows are located baea designed as follow:

- Windows with 70% of light transmittance

- Opague wall witb5% of reflectance

The radiance parameters to perform the calculations have been extrapolated from Honeybee [+]

from an analysis at a medium level and have been set in Bifghoavs:

RADIANCE PARAMETUESR® in the simulatior,

_ab_ | AMBIENT BOUNCES 5

_ad_ | AMBIENT DIVISIONS 1024

_ar_ | AMBIENT RESOLUTION 64

_as_ | AMBIENT SUPERSAMPL 2048

_aa_ | AMBIENT ACCURACY 0.2

Table5: Radiance parametsiset for the sensitive analysis

41



In a first attempt the decision was to set and run the simulation for the annual daylight analysis

considering the default RadParam of each program at medium quality. After comparing some

preliminary analysis results, it came up that the sDA resultsedifeemsiderably between the tools.

The simulationbave beenrepeated in DIVA using RadParam coming from Hong¢yhee

SOFTWARE COMPARISON
MILANO MIAMI
DEFAULT WINDOWS
South East | West North South East | West | North
Computationa
1.2min | 1.2min| 1.2min| 55.7s | 1.3min| 1.5min| 1.5min| 1.2min
timing
Honeybee [+
ASE 28.1% | 19.2% | 11.4%| 0.0% | 23.4% | 22.9% | 13.5%| 0.0%
sDA 100.0% | 100.0%]| 100.0%| 100.0% | 100.0%| 100.0%| 100.0%] 100.0%
Computationa
o 45.2s 42s | 43.2s| 392s | 46.7s| 40.7s| 41.7s| 35.4s
timing
DIVA
ASE 349% | 17.7% | 18.2%| 0.0% | 30.2% | 22.4% | 24.0%| 0.0%
sDA 100.0% | 100.0%]| 100.0%| 100.0% | 100.0%| 100.0%| 100.0%]| 100.0%

Table6: Results of software comparisorDefault windows

In the two graphs below, it is easier to understand the differences:

120,0%
100,0%
80,0%
60,0%
40,0%
20,0%

0,0%

100,0%

31,3%

HB

[+]

South exposure

100,0%

32,8%

DIVA

Milano

100,0%

26,1%

HB[+]

28,1%

100,0%

DIVA

Miami

BASEmsDA

Figure3-5: Results comparisonSouth Expase
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For the south exposure, where the sutsthe roomfor the majority of the hours even if at different
heights, and with no shadings, considerMdan or Miami, there are notrelevant differences

between the resultsf the two software

Northern exposure
120,0%
100,0% 100,0%
100,0% 91,7%
0,

80,0% 64,6%
60,0%

40,0%

20,0%

0,0%
HB[+] DIVA HB[+] DIVA

Milano Miami

EASEmsDA

Figure3-6: Results compason- Northern Exposure

On the other hand, the northern exposure of the roareg different results. That means that the
diffuse light entering the room is captured in different ways from DIVA or HB [+]. In Miami, where the
sun is higher than in Milan because of its latitadd there $ ahigheramountof light entering the

room, the differenes between the software are about 9%, while in Milan, where the sun is lower in

the sky, the light going inside the room is less and differences between the software are around 35%.

3.4.2 Comparisorwith windows at different heights

Figure3-7. Test case with different configurations of the windows in facade

The test with the base case with windowsldferent heighs on the facade has been introduced in
order to have a better understanding ¢the variation of the values of the ASE and sDA due to the
software the orientation, the position of the sun in the sky @sdliscretizatim. The width of the
windowshas been kept the samwhile the height has been decreased from 2mto 1 m. ltées b
tested for both Milano and Miami.
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SOFTWARE COMPARISON

MILANO MIAMI

UPPER WINDOWS

South | East |West | North South | East | West | North
Computationa . _ _ . . . .
o 1.3min| 1.2min| 1.2min| 54s | 1.3min| 1.5min| 1.5min| 1.1min
timing

Honeybee [+
ASE 0.0% | 0.0% | 0.0% | 0.0% | 52% | 0.0% | 0.0% | 0.0%
sDA 73.4% | 53.6% | 48.4% | 43.2% | 73.4% | 69.3% | 60.4% | 51.6%
Computationa
o 55.6s | 458s| 46.6s| 41.3s | 49.7s| 457s| 448s| 4ls
timing
DIVA

ASE 13.5% | 0.0% | 0.0% | 0.0% | 18.7%| 5.2% | 11.5%| 0.0%
sDA 63.0% | 37.0% | 38.5% | 29.2% | 63.0% | 52.1% | 55.0% | 41.1%

MILANO MIAMI
MIDDLBNINDOWS

South East West | North South | East West | North

Computationa _ _ _ _ _ _ _
o 1.1 min | 1.Imin| 1.1min| 52.4s | 1.1min| 1.5min | 1.5min | 1.2min
timing
Honeybee [+
ASE 10.4% | 3.1% | 0.0% 0.0% | 11.5%| 10.4% | 4.2% | 0.0%
sDA 63.0% | 55.0% | 47.9% | 44.3% | 55.0% | 60.9% | 53.6% | 65.6%
Computationa
479s | 442s| 44s 40 s 39.1s| 425s| 41.1s| 493s
timing
DIVA
ASE 19.8% | 9.4% | 4.2% 0.0% | 14.6%| 11.5% | 9.4% | 0.0%
sDA 54.2% | 37.5% | 38.5% | 30.2% | 39.1% | 41.7% | 42.2% | 55.0%
MILANO MIAMI
LOWERVINDOWS
South East West | North South | East | West | North
Computationa _ _ _ _
56.5s | 589s| 59.2s| 557s | 1.2min| 1.5min| 1.5min | 1.1min
timing
Honeybee [+
ASE 7.3% 6.3% | 5.2% 0.0% 6.3% | 6.3% | 5.2% | 0.0%
sDA 40.6% | 32.3% | 27.6% | 24.0% | 45.8% | 39.0% | 32.3% | 30.7%
Computationa
o 48.2s | 404s| 409s| 358s | 47s 39s | 394s| 369s
timing
DIVA
ASE 10.4% | 6.3% | 6.2% 0.0% 6.2% | 6.2% | 6.2% | 0.0%
sDA 33.3% | 22.4% | 22.4% | 20.8% | 31.2% | 25.0% | 23.4% | 22.9%

Figure3-8: Results ofoftware comparisonWindows & different heighs
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3.4.2.1 sDAComparison

sDAconsiders both the direct and the diffuse radiation incident on the floor. As it is possible to see
from the table, the trend shows that the percentage of the sDA increases increasing the height of the
windowsalongthe fagade. Thisan be explainetecause the witdows in the upper part face the

most luminous part of the hemisphere. Vice versa, the windows in the lower part face the darker part
of the hemisphere. As it will be showed later on with the geometry stu@ied,Chapter6.2) the

same consideration can be done if a suriding context is considered. Of course, the windows in

the upper part will not be covered by the surrounding buildings and will get higher percentage of
radiation and as a consequencthe sDA will be higher. Same results will be obtained for the case
with the default window. Sinceéhe example considered haha contexiin front of the facade, the

sDA is the higher between the four cases, because the windows cover a greater part of the facade,

but the context will make this value decrease a lot.

sDA [DIVA] Milano
120%

100% @ @ @ o
80%
60%
40% e
ﬂ
20%
00%
South East West North
=@=UPPER WINDOWS 63% 37% 39% 29%
=@=MIDDLE WINDOWS 54% 38% 39% 30%
LOWER WINDOWS 33% 22% 22% 21%
=@=DEFAULT WINDOWS 100% 100% 100% 100%

Figure3-9: sDA resultsvith Diva- Milano
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sDA [HB+H Milano

120%

100% C C C O
80%
60% &;
40% ®
20%
00%
South East West North
=@=UPPER WINDOWS 73% 54% 48% 43%
=@==MIDDLE WINDOWS 63% 50% 48% 44%
LOWER WINDOWS 41% 32% 28% 24%
=@=DEFAULT WINDOWS 100% 100% 100% 100%

Figure3-10: sDA results withloneybed+] - Milano

In the figuregeported below,t will be shown thenternal distribution of the light inside the room

for the climate of Milano, with the facade facing south.

In the first case with the default windows the distribution of the light is widespread inside the room
and the sDA is 100%, also because there iontext, no shadings and the fagasi@lmost totally
glazed. The other three cases are more relewardrderto understand how the position of the
windows affect the facade: the more they are positioteedards the top partthe higher will be tie

sDAvalue, because théght entering the room hitdeeper part of the room.
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sDA DIVA = 100 % sDA HBE+ = 100 %

0 100
DA (% Time > 300 lux) [

Figure3-11. sDA distribution in the case with default windows

sDA DIVA = 63 % sDA HB+ = 73 %

0 100
DA (% Time > 300 lux) I

Figure3-12. sDAdistribution in the case with upper windows
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sDA DIVA = 54 % sDA HB+ = 63 %

0 100
DA (% Time > 300 )

Figure3-13. sDA distribution in the case with medium windows

“

sDa DIVA = 33 % sDA HE+ = 41 %

0 100
DA (% Time > 300 lux) [

Figure3-14. sDA distribution in the casettviower windows

Moreover, some considerations on how DIVA and Honeybebtah theresults can be done: as
explainedn thefirst part of the Chapterthey have been analyzed with a different discretization of
the sky dome. WA, through Daysim, disciagsthe sky in 145 patches, while for Honeybee [+] has

been chosen to perform the calculations discretizing the sky with Reinhart sky, i.e. division in 580
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patches. Since both the software have been set using the same fivé&kadiance Parameters, as
explained at the beginning of this section, what influence the most the results is the difference in
discretization of the sky and, consequently the accuracy of the results. Honeybbtaird more
accurate results and this can be s@e the previoupictures, considering the distribution of the light

onto the analysis grid.

Since the trend is always the same between the two different climates considered and between the

various orientation, the other analyses will be showNINEXI.

3.4.2.2 ASE comparison

ASE represents the contribution of the direct light hitting the floor, and consequently the grid of
analysis consideredThe more relevant results are presented for the south orientatsimce when

the facade is oriented to north there will be no direct light hitting the pavenidmtcas consdered

is the one with the facade orientedvardssouth, always hit by the sun. Ideally the windows close

to the top of the building should gil@wv values, because theadiation hitting the pavement is spread

in a wide area, so a higher number of points of the analysis grid on the floor are hit. Differently, for
windows positioned closer to the floor, the direct radiation fatg points onto the grid for &rger

amount of hours and the ASE increase. The same reasoning can be done for the windows positioned
in the middle sincemany points on the grid receive direct light for a large number of hinersalue

of ASEwill be the higher between the three configuratis.

ASE [DIVA]Milano
40%
35%
30%
25%
20%
15%

10% \
05% \ \
4

00%

South East West North

=@=UPPER WINDOWS 14% 00% 00% 00%
=@=MIDDLE WINDOWS 20% 09% 04% 00%
LOWER WINDOWS 10% 06% 06% 00%
=—@—DEFAULT WINDOWS 35% 18% 18% 00%

Table7: ASE Results with DIVMilano

49



ASE [HB+]Milano

40%
35%
30%
25%
20%

15%

10%

\

05%

\:\.

00% .
South East West North
—=o—UPPER WINDOWS 00% 00% 00% 00%
=@==MIDDLE WINDOWS 10% 03% 00% 00%
LOWER WINDOWS 07% 06% 05% 00%
=@=DEFAULT WINDOWS 28% 19% 11% 00%

Table8: ASE Results with Honeybee-[Mjlano

As already explained tine first part of the chapterthe differences between DIVA and Honeybee [+]

have tobe researched in how they considie direct light from the sky. DIVA prowsdesimplified

method, since the position of the sun is interpolated from 65 representative solar pgstoithis

is translated in a geometric loss of accuracy. Insteace\bee [+] considsthe real position of the

sun, point by pointAs a consquence it can happen that in DIVA one point over the grid is hit more
times and for more hours than it should be, because of the approximation of the sun. This is
translated in an increse of the percentage of the ASE. In fact, as it is podsilsieefrom the tables

and figures above, the values of DIVA are always higher than those in Honeybee [+], that is way more

accurate.

In fact, as from the figures representing how ASE values changeshddMé¢A and Honeybee [+], it

IS interesting to notice how wideethe differences in percentage if the upper or the lower windows

are considered: in the first case DIVA provide a ASE of 13.5%, while Honeybee [+] of 0%; in the seconc
case DIVA is around 48, while Honeybee [+] 7.3%. Honeybee discretizes in a more accurate way
the direct light, so when the windows are high, more points are considered hit and no one of them
reaches the minimum value 0b2h over 1000Iux, while direct light in DIVA hits mupoants for a

higher number of howandthe result ighat in annual analysis a higher number of points of the grid

isout of the range. In lower windows, where a lower number of points on the grid is hit by the direct

light, in fact, the values of ASE betwdes two tools are almost the same.
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The aim of this thesis work is to design a tool whichgbam a shape to the visual comfort. This
definitionmay seem abstrachut it can be a good explanation of wietl be the final processs it

will be explained in the next chaptefie way in wich the toolad & K I LJSa ¢ @AadzZ t 0O2Y
a combinatiorof different geometrical variables, which create different shajoesbired withthe

use of opaque or transparent materials, in order to create a shading or let the light enter the room,

according to the boundary conditions, corttegeometry, location, etc..

Eventhough the tool andhe calculation methods, as it will be shown in the next chapters, are
suitable and applicable to many differeppologiesof shadingthe finalplugin has been origirby
studied forthe optimizatiornof a weltdefined facade systerihe system, as it will be explained later
in Chapteb, is comjex sincetiis not a flat panel as usual curtain wdllsg, it is composed bgifferent
panels Thecomplexity is due to the generationtbk geometrythroughthe movement oflifferent

control pointsalong different directions

This chapter explains the procesgeheration of geometries, introducing also sdmrés regarding

possible ways of juxtaposing them in order to create dynamic effects on the facade.
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4.1 DEFINITION OF GEOMETRIES

The starting point for the definition of the geometries was the thesis wiaske of our colleagues,
Pietro Pavesi. As a matter of fact, this thesis work has been developed from the beginning as an

automation and a continuation of his work.

In particular, higvork started from different geometries which have been tested in the climate of
Milano, in order to skim the ones that could not be satisfactory for that climate. The first effort of
this work has been studying the geometries used in his thesis and thefinenain aspects. Then,

the main aim was textend the field of geometries agdoupthemin families with similar properties,
allowing each panel to be controlled by one or more control points. In thighvaygh the motion

of the control pointsit is possible to hava wide range o$hapesand as a consequence, a higher
probability of finding one¢hat will adapt better to the internal needs mainly in terms of daylight
comfort. This is due to the fact that the geomeitvill be then associated with ague or transparent
materials whichcan create a different projection of shading inside the roeith relativechanges

in sSDA and ASEsults

The base geometries are defined starting from two main geometric families: rectangular and

triangular ones.

4.1.1 Rectangular Geometries

Independently from the kind of geometry analysed, the procedure for the definition of the
subfamilies has been the same in all the cases. The main criterium has been to stiud &asiest

geometry, in terms of number of control pts, going towardsnost complex ones.

In particular, rectangular families can be grouped under two subfamid@b having three
subfamiliesldeally, R1 family can be imagined starting from R 1.a with only one control point that
will split into two poits free to move horizontally and vertically, creating respectively the subfamilies

b and c.

Generally, all the points of family R1 can move in the three directmrsovergeometries b and ¢

have the restraint that the poisthave to move specular (ei§.one control point of geometry b
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moves towards the exterior towards left, the other one has to move to the exterior too, moving
towards right; obviously, the displacement will be equal in module for both of timthe other
hand, points of family R&n be imagined always as a developmenthfRvhere the control point

is split in 4 or 2 points, free to move diagonaiiyaddition to the movement along the diagonal, they

can move also towards the z axis.

As it can be seein Figure4-1, the movement of the control points creates a fmanar geometry;

to solve this issuehe panelshave beendivided in triangular panels, in order to create planar
geometrieslt is reasonale to deduce that this family of geometries will be more expensive than the
other rectangular one; even if the surface of glass is comparable, the cut of glass is more complex
and the number of cuttings is highém, addictionthere is a bigger area of frae needed and the
construction is more articulated. Moreover, is preferable to apply this system to bigger surfaces, in

order to reduce the visual impact of the frame.

R1 R2

RECTANGULAR

R2a i R2c

STARTING
GEOMETRY

TRIANGULAR P T2

Figure4-1: Geometriegonsidered
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4.1.1.1 Rectangular Subfamilies

As it can be imagined, the subfamilies/e control points which are free to move in ranges which
have been defined in the first steps of the modelling proce§sasshopperThedefinition of the
ranges is based on thetudy of existing systems, on the evaluation of the angles created by the

intersection of the edges of the panels and the evaluation of the weight that the system can brought.

Family R1 is composed by three subfamilies, the first one with only one qmiriplcreatingonly
triangular panels and the second and third onesrttpiwo control pointswhichare basically the

same geometry rotated of 90°.

kR

Figure4-2: Movements of the control point ofib-family R1.a

ThesubfamiliesR1.b and R1.c are composed by trapezoidal and triarganets In each othem,

the control points are free to move vertically, horizontally and away and towards the surface of the

Figure4-3: Subfamily R1.b

facade.
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Figure4-4: Subfamily R1.c

4.1.2 Triangular Geometries

As seen before, along the rectangular family, the triangular one has been considereertdough
triangular geometries are less usedagades respect to the rectangulanes on the other hand

they allow to obtain particular and more complex shapes combining them together. In fact, this
solution fasbeen considered mainly to cover only a portion teé facade, in order to create a
particular shape or pattern, or to create shading only in portions of the facade. The technological
restrictions on the dimension of the panel, due to its weight and the installation procedure, allow to
manufacture panels ahodest size; this may lead to obtain a heavy redundancy if the pattern is

applied to the entire facade.

Triangular family is composed by three different geometries. The T1 is the correspondent of R1.a for

a triangular shape, it is composed by only ongrobpoint free to move in the three directions.

Figure4-5: Family T1

T2 is composed by an extruded triangle placed in the middle of the panel, which is the bigger one

scaled of a certain amount, corresyliing to the RA
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Figure4-6: Family T2

This family has been thought in ordefitd @S | aY2NB Ft SEAG6f Sé¢ Y2 RdA

placed close to the others in order to obtain more complex shapes and patterns.

4.1.3 Tiling

Regarding the fordinding and the use of new shapes, Motestates that me of the main
characteristics othe architecture nowadays is related to the representation issue; the new
technigues go beyond the drawing and allow to have access to geometries that have been
inaccessible until now. They are not only considered from the point of view of the architéciure
they become an exhibition instrument and a way to astound people with the virtuousness of the
design. Another trend of the architecture is to use innovative materials, to combine different ones

together, in order to create an impact through thetpposing of unexpected materials and shapes;

as a consequence, the tendency is a design which moves towards the tiling, which allows the use of

regular shapes that combined togetlmmcreate a movement and break the regularity.

For this project the is® related to the shapes was a crucial point, but it was clear from the beginning
that the tiling and the movement created along the facade had to be related to external parameters
(e.g. the conditions to get a visual comfort) and it could not be ontlidorown sake. This was one

of the biggest challenges for this project, sifitoen the beginning the main concenasto pushthe

tool definitionbeyond the limit to obtain a pleasant geometry, guaranteeing the comfort; the hardest

goal to reach is to comunicate through the geometry whielnethe indoor needs and viceversa,

orderto explain the geometry according to what is required inside.

Along with the previous prerogatives, it is necessary to consider that this process cannot be

completelyautomated and handled by software, so a relevant aspect was to guarantee the user

I'dal

BypazyS2: /& 5AST aSRAYyLFST &[QlfdN} Y2RSNYhiee12 O2yair RSN
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the possibility to express preferences and to choose eventually a preferred configuration, guiding him
towards a conscious choice in terms of comfort and energy consumplierfinal fagade will then

be a combination of theomputationalpart and the will andability of the designer to choose a
configuration and a distribution which allow to obtain pleasant geometries and shapesxpected

output of this plugn will be todeliver to the user geometry forthe fagade that will be customized
asmuch as possible.KS G OdzaAG2YAT Ay 3 LINR OS A a sof tkewddrk, 8ISy 2y
it was not possible to give a complete freedom to the Usdrjt was necessary tavg him choices

that could cover at least part of lpessibleneeds and requests, allowing him to express his will even

througha preset path.

Figured-7: Geometries remapmgd and random distribution

Theefore, the user can choose the geometry (or more than one) that he prefers, decide how to
combineit and also decide if he wants to set a trend for the distribution of pargisgan be seen,

the facade on the left has been realizmdering the geometries on the same floor accordogn
increasing/decreasingidth, height or extrusion. On the other hand, the second picture, shows a

random distribution of geometries belonging to different families.
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A depth study on tiling will bequired as a further step of this studyncesome possibilities can be
explored, also considering some technological issues which will be analysed afterwards. A possible
option would be to attach the panels alternatively at the upper and at the bottonofioe slab, to

create further movement to the facade:

Figure4-8: Different attachment of the panels

In this way, it is not required to have many different panels along the facade to create movement,
but the panel along the floor can be the same only attached in a staggered way, respect to the

adjacent one.

On the other hand, &mit of this configuration will be the fact that for the panels attached to the
bottom part of the slapwill be visible from the outside, since in most of the cases the bottom panel
of the geometry is transparent. The same can be said for the panels attached to the upper part, but

this problem will be less relevant since in the major of the cases the papels will be opaque.

Figure4-9: Sight of the slab through the panels
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A solution for a disposition that has been rejeatethis thesis works the one where the panel is
attached at half height of thadjacent one. This is due to the fact that the inhabitants inside will have
at sight height the frame of the panel; moreover, this solution from a technological point of view is

really difficult to be realized.

Figure4-10: Staggered distribution

Nevertheless, this solution can be used in north orientations or in eastagestes where the panels
are most likely transparenptherwise it can be used in rooms that are not supposed to let the

inhabitants to have a view of the outdoors, as conference rooms, musetims

All these consideratioriavolve a deep study on the tiling options, but mostly on the technological
aspecs related to the attachment of the facade cell to the structure; thesis work, as it will be
seen in the next chapter, considers a traditional technological system, with the attachment to the
slah since the main concern of this study was the definition of an autonomous procesgh®nce
process will be defined and tleewill be no limitation on the side of the analysis tool, it will be

possible to explore all the different tiling options and their related technolcgichy/.
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The purpose of this study is to defimeprocedure and a flow for the preliminary stage design of
facades and for the correct forfindingof each module towards the visual comfdten ithe aim

of the project is not theletailedanalysis of a tectological system of facadeopme considerabns

on the technologicassue musbe done In fact as seen in the previous chaptére type of geometry
chosen is noeasy to handle and design, since it depadssiderably from the generglidelines
usually followed for a curtain wall system. Gouently, the study of the technological part was
fundamental at the beginning of the modelling part, because it was necessargoongelimitations

to the control poits.

It was important also to analyse the possibility of use®Y integrated systeamd the changes that
should be applied geometricatlye to its use, its visual properties, but also its efficiency in order to

evaluate it in the energy calculations.

Finally, the study on the technological part has been useful in order to definediseotsuch a
peculiar system, not only in terms of production, but also in terms of construction, installation and

maintenance.

This chapter exploredl ofthese aspectdijrstly giving some information on the general structure of
the module and thevayto attach it to the slalthen it will be explained the glazed system used and

the integration of the BIPahd lastly the maintenance and the costs.
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5.1 UNITIZED S¥8V

Once the geometries have been defined, it was possible to atladysgstem from the technological
point of view.This issue is fundamental for the further development of the project, since defining
even in a general way which could be the procedurestdliation is crucial to defirmpproximately

the price of the system and whiclan bethe differences in price using different geometries in the

same facgadeboth in terms of materials, production, transport, etc.

The initial questiormbout the structurewas about which main systeto be consideed, whether
stickor unitized systemMany considerations have been done considering how long is the process to
put them on site and the possibility to use or not the scaffoldings for the installation of the panel
and, of course, the cost§hechoice is relapsed on the uska unitized systenktven if this method

is more expensivehe installation is easiend safeysincethere is noneed to put scaffoldings on

site. Themodules will be liftedip through the use of a crarend then positioned directly on the

facade where previoushavebeeninstalledthe brackets to host the unitized modules.

Figureb-1: Brackets for the installation of the unitized system
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Theunitizedsystem will be divided in two subsystemas it can be seen in the following picture:

Secondary system

Figure5-2: Scheme of the different structures of tnatized system
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O The main system directly connected to the $$ab unitized modulmade of steel;

O The secondarysystem, the one thaholds together the thre@limensional panelsf the

moduleconsists ohluminumlinear single barand theirconnectng node points.

The entire individual module of tHacade(main+ secondary) will bassemted directlyin factory.

The geometry of thenit frame is adapted specifically to the ldaghring structure of the building.

In order to understand and define which couldtbelimitations to be assigned to the system in the
creation of the modgbhase, it was necessary to sputie specifications of some systems which could
be applied to the construction of such a peculiar pafied besteference is theschico Parametric
System which is a nonflat fagade systemanalysing this system and making some assumptions
related to the featuresof the considered geometriesome geometrical limitations have been

provided such as

O Theminimumpossibleangle betweertwo linear single bars will hatve be higher or equal
than10%

O The maximum possibtaree-dimensional extrusion will be of 1 m, while the minimum of 10

cm,

O Due to the weight and thdifficulties in fabrication and transportatigris has been given a

maximumdimension in heigh#4fn) and width (1,5mfpr each witized module.

The last consideration has been done considering a maximum planar surface to be covered with the
system equal to 6 f this value takes into account the maximum weight that the system can bear,
since it is calculatetbnsidering the system as flag itallows to be conservative and safer, since the

inclined surfaces will have a higher area, with a higheihiveig

Since the maximum heiglkbnsideredof the modules is 4m, anytime the intstorey is higher a

spandrel panel will be provided
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Figure5-3: Use of spandrel between panels

5.2 INSULATED GLAZING UNIT MODULES

The system considered in this thesis workthe glazing modulesas insulated glazing unit (IGUt)
has been plannetb use adoubleglazedunit; the air cavity between the two glassesl be fulfilled
with argon(90%) The tablebelow reportssomeparametersconsidered during the modelling part,

both for thesolar protectiorandthe thermal insulatingroperties:

. . . U-Value
Description Light Solar Radiant Heat [W/m2K]
Light transmittance Direct g-value[Total Argon
[%)] Reflectance transmittance Reflectance Absorptance transmittance (90%)
6 + 16 + 6
73 0.16 0.38 0.47 0.15 0.39 1.0
(low-E)

Table9. IGU properties

Same similar systemgrovide a tripleglazing unit, which allows ttsystemto be more performing
but, at least for the analysi&, has been decidedot to considerit; neverthelessthe parameters

considered can be easily changed to adapt to a tglaleing unit.

According tothe technical specifications considered of different manuf&es the insulating
thermal properties ofthese typology of modules, due to theigeometrical and technological
complexity haveto be analysed witlparticular attentionDue totheir three-dimensional extrusion
and their possible geometricalistomization, it is important to consider also thevdlue at the
attachmentof the module to the unitized facade atiet attachment of the central unit betweeie
two or three different glazing paneahe two frames wilhave different thermal transmittanceAs it
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can be deduced, this difference is duehe inclination of the modules and, consequently, the angle
between the paneghe thermal transmittances of a frame with an angle.gf16°and120°will be
considerdly different The same assumption can be dahthe glazing uniis considered withtwo
or three panes. For thermalalculationgsee Chapter.2), it has been considered an averagehe

values given bgifferent producer&echnical sheets
O U-Valueat the attachment with the unitized facade: 1\8m?K

O U-Value at the centeouter coner of the unit: 1,1 W/mK

5.3 BUILDING INTEGRATED PV

The use of BIPV to generate renewable energy on buildings isuiteinéad, particularly with regard
to the expected implementation of the "EU Buildings Directive" 2010/31/EU concerning the total
efficiency of buildings in the EU member states by 2020

The choice to considerPhotovoltaicsysteminside the facade has been take@norder toincrease
the pefformance and create shadinggainst the light incomingside thebuilding PV panelsn fact,
allow the facade to act likenaenergy generatorSince the modules of the facade are three
dimensionally extruded and thpanek are tilted between 10° and 80 depending on the
configuration,the efficiency of the panels increaseather thanin flat facadeslike curtain walls.
Depending on the daylight analygisvided by thdool, it is possible to haveore thanone opaque
panel ona single module. The possibility to integrate g&helwill be evaluated depending on the

inclination of the panel and tHatting radiation

Moreover, the inter-storeyspandrel panel, when provided, could be integrated witpd@\éls even
if this solution needs to be carefully evaluated according to the dimensions of the upper panels, which

could project the& shadow on the spandrel panel

There are twaommonly usedraming system$or a PV integrated curtain wairessure plate and

structural siliconglazing.

O Pressurelate systemithe glazing unit ikeld mechanically by a plaut on the frontwith
an extruded coverThe mullion cover has to be kept to a minimtoravoid the shadow

produced by the system on PV cells.

66



O Structural siliconglazing some or all ofhe glazing edgeare glued togethewith the framing
system Moreover, the applicationof a structural silicon seal between PV glazing units

eliminatesshadowing effects butanlead todurability problems for PV panel edges.
The ntent is to let the designathoosewnhich solution ishe best for his purpose
There are differentechnologies to produce PV cells

O Monocrystalline silicorsilicon cells that are ually manufactured from a single crystal ingot
of high purity.The diameters are about 12.5/15 cinis applied thin antireflection coating
in silicon nitride ortitanium oxide, in order to increase the light absortetd, as a

consequence, the current.

O Polycystalline silicorthe starting material is melted amast in a cuboid fornLargecrystals
with grainsize from few millimeters to few centimetease formedonce the silicon is
solidified The efficiency is reduced slightly because of the grain bound&hesngot is cut
into bars and, later on, slicaato thin wafers used to make cellkhis solution isheaper than

the monocrystalline one, but its efficiency is also lower.

O Thinfilm: the construction comes by applying thin layers of PV materials onto the front glass
I.e. the superstrate, or ontthe module backside, i.e. the substrai®iePV module and the
connections between the cells are made at the same time during the fabrication, srase it
integrated systemlhe active semiconductor materials used are amorphocsrsitadmium
telluride (CdTe) and copper indhn diselenideCompared tarystalline silicon technology, this
solution has a lower efficiencyhat means that to reach the same efficieiscyequired a
larger unit areaAmorghoussiliconand CdTehin-film modules are made inmilar way onto
the glass superstrate, while CIS tfilm modulesare normally fabricated onto a substrate
glass, metal or plasti€dTe is a very stable, nrtoxiccompound, even if cadmium is a heavy
metal with environmentassued. Moreoveamongthe thin-film technologies, CdTe modules

have the lowst production costs.

O Highperformancethere is avide range of new technologigsut here will be menticed one
of the most well established in productiodi T(heterojunction with intrinsic thilayer) It is

aPVcell hybrid construction made combiniaghinilm silicon cell with a crystalline orig.
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this configurationamorphous silicon is coated onto both front and rear faoésa
monocrystallinesilicong I F SN ¢ KS y I Y Sdudtk BeifscNBaBapyh@idnA 2 v £
is created between two structurally differesgmiconductorsHIT cells are more efficiesmd

have less degradation of efficiency than monocrystadliieon These types of PV cell are
assembled intglassglass lamiates, in order to allow the module to be more efficjarging

both the front and the rear to absorb lighhd generate at least 10% more electricity than

the standard mondacialtype.In building application this type of modulesrks be&ause the
backside of the panéknefits from the ambient and reflected light. Obvioublg maximum

gain is achieved with reflective or white objects behind

It is very importanthat the front glass, the one facing the sun, has a very high transnme#fsiency.
Typicallya white glass is usesince ithas a low percentage obn oxide.Transmission efficiency is
basically around 92%, with 8%oreflection that can be reduced around 3% thanks to the use of an
anti-reflection coatingn the front.As a standard, the front glass i4 8im thick, but can be increased

to 10 mm for larger modules

Mono Thin Film

Figure5-4. https://www.solarisshop.com/blog/crystallinesthin-film-solarpanels®

9 https://www.solarisshop.com/blog/crystallinessthin-film-solarpanels/(last visit 12.09.2018)
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TYPE TYPICAL MODULE EFFICI AREA REQUIREMENT
Highperformance hybridilicon (HIT 17-18% 6-7 m?/kWp
Monocrystalline silicon 12-15% 7-9 mP/kWp
Polycystalline silicon 11-14% 7-10 mt/kWp
Thinfilm (CIS) 9-11% 9-11 mA/kWp
Thinfilm (CdTe) 6-8% 12-17 m/kWp
Thinfilm amorphous silicon 5-7% 14-20 m?/kWp

Tablel0. Efficiency of PV modufés

In this thesis work a crystalline siliquenel has been considered, thanks to its higher performance
among the othetypologiesThinfilms PVhave great potentialites but they still have to be studied

to increasetheir performance. As said in the tableoa&e the current efficiencto convert solar
energy into electricitis around 911% evenif tests in laboratoryevealed that efficiency could reach

values higher than 2Q%

The other advantage of usinyin-film than crystalline is due to the fact th#iin-films are
considerablythinner, about 32 micrometers gim), againsta much greater thickness of about 60

190um required for crystalline silicon.

Finally,installation costwill differ significantly between thin film and typical PV because thin film

panels are very easy to install and require much less labor.

20N. Guarient9 S. Roberts, Building Integrated Photovoltaics, Birkhauser, Berlino, 2009
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5.4 MAINTENANGEND COSTS

5.4.1 Maintenance

As it can be seen in the next chapters, the final facade can be composed by differaetriesn

order tomake the most of the combination of different shapes and mas¢dadbtain the set goal.

From the point of view of the castthis can represent potential problem. Consequently, a further
analysis on théechnology has been required, mainly to define if It was necessary to set some limits

on the maximum number of differepanels along the facade, to avoid excessive costs.

Firstly it has been investigated more in the detail thay the secondary frame is attached to the
primary one and how it was possible to change the panels in case of breBhkiagesue is crucial

not only in terms okxtraordinary intervention, bualso thinking about the construction of the
facadelSG Q& GKAY1l F2NJ SEIFYLX S (2 | ;iffohecdltherSbre@kd Y LJ2 &
during the transport and the constructi@a\ances by row it will not be possible to continue until

the same pandk produced again and reaches the construction sdasing a considerable increase

of the costdue to the dedy.

Through a study on different systenitsis possible to define the structure as carapd by three

parts the primary frame and the secondary one, which is composed in turn by a frame which in case
of substitution is not removed and stays attached to the facade, while only the IGUs is removed and
reapplied As said irparagraph5.1, during the construction phase the moduderives at the
construction sitealready assembled in factonyjth the primary and secondary framesunted
together and sealed. They are fixed at the slab, through the wselate which has holes in order

to allow the cell tde attached using some hooks.

In case of need to change the glasses or the opaque panels for maintenance, the fpaumerg
always attached at the slab; the structure of the secondary frarhieh is screwed to the primary
one stays in placét is then possible to break the strucaisealing and to remove the glass and the

gaskets. The new glass is replaced, the gaskets substituted and the sealing is done on site.

5.4.2 Costs

In terms of costs, as the reader can imagine, this solution is expensive since it is a custom geometry,
which is alsaccomplex from the point of view of the technology. The aspect which influences
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considerably the price is tHagher amount of materials compared to tbaes needed for a flat
facade. In fact theecondary frame has big profiles in order to allow the tileszhgetry and also due

to the higher resistance that a system like this has to provide to resist to the external forces (e.g.
wind, snow..)Through a comparison with flat fagade system, the price of this system can be assessed
as four times highemwhich isa considerable difference. On the other hatids system allows to
improve the production of energy, due to the inclination of the panels, to increase the comfort and
reduce the gains through the envelgtecan represent an efficient tool to save amdguce energy,

which can return in the years aspay back of the initial expenditure. Neverthelgasprder to

constitute a payback, it needs to be properly designed.

It is possible to state that fortunately, this systesimce it is customized, doestripresentrelevant
differences in terms of price to obtain different panels for the same facade, which is crucial and

fundamental to obtain théest optimization of the facade.
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This chapter finallgyoesdeeply on thdirst approach to the world of daylight and energy simulations
using the facade system explained in the previous chaftethiswork aims todevelop a more
autonomousdlow for the design of energy efficient and visual comfortédatades, it was crucial at
least for an early approach to this world, a study on the basis and on the maisvdtgtdrcandrive

thisresearch.

¢KS FANBROG LI NI 2F (GKS OKFLIWGISNI aaz2RSt {SGldAay3s
define a buildingnodel, simplified as a roomwhich can be used by the different daylight tools. The
correct definition goes through the proper setting of materials, which are both required by DIVA and
Honeybee. Finally, a brief explanation on the use of the sslvepated, mainly to explain which

are the functios used tooptimize the geometry, in order to obtain the best geometry

The second part representtracking shot of the most important and relevant group of simulation
performed highlightingto what extent thg have been useful for the final definition of the ping
Lastly, the final paragraph explain to the reader which have been the reasons which lead to a

definition ofproperty methods of calculatiomvhich will be explained in detail in Chapter
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6.1 MODEL SETTING

In order to carry out the different anabs it was necessary to define a model of a building, with the
properties set for the materials both for the daylight and thermal properties.
The reader will see in the next paragraphs that the aeslgave been carried out with different
software; each oe requires particular precautions about the modelling. Neverthealesgrinciples
havesome characteristics in common, which are going to be explained in this paragraph since they

all are based on the same assumptions, declining them in different ways.

6.1.1 Geometry

First of all, the software requires a geometry to be tested; the decision for the preliminary analysis
was to use a sheleox geometry, with standard dimensions as stated in the ASHRAE presdiagtions
seen inChapter 2). Crucial for the simulatiais the definition of transparent and opaque surfaces,
which comprehend the shading too; obviously, for the daylight analysis they will have to compose a
closedvolume. The decision fell on the use of a single room, in order to reduce the time for the

simulations and to start making assumptions on the behave of the tools considered.

Along with the room itself, also the definition of the facade panels has been defined as
parametric modules. As a matter of fact, each geometry (as shd@majpterd), hasits own control
points which are free to move alomdjfferent directions, creating different geomets The

movement is defined with some sliders controlling the points.

Facade Area — —

Area of movement

of control points B
p I

./

—

L —

Figure6-1: Area of movement of control points
The values of the sliders have been®isidering somgeometricalconstraints which are mainly
due to some technicdimitations, as explained in Chaptér The limitations given from the
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technological analysis have been translated in possible ranges for the movement of the sliders,
translating the maximum and minimurhrésholds into percentage dhe total dimension of
maximum and minimum movemerithe mairrestraint is addressed by themrum possible angle

between theparts of the framewhich is 1€

Figure6-2: Calculation scheme for calculation of limitations

As it can be seen in pictuFegure6-2: Calculation scheme for calculation of limitatiohe angle
considered i8, which can be 10hinimum From a simplgeometriccalculationthe case which has
thesmallest Aa GKS 2yS KI@Ay3a GKS f I NBSBthatkaRdt K 0 & (

has beerevaluated the minimum value of the extrusionorder to obtairangleshigherthan 10°

The obtained values for the rooepnsidered are théollowing:

Minimum | Maximum

Extrusion| 13cm/m 1m

Height |1,6m 2,7m

Width 30cm 15m

Tablell: Ranges considered for the dimensions
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These values have been set in the sliders as percentage of the total dimmrssatered of the

panel, this method allowed to establish maximum and minimum extremes for each slider:

Minimum | Maximum

Extrusion| 1 10
Height |1 5
Width 2 9

Tablel12: Extremes of dimensional slidersGrasshopper

The creation of a geometry is a complex procedure, which has been developed in this project with a

flow composed by different nested clusters, as it can be briefly shown in the following picture:
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Figure6-3: Geometry design flow
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In the following picture,hte reader can see how the geometry changes if the slatenge their

value inside their range:

Figure6-4: Dimensional sliders for the geometries

To generate a model suitabfer a daylight analysis tool, it was important to make distinction

between the opaque and the transparent surfaces, in order to apply the right matéhaltorfaces.

6.1.2 Materials

The definition of the properties of the materials is the same for DIVA and Honeybee, since they both
allow the user to use the radiance libratyh yS 2 F Sy OAGSR ljdzr t Ade 27
based and capable ofmsulating complex geometries with flexible reflection and transmittance
material properties using a mixed stochastic, deterministic backward raytracing algorithm. The ability
to model specular components constitutes an advantage over radiosity basedisimaparoaches
GKAOK GNBIFG Ftf adaNFIFOSa Fa [ YOSNIUALFY RATTdz
2y I AaSNASA 2F AYRSAIISYRSyld QFIfARFGAZ2Y &aiddzRASAE

The two softwarein order tocarry out the daylight simulationgquire the optical properties of the
materials considered. Their definitidras been done using the format of radiance, which uses

different parameters according to the type of material considered. The preliminatatomsonly

2] PCOWSAYKINIIZ ad® ! yRSNESYZ a5S@St2LIYSyid FyR @FtARIFGA?Z
and Buildings, 2006, Elsevier
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considertransparent, translucent and opaque materials, defined following the Radiance guidelines

for materialg

6.1.2.1 Plastic/Opaque Material

Plastic is a material with uncolored highlights. It is given by its RGB reflectance, its fraction of
specularity, and its roughness value. Roughness is specified as the rms slope of surface facets. A
value of 0 corresponds to a perfectly smooth surface, and a value of 1 would be a very rough
surface. Specularity fractions greater than 0.1 and roughnésssvgreater than 0.2 are not very

realistic.

mod plastic id

0

0

5 red green blue spec rough

The opaque material used in the preliminary analysis is a BIPV with an inner layer of insulation, having

the followingproperties:

# material name: BIPV_insulation
# material type: opaque

void plastic BIPV_insulation

0

0

5010101 00

6.1.2.2 Translucent Material

Trans material is similar pdastic The transmissivity is the fraction of penetrating light that travels
all through the material. The transmitted specular component is the fraction of transmitted light that
Is not diffusely scattered. Transmitted and diffusely reflected light is modified by the matetal colo

Translucent objects are infinitely thin.

mod trans id

0

0

7 red green blue spec rough trans tspec

22 http://radsite.lbl.gov/radiance/refer/ray.html#Material§last visit, 24 July 2018)
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http://radsite.lbl.gov/radiance/refer/ray.html#Plastic

The definition of traslucent materials is complex because it considers different parameters related
to the scattering effect the light is subjected to when travels through the layer. As a consequence,
the translucent materials used in the analysis are materials alreadyifidtesl literature; the one
chosen have properties that we can approximate similar to ones produced bBynoweh glass

producers

# material name: TRANS24%

# material type: TRANSLUCENT

void trans TRANS24%

0

0

7 0.48913 0.48913 0.48913 0.08 0 0.5333 0

# material name: TRANS16%

# material type: TRANSLUCENT

void trans TRANS16%

0

0

7 0.40446 0.40446 0.40446 0.08 0 0.435635 0

6.1.2.3 Glass

Fa glasses e transmitted ray and one reflected rage produced. By using a single surface is in
place of two, internal reflections are avoided. The surface orientation is irrelevant, as it is
for plastic metal, andtrans The only specification required is the transmissatityormal incidence.
(Transmissivity is the amount of light not absorbed in one traversal of the material. Transmittance
the value usually measured is the total light transmitted through the pane including multiple

reflections). To compute transmisggy (tn) from transmittance (Tn) use:

tn = (sqrt(.8402528435+.0072522239*Tn*Th) - .9166530661)/.0036261119/Tn

mod glass id
0
0
3 rtn gtn btn
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http://radsite.lbl.gov/radiance/refer/ray.html#Metal
http://radsite.lbl.gov/radiance/refer/ray.html#Trans

For the preliminary analysis we considered two differentdppéGUs, havindifferent type of glass,

with different light transmittances:

# Glazing_IGU_SUNCOOL40 22 PROT: U -Value=1.1W/m 2K
# visual transmissivity: 40%

void glass IGU_LOW_SUNCOOL40 22 PROT

0

0

3040404

# Glazing_IGU_SUNCOOL70_40_OW: U -Value=1.1W/m 2K
# visual transmissivity: 74%

void glass IGU_HIGH_SUNCOOL70_40 OW

0

0

30.740.740.74

As it can be seen, the second one is clearer, having a transmissivity equal to 0.74.

6.1.2.4 Use of materials in the model

The preliminary simulations cead out mainly ained to reduce the wide range of variables of each
system to a narrow domain, to reduce the time needed to complete a simulation. In order to obtain
this goal, the first analgs do not take into account all the combinations possible using all the
materials, buthey only consider transparent or opaque materials; subsequemiteit wasclear

the behaviour in terms of sDA and ASE of the system related to the use of the malerials
simulations wiltonsider also the combination with other materia¢dongingto the same category

(e.g. the system is tested with a basic type of glass and then tested with more performingiglasses

order to define the difference in performance)

79



In order tounderstand the behaviour of the system, some assumptions about the materials used in

the different panels have been considered:

South West East North
Bottom panel | Transparent Transparent Transparent
Left panel Transparent/opaqug Transparent/opaque Transparent/opaque
Top panel Opaque Opaque Opaque
Right panel | Transparent/opaqug Transparent/opaqug Transparent/opaque

Tablel3: Materials assignments for preliminary analyses

6.1.3 Solvers

Thedimensionaparameters considered have been set as sliders free to change in their gtdraain
combination of the areas created by the different valoiethe sliders and the type of materials will

imply a change in the opaque/transparent ratio and as aaegurence, on the daylight parameters.

The aim is to reach the values of sDA and ASE to satisfy at least the minimum requirement of LEED
v4, which iIASEKL0%and sDAkK55% (to obtain more points for the LEED certification, sDA should

be higher than 75%As the reader can understand, it was necessary to find a way to automatically
test all the possible configuratio(more than7000 for each geometry combined with the different

materialg; the choicefell onthe use of a solver.

GDSYSNAO a pding&indgenertanlailytb&applied to a subset of all possible problems.
To understand the limitations of a solver, one needs to understand both its underlying theory as well
as the algorithmic representation of any given problem. These must agbessmain somewhat

abstract as the dimensionality of a problem is dependent on the chosen formulation, which is often
FIN) 6Se@2yR ¢KI G YSNPB A Kdae talsdhe Gdmgin of allathizl pdskideS o ¢
O2y FAIAdzNF GA2ya (GKS aLIKFasS &Ll OS¢ 6KSNB | NB O:
A0FiSe ¢KS FTAY 2F | az2f dSNJ Aa G2 RSTFAYS GKS ¢

2D Ruttengd DIF £ F LI 323 2¥NYXAKISGX2BE 02F yRSYSNARO2@2f OSNEE S | NOKA
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T dzy O A 2eXpEessdhk deirgbility of any given state and expresses that desirability as a single

state.

FaAOlIftes Ad Aa ySOSaalNEB G2 RSTAYS || aFAdysS
GKS dGLKIFAS &L} O0S¢sx (KSy (ikton ¢ 2alugsSWNith gnaximize ar NB
minimize the fitness function, according to the will of the user.

The phase space is a 2D space, where the values of the fitness function are developed along a third

dimension, creating peaks.

Narrow peaks inside valleys
indicate an unstable problem

An ideal fitness peak

T
& & % 357 S I 1N
Adjacent states with identical fitness States without a valid fitness +—1
indicate an underconstrained problem indicate an overconstrained problem

O Figure6-5: Landscape topologies

The solver chosen for the preliminary stage is Galapagos, which offers two different kind of solvers:
O Evolutionary solver;
O Annealing solver.

The first one is based on biologic pmtes: the phase space is populated with individubks)

proceed to breed the highest ones in the hope that their offspring will be closer to a stfmmit.

81



Large jumps
R 25

\\\\\\\\\\\hlﬂl|lll.u//”,/,,//
sy, "y,
3 ",

",

& 4

ace
———
~
Z
awiy,
§\
S
&
w

Phase sp

T
W iy,
N /

Geneyg tion »

N
S
N
1\ W

A

e

ot

:; ?7/ * N

Z N
Wy % //’/"’HH\\\\\\\%\

S

//////// //////”,l‘\\\\\\ \\\\\\

8 ///l/h“”““\\\\“ et

e
— e Phase space
Phase space

////,///

5 1,

Generation 1 ////w/mummlu,m“,,,,,,
"y,

Phase spac

Start

«Small jumps—

Figure6-6: Evolutionary and annealing solvers

The second one is based on thermodynamics: when a crystalline matrix is formed during the cooling
of a molten metal, the crystals grow as the temperature decreases. The solver tries combinations

randomly in the space, d@ decreasing steps; if the value obtained is worse than the previous one,

it will revert to the previous value, not accepting the new combination

The aim of the preliminary analysis is to define a certain number of possible configurations,
guaranteein@cceptable values for the daylight comfort; as a consequence, the kind of solver chosen

is theevolutionary one, since it does not provide the best value, but a group of suitable values.

6.1.3.1 Use of solvers in the model

Considering the way a solver worksdascribed by D. Rutten in his article about the limitations of
the solvers, a solver needs a fitness function which expressdedhrability of any given statthe
Fdzy OliA2y ySSR&a (2 0SS SELINBaaSR Ay | esuNslofitde o1 &
processes and will plan the further attempts starting from them.

Different ways to express the fitness function have been investigated; the first main question was in
which way the solver should learn that the results are not acceptibtenguishing between the
values that are close to be acceptable and which are complete\Maoutover, also insidethe
acceptable rangé mustbe noticedthat, even if values of ASE lower than 10% are good, the lowest

is the value the betteris the visud comfort. The same could be said for the values of sDA, which
should be higher than®46 or than 75%, according to how many points the user want to achieve from

the LEED certificatioithese assumptions atiee teachings that the solver has to learn.
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The firstchallenge related to this setting was that the two values were on two different scales, so it

was necessary to normalize the values on the same scale, to give them the same importance:

e OYODOOQ
0YO ———
p T
... [ 0O0®maouw
i Oo0

P TTIL U

Then, in order to makelearerto the solver the fact that the lowes the value of ASE, the better is
in terms of comfort, the results higher than ids beertransformed in negative number. Then the

equation to be nmimizedwas:
p O0°YO i 00

This fitness functioallows to give an important information to the solver: sincefitness function
needs tobe minimized, if thevalues of ASE are higher thHdP6 they are normalized and added in
the formula: the smallesithe difference from the 10%, the lower will the value of the fithess
function, teaching to the solver that configurations having for exanaplesSE equal t?2% have
some good parameters which lead them to get close to being accepid@ideapproacimas been
used in all the analgs that will be shown in the next part of this paragraph: the configurations are

investigated trying to mimizethe function set.
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6.2 SENSITIVE ANALYSIS ON STUDIED GEOMETRIES

In this second part of the chaptetrs described the group of tests performed in order to evaluate
different parameters that could have influence on the final geometry and on the decisional process.
First of allthe sensitiveanalyss has been done considerinthe geometriesstudied in order to
understand if thebehavedescripted inChapter3.4 could be assumed also for mocomplex

geometries.

The model has been analysed wiitle two tools usinghe same settings fdRadance Parameters

and materials This study has been necessary also for the analyses that will be explained later in
Chapter6.4, which lead to the definition of the bases to develop a method of calculation of ASE and
sDA. As a matter of fact, at that part of the stage it was necessary to establish how and according to
which parametergesults could change from one software to the other, in order to predict the

goodness of the obtained results.

Here belowarereported part ofthe simulations carried out and the comparisons between the two
softwareconsidered; the geometries studied alevays composed by the same materials applied to

thepanelsbuti NEAYy 3 GKS avyzad SEGNBYSE 3IS2YSGNRAOI§

O

sDA DIVA = 72 %  sDA HB+ = 100 %

) sDA DIVA = 100 % sDA HB+ = 100 %
A 15 Time » 300 ) IE—— 2 100

] — ]

ASE DIVA = 15 %  ASEHB+ =9 % ASE DIVA = 28 %  ASE HB+ = 19 %

sE s a0 a0
282 oty 1000 o) () ASE Hursge » 1000 bor) () W

Figure6-7: High height, high extrusion, small widthnd High height, small extrusion, small width
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Figure6-8: Low height, high extrusion, high widihd Low height, low extrusion, high width
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Figure6-9:Medium height, extrusion and width

As the accuracy of the ASE is concerned, the simulatiomghatvthe highest is the transparent
surface, the lower will be the difference in the results of ASE between the two sofasreviously
explained in the chapte3.4.2.2 the variation of ASE values between Honeybee [+] and DIB&A is
valuablef the glazing part is in the lower part of the facadédthe incominglirectlight hitsthe grid
analysis ithe part of the floor closer to the facadkn this caséhethree-dimensionamoreextruded
shadingsi.e. in the cases 3,4 andabts likewindows placed in the lower part of the fagcade and,
consequently there is not so much vaoatbetween the values of the ASE. Vice versa, where the
glazing part is moremphasized and there is not so much shadimg difference in ASE between the

software increasgconsiderably.
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Same considerations can be provided about the. #i3Aalready said in the chapt@#.2.]1 the
different discretization of the skyatchesbetween the two softwaréhas alot of impact on the
results.Sincen DIVAhe position of the sun in the sky is approximated-dffatchesif a shading is
provided like in this casthe grid points that will be more subjecteddmect and diffuse light will be
those closer to thegicade deeper inside the roomeven increasing the power and the bounces for
the calculation, the results wileverbe accurate enoughlhsexplairswhythe percentage of hours

of illuminance overcoming 300 lux calculated in HonejAeehigh also in the intermediate area of
floor of the room, while in DIVA this value rapidly decreases movingirawathe window in fact,
lookingat the figures from Figure6-7 to Figure6-8, it can be seen thdhe orangecells of the floor

are similar until the first half of the room, then in Honeybee they tend to smoothly fade towards the
end of the room, while in DIVA there is not a smooth transition, but it is quite abrupt compared to

the other software.

In support of this theory, also the results of the Daylight Autonomy (DA) have been plotted and
evaluated aaarding to their distance from the facade; tf@lowing graph(Figure6-10: DA trend
moving from the facadshows the trend oDAmoving away from the window in theo software

where it is possible to see that the higher is the distance from the facade, the higher is the difference
between the results of the two softwagng can be seealso that the valus start to have considerable

distancesafter thefirst half of the room.

100 Daylight Autonomy

90
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40
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20
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Distance from window [m]

Honeybee+ Diva

Figure6-10: DA trend moving from the facade
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6.3 RADIATION ANALYSIS

As seen ithe previas paragraph, lie very first group of simulations have been done on a default
geometry, belonging tolRb familyto enrich and validate the sensitive analysis treated in Chapter
3.4; then the subsequent step was to run mangnslations (around 200) ahe room, trying tofind

the configurations which captimizeASE and sDAhe room analysed was composed by two panels
and the results have been obtainbdth consideringa contextandfor the building aloneThe first

issue that catch the eye was the time needed to perform the simulation for a room, testing a high
number of geometries; it was clear that a similar process for a fagcade composed by many rooms

would turn out to be red} time consuming and difficult to manage.

Startingfrom the definitions of the daylight parameters according to the LEED preswjptizvas
clear that the value that could affect the most the results would be the solar radiation, which as a

consequence is the first one that has been analysed.

In order to simplify and make the simulasdaster, the subsequent step was to study an entire
facade, divided in as many panels according to the dimension of a standard panel and study the

incident solar radigon on each panel, considering also the effect of the context.

Figural_Incident radiation on théagade related to the context

87



As it can be seen from the picture, this method allows to define in a reliable way the effect of the
context on the facade along the entire year. Once the radiation has been calculated, how is it possible

to design a proper geometfgr each panel?

The solution proposed was to simplify each panel wibubae

Radiation from west

nasnonee  PlACEd IN the centre and for each face of the cube, the incident

radiation has been calculated. This simplification entails a

reduction in the time needed for the simulation andl give an

approximation of the radiation coming from the different

directions. Then, the energy on the different faces will be

proportional to the ones reaching the top, bottom, right and left
panels;the final valuewill be proportionato the radiationsince
the faces will be tilted and will be affected by the angle of

Radiation from east

inclination.

In this way, there is no correlation with a geometityich can

guarantee the achievement of good values for ASE ancssBiA

Radiation on the bottom

this step ithas been decktd to studytwo rooms of thefacade

the one with the lowest incident radiation and the one with the

(fi]gt“fﬁ?;lcl;f&h 3@‘23{,2“6 neidentradiat highest radiation.The optimization ofgeometries have been
defined using DIVA and a solvesing the equation shown in

paragrapt6.1.3 the solver generatageometieswhicharetested with DIVA, untit does not reach

for a certaimumberof attempts (the number can be set by the userimprovement of the restsl

(the limit in these simulations has been set equal ta £G0r 100 times the software does not get

better values, it will stop the process)Once the optimization (in terms of ASE and sDA) has been

done for the tworooms and an acceptable configucatihas been foundall the others can be

obtained with a remap of the resulfEhis is due to the fact thtte solar radiatiosmoothly changes

along the facade and each change is related to a portion of area of theaathmnge in the geometry

to satisfy the daylight requirements is correlated to a change in radiation, so the interpolation of

these data may allow a reliablendigurationof the facade, which obviously needs to be tested, to

see if some rooms present some local issues.
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Figure6-12: Solar radiation on each panel of tfagade

The values obtained were used to remapd control the values of the sliders related to the
parameters of the panel: extrusion, height and width. The width was relatkd tadiation incident
onthe two lateral sides of the cube, the extrusion to the top side and the height to the parallel side.
As it can be seeithe result is thathe shape of the panels and their dimensions varies along the

facade coherently with the context.

The interesting aspect of this solution is that this was an attempt to see it was possible to evaluate
the geometry oty for an optimized configuration for sorapecificrooms with particular values of
incident radiation (highest, intermediate, lowest) and start from them to obtain all the other

geometries.

Figure6-13: Correlation of final geometry with the incident solar radiation
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Since the sun path depends on the latitude, we tried three different latitudes in order to see how the
remagpedranges influenced the shape of tfegade We @n see that the trend similaralong the
facade on the other hand, the dimensions of the panel change according to the latilueéo the
different height of the sun

Figure6-14: Results of the prelimary analysis for Alaska

Figure6-15: Results of the preliminary analysis for Boston

90



Figure6-16: Results of the preliminary analysis for Miami

This preliminary analysis was helpful since some aspects that have been underlined from the results,
will be the starting point for further analysis process. Starting from the conBn#éh&acade is not
obtained with a studjor each room, bueach valuénasbeen remapped considering few rooms and

their relationship with the context. With this kind of simulatiibis not possible to be sure that all

the configurations will be acceptable even if theygaraerated from acceptable configuratiois®

they will be tested for further verifications: tHeads toa massive reduction of the time needed
compared to thegime needed to perform theesearch of the best geometry with the use of solvers

The heritagethat has been left from thispproach is thathe results shown that the expected
correlation between the geometrical values and the solar radiation is venf@dover, the strategy

used for the remapping process has been used in the option B of the final optimization process (see

par.8.4.2.2.

6.4 LATITUDE BASED ANALYSIS

After thestudyof the output of the previous analgs, it was clear that the solar radiatioannot be

used ashe onlyparameter to beconsideredor the purpose, becauseigtoo affected by the context

and itisnot so easy tase itto make predictns. As it can be seenhigure6-14, Figure6-15 and
Figure6-16 the results of the facades analysed with the same context are different; this means that
the variations in thdacades are due to the sun path and the Haigf the sun in the different
locations.The position and orientation of the kg influence the results, sincdated to that there

Is a change of the altitude and azimuth angles.
91



If this assumption is correct, the results and the outputfégades in cities placed at different
latitudes should be proportional to the change in latitude from one to the other. As a consequence,
the main idea that drives this group of analysis is to carry out analysis on different cities at different

latitudes in ordeto create a database for the simulations.

To simplify the process, the globe has been divided in five macro areas according to the latitude, in

order to define the behaviour of the families related to the height of the sun.

2N

3N

4N

5N

Figure6-17: Macro areas subdivision of northern hemisphere

In each area has been chosen a city where the room has been placed in.

6.4.1 Databasereation

The cities chosen are located at different latitudes with a difference in laapm®ximately equal

from one to the other. The cities chosen are Singapore, Bangalore, Miami, Milan and Stockholm. In
order to make a rich database, the simulations for each city have been run for the facade exposed
towards south, east and west and the siation run both in DIVA and Honeybee+ to compare the
results and define where the differences could lay between one and the other. This step is added to

the one descripted i€h.3, in order to enrich the sensitive analysis.

6.4.1.1 Influence of orientation

As said previously, the orientatidirectly affects the incoming radiation and sunlight in the room.

General assumptions may be done a prior according to the expositthe facade considered, but
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they will be declined according to tlaitude and height of the surisenerally, the northern facade

is the one receivinglirect sunlight around the summer solstitteerefore it may have a high
percentage of the surfaceagled. For this reason, analyses on this exposition have not been carried
out. Facade towards eashd westreceives high amount of solar radiation, especially during summer
but with a shallow anglmaking it difficult to be shadetlastly, southern orientation receives the

highest amount of solar radiation, with a steep solar angle.

-~ Outside air temperature
Complete shade ' &

is possible, 21:00 50

no view out and ¢

daylight required

Period of building use,
solar screening

) must allow view out
15:00

= Outside air temperaturepe
Period of direct sunlight
Period of building use Complete shade is possible,
Outside air temperature > 26 °C S heat can be removed at night

Outside air temperature < 26 °C

nl

Figure6-18: Effects of orientation of the facade

6.4.1.2 Simulation settings

The considerations made after the sensible analysis of the tools for the calculation on a base case of
a shoe boxlead this process to be organized in different ste@&h one characterized by an
increasing level of detail. In termasimulation this has been translated irddferent setting of the

rad parametersindeed,at the beginning the simulations have been run he default options of

DIVA and Honeybebut results showed that there was not a quality of simulation of DIVA that could

matchto the oneHoneybeeAsa consequence, toompare the results, it was necessary to set the
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same-rad parameters tdoth of them.The rad parameters used are the sanfech have been set

in Chaptes.

As a reminder, they are reported below along with a brief schemeiofringe, which can help also

to understandhe time needed to run the simulation.

Param Description Min Fast Accur Max Notes
-ab ambient bounces 0 0 2 8
-aa ambient accuracy .5 .2 .15 0 C
-ar ambient resolution 8 32 128 0 C
-ad ambient divisions 0 32 512 4096
-as ambient super-samples 0 32 256 1024
-lr 1limit reflection 0 4 38 16
-lw limit weight .05 .01 .002 0 C

NOTES:
C) Maximum value disables optimization and can be very expensive

Figure6-19: Description ofrad parameters in DIVA

-ab 5 -dr 2
-aa 0.2 -ds 0.2
-ar 64 -Ir 12
-ad  [1024 | -dj 0
-as 2048 -S] 1
-lw 0.004 -st 0.75

Figure6-20: Used-rad parameters

The literature and the experienobtained from the simulations performed at the first approach to
this topic showed that the two values consider@ differently affected by theuglity of the
simulation, due mainly to theirature. ASE represents somehow the glare inside a raowill be

mainly affected by the direct solar radiation. sSDA on the other hand represent the illuminance inside
the space considered, so it will be adtion of the direct and diffuse solar illuminance and it will

dependalsoon the number of bounces considered.

To streamline the process, it has been decided to use a soldeunfirstly the simulations lowest

quality to find all theonfigurations allowing to obtain a value of ASE betwégan@d 104 since this
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value is not affected by the qualifyhe lowest quality allows to save time, since each simulation takes
around 20 seconds and the possible configurationgach familyare 7200,considering thall the

combinationf the sliders.

As a matter of fact, the variables could change between the following ranges:

Range
Height From 1 to 5*
Extrusion Fromto 1 to 10*
Width From 2 to 9*
Material right panel Glass low transparency, glass h

transparency, opaque

Material left panel Glass low transparency, glass h

transparency, opaque

Material bottom panel Glass low transparency, glass h

transparency

*values from 1 to 10 representpercentage of the total, e.g. 1=10% and 10=100%

Tablel4: Variables ranges

The output of this group of simulations is the collection of configurations which guarantee an ASE
value acceptable. Inside this space, only the configmsatiath a sDA at least equal to%8@ave

been considered in the next stephis choice, as it can be seen in the following chart, is done
considering that the value of the sDA increases pafsimgone quality to the other; configurations

with 30% of sDAnilow qualitycan reach a acceptable value ihigherquality, (such as the one

defined by therad parameters usedy at leastgetting closer to an acceptable value.
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sDA- Low and Medium quality
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Figure6-21: sDAcomparison between low and medium quality

The results obtained from the previous two stdps all the expositions and all the climates
consideredhave been evaluated in function of the income of direct and total radiation, in order to
make assumptionsathe behaviour of the system atarestrict the domain of the variables. As not
expected, the results pointed out that the values were only slightly affected by the total and direct
radiation; this led to further researchésfind a relationship between #results obtained for ASE

and sDA and some geometridahctions As said, the first correlation tried was between the

radiation (total, direct, diffuse)n the transparenpart and the daylight results:

Relationship between ASE and Direct Radiation

700 35
600 30
2500 25
X,
5 —_
£400 £
s ;
X300 %
I3
0200 10
100 5
0 0

Direct radiation

ASE Lineare (Direct radiation)

Figure6-22: Relationship between ASE and Direct Radiation
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As it can be seen from the previous graph,relationship between the value of ASE is nataarate
as expected; the AS& decreasingly ordered but tipeaks of the directadiation do not allow to

establish a common trend between the two values considered.

Subsequentlythe attempt was to find a relationship between the glazed areas and thebASHt

even this evaluation was realistic of a trend:

Relationship between glazed areas and ASE
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Figure6-23: Relationship between glazed areas and ASE
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Figure6-24: Relationship between glazed area (above 76 cm) and ASE

The areas considered in the two previous graphs are botsuheofglazed ones projected along
the direction of the sun vectors; in graplyure6-23the area is theentire glazed one and in graph

Figure6-24the area considered is only tbae abovethe grid.Thelinear interpolatiorof the values
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of the glazed areais following thetrend of the ASEbut the peaks that are visible imply that the
correlation cannot be established oglynsideringhe sum of projected areashowing thathe ASE
is notdependent by the quantity of the diceradiation buton how this radiation is distributed¢h
factthe projection of the area along thBrection of the sun in the morning can lead to a really bi
projected areasince the sun height is latthe horzon but most of the part of the room covered
by this @eais hitby the sun only during &hmorning so it will notaffect considerably thealue of
ASE; itanbeimagined thathe critcal area of the room is the one proximity of the window, since

it is the one that is always reached by the s@ddration

For this reasorthe followingstepis to weight the projected area by the distaricem the facade

this calculatiomsdoneto enhance the points under the window aledsconsideithe points far from

the facade.
Relationship between weighted area and ASE
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Figure6-25: Relationship between weighted area and ASE

As it can be seen kigure6-25, the weighted area allows to approximate well the ASE values, even

for configurations obtaining highealues, which means that are highly daylit.

These assumptions on tlagproximationof Annual Sunlight Exposure allowd®velop a complete

calculation methogdas explainedh the next chapter.

98



99



In the previous chaptahe readerhas been introduced tsome of thesimulations performed at the
beginning, as a first approach to the world of daylighitthe solutions explained allowed to get a
better knowledge of the parameters consideradd to make assumptions on the relationship
between different paramters and the final resultsvhich slightly got more closer to the effective
ones. Moreover, as seen at the beginning of Chaptehe results on the geometgnalysed for this
project, show slight differences using different tools, confirming what has been explained in the

sensitive analysis (Chap®r

Pairing this aspect with the long time needed for the analysis using existing software for the
calculaton, it appeared clear as a subsequent step of this work the definitiopropaietary method

of calculationln order to be effective this method should have some properties:
O Reliability on the goodness of results;
O Suitable for different geometries;
O Being CBDM;
O Faster than the competitors.

This chapter describes the methods of calculations which have beelopied in the different field
considered: dayllg calculations (both for ASE and sDA) and energy calculatidressing the
reliability of the results comparing them with other tools anth the reduction of the time needed

for eachsimulation.
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7.1 DAYLIGHTNALYSIS

Thefirst calculation method described is the one used for the daylight an#lysés clear from the
beginnng thatthe mostused sftware in the dayjht fied can be used by the user for many different
purposes; this will lead to really complex analyses, which are time consuming too. The reasons for
the long time needed for the simulation can be explained in different ways: first obsllpfrthe

plug ins are not performing a calculation for each component, but they tend to group more than one
simulationin onecomponent(e.g.Honeybeehas only oe component whiclperforms UDI, DAF
calculations)As a consequence, if the user needs a result for the ASE probably he is not able to obtain
onlythat value, reducing the simulation only to the calculation of the ASE, but he will have a longer

simulation which will calculate also other daylight parameters.

Another issue which lengthen the simulation time is relatatléassumptions explained @hapter
3.4, whid is the disretizationthat the software desfor the sky, the hgher is the reslution, the
higher willbe the rumber of patches cosidered and as a cosequence, the time needed for the

simuation increases.

Since it was also clear that the main parameters tloatdvbe used as discriminants would be mainly
ASE and sDA, all the other possible outputs coming from the calculation of other software would lead
to a useless waste of time. As a consequence, it comes the decision of calculating these values directly

in Grasshopperwithout the use of other tools.

This decision has two main pros: beside the reduction of time needed for the simulation, there is the
design of a flow completely developed by us; as a matter of fact, every time aBoasghoppeis

realizd with components of different tools, it cannot be used until the user downloads and install
them: this is time consuming and makes more difficult the user experience. The tool that has been
developed does not use any other component, but analyses autmmsynthe sky and its vectors

and delivers in shorter time the results of ASE and sDA.

7.1.1 ASE

The ASE value represents the percentage of floor which has, for moréstiaou2s, 1000 lux. This
definition combined with the outputs of the preliminary analy¢ese par6.4), has been used to
develop the calculationn fact, as the reader can remembire aimof the preliminary analysdms

been the research anthe deermination of theconnection between théSE with a geometrical
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value, considering also other aspects like for examm@eposition of the sun, its height and the
context.

The definition of the model followed the steps donevitichever other daylight tool: the room has
been designedettinga grid of sensors at6 cm of heighfrom the floor with a certain spacing: the
smallest are the cells, the higher will be theuaacy of the calculation since the result is a percentage
of the floorand the evaluation will be done considerihthe center point of the cell is hit or noAs
it can be seem FHgure7-1, even if the grid on the leftand sidehas itsfifth row partially coveredt
will not be calculated, since the shades will not reach the midpomtthe righthand side, the
spacing is smaller amlde accuracwvill be higher; the resulisf the two examples show a percentage
of floor covered respectively 66% andd5% The difference is not slight and as for this extreme

example, the grid must be chosalso considering the accuracy needed for the project.

Hgure 7-1: Difference of accuracy according to the size of the grid

Nevertheless, the spacing of the cell is defined by the standards, which usually give a minimum value;
the one chosen for this work3® cm, respecting the requirements of the LEEBrough a study on

the ASE, which has been done considering its definition and the results of the comparison of the
available software, it is clear thiais dependent from the direct illuminance, while the difone

does not affectonsiderablythe results. As a matter of fact, ASE is a different way to express the
glare inside a roomnso it should be more affected by the direct radiation than by the ditinsg

glare is usually expressed usthg DGRsee pa. 2.2.1.9, but in a work formulated asis thesis

project, the evaluation of this parameter cannot be considered useful, ssxadulationdepends

on different parameters that cannot be considgérgeneraland used as discriminants in aarly
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stage design proceshk fact,DGPis affected by the point considered, its closeness to the window,

the position of the user, the direction the user is looking towaatds.

In the most of the daylight callation software, ASE is never computed alone, but it is always paired
with the calculation of other parameters, which involve a different consideration of the illuminance
and sometimes require longer timEhe other values which are calculated take imiwoant alsohe
reflected light and the diffuse componenthichare useful if the purpose of the analysis is to get
accurate hourly valigof the illuminance in each point of the test grid, but for the ASE this part of
the calculation it is not necessaBesides, the duration ofiglasttype ofanalysis is affected also by

the number of bounces, of reflectisof the light and the other rad parameters considered by the
software increasing considerably the time for a simulation, which could be really sitbAerther
parameter that affects the value of the ASE is the direction of the sun rays, which can be derived from
the position of the sun: it can be seen thaddaes not change significantly awlaily bas, but it is a

slow change where theisible differences can be seen on a monthly paseeduce the time an

average calculation can bssumed

Starting from these assumptions, the aim is to develop a tool which can calculate the desired value,
only considering the parameters and the aidtion which are strictly related to the result that has
to be obtained, avoiding the calculation of extra criteria which will lengthen the time needed for the

simulation.

7.1.1.1 ASECalculation method

The calculation of the ASE starts from the analysiseofeipw file, which contains all the available
climate values for a location. Firstly, from the weather file it is possible to create the path of the sun
on a yearly base for the chosen location and obtain the hourly values of the direct radiation for all
the hours of the year of a reference ye@onsideringhesedata, it is possible to define the exact
position of the sun along the year, which will be usedeference tothe position of the room
considered. Moreover, thaourly yearlyalues of the intesity of illuminane are reported in the
weather data filgaking into consideration also the weather conditions. For example, if the weather
is cloudy, there will be a reduction of the direct illuminance, while the diffuse radiation will not be

affected bythe climate conditions.
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7.1.1.2 Calculation of the sun position

The first step is the analysis of the position of the sun, which allows to calculate the direction of the
sunrays. They are obtained considering the vector joining the point of the position ahthtls a
point of the room considered; since the change in the position in during the day is slight it is
reasonable to use instead of the hourly valuéhefdirection of the sun an average valabtaining

a reduction of the time needed for the calcitat

Figure7-2: Sun direction of August at 12:00 anilan

As it is possible to see from tRagure7-2, the position of the sun at 12:00va during August, which

Is one with the biggest changes of position during the month, has not big variations and an average
of these vectors is a good rgsentation of them. The calculation of the average is the first step
which goes towards a reduction of the time for a simulation; the approximation of the direction is

reliableandthe time saved for the calculation of the position is conspicuous.

7.1.1.3 Evaluatbn of the context

The subsequent step is to take into account the context in the solar vector definition process; each

vector defining the position of the sun creates a line ending in the center of the considered panel.
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Figure7-3: Sun direction obecembeat 12:00 amMilan

Each line is tested with the surrounding context to see if it is possible that tiélsutha & YS S ¢
object of the contexaind as a consequendbgey areshielded by the context, as the reader can see

in Figure7-3. According to the month considered, the same context acts in a different way, since the
sun path is different; in the case considered, during the month of December at 12:Qfbexe will

not be direct sunlight and there will not be an average vector.

Another possibility that can occur is when during the same month there are some dayshithehi
sun vectors collide with the context and some days not; in this situation the average vector will be

made taking into account only the vectors that do not collide with the coriere7-4).
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Figure7-4: Sun direction oDctoberat 12:00 amMilan

7.1.1.4 Evaluation of the schedule

Before the calculation of the average vector, the occupadgdule is considered and used to cull
the days when the building is not occupied. For exanaptgpical office schedule has occupancy
equal to 0 during the weekends, so the vector that represent these days will not be calculated in the

average igure7-5).

Figure7-5: Sun direction oNovemberat 9:00 amMilan working day
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7.1.1.5 Evaluation of the direct illuminance

The last parameter that is considered is the climate condition and the illuminance; starting from the
weather data it is possible to know the value of direct illuminance and consider only the days in which
at that spedic hour there is enough direct illuminance to have more than 1000 lux on the test point,

(e.g. for a glass with \£10.7, theywill be considered only the hours with direct illuminance equal or

higher than—8 p T cayod.)w

In Figure7-6 it is shown the average vectof sun vectorgor November at 9:00 in Milan taking into

account of all the factorsvhilein Tablel5it is possible to see the details of the month considered.

Figure7-6: Sun direction oNovemberat 9:00 amMilan

Day Direct illuminance| Context collision Vectors for the
(lux) average
1 | Monday 0 False
2 | Tuesday 7000 False
3 | Wednesday 31200 False _
4 | Thursday 0 False
5 | Friday 0 False
6 | Saturday 29900 False
7 | Sunday 30100 False
8 | Monday 100 False
9 | Tuesday 0 False
10 | Wednesday 0 False
11 | Thursday 26800 False _
12 | Friday 0 False
13 | Saturday 0 False
14 | Sunday 14200 False
15 | Monday 24550 False
16 | Tuesday 11600 False
17 | Wednesday 23400 False
18 | Thursday 23200 False
19 | Friday 0 False
20 | Saturday 4400 False
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21 | Sunday 17300 False
22 | Monday 550 False
23 | Tuesday 0 False
24 | Wednesday 0 False
25 | Thursday 0 True
26 | Friday 0 True
27 | Saturday 14600 True
28 | Sunday 14700 True

Tablel5: Vectors for the averag®lovember 9:0@m Milan

As it is possible to see froiablel5, during the month of November after the skimming process,
there are only seven days in which the consideretigidine facade is reached by a direct illuminance

that can cause an internal illuminance higher than 1000 lux.

To each average vector is correlated the number of hours which are collected by that vector. Since
the calculation of ASE is the amount of hawesr 1000 lux, it is necessary to make an average of the
direction of the sun in order to know how many hours each vector is representing; in the example of

Tablel5the vector is the average of seven days along the four weeks.

Figure7-7: Average vectors

With this calculation, it is possible to pass from 2300 vectors of an office schedi@I®&@Fri) to

125average vectord{gure7-7).

This procedure is useful because thewaled vector depends only on the location of the considered

surface of the facade, but it is independent from its geometry in that point.

This type osimplification is as a goahy to take into account of direcontribution of the sun since

is an average made on the correct analenufthe selected locatian
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Comparing this type of methodith the one used in DIVA and Honeytsse ChapteB.4), itappeas
clearthat this kind of average on the vectors shdwdda better shematization for thalirect part of
the radiation since both the software has 65 defined sun position for the directaparinstead of

the realsun position is used the nearesttbése standard points.

7.1.1.6 Projection of théacade

At this point, it is possible to project the transparentate$ of the facade along the vectors on the
test points. Starting from the portion of the facade selectedsapeint grid is created behind the
surface; the grid has an height equal to 0,76 m and a depth of 6 snieterder torepresent the
dimensions of the floor dhe reference room; the height of the grid is standard and it cannot be
changed in the plum, while the depth of the room will be represented by the average depth of the

room whichisdefined by the user before the preliminary analysis.

Figure7-8: Test point gridor the selected part of thiacade

The test point grid generatedriure7-8) has a spacing &5 cm between each poiniThen, the

transparent part of the panel is projected along the average vector.
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Figure7-9: Projetion of the transparent part, October 9:00 am Milan

In Figure7-9it is shown the projection along the vector previously calculated; once this diapeis
it is possible to find how many points of the grid are covered from this projection, so this imply that

they are hit by direct sun in the month of October at 9:00 am.

‘‘‘‘‘‘‘‘

Figure7-10: Grid point hit bydirect sun
Knowingthat the averagevector of October, after the skimming, is the result of seven vectors, the

points inFigure7-10in red for the math of October at 9:00 am have seven hours with more than

1000 lux.

At this point it is possible to repeat the calculation for all the average vectors and summing in each
point the quantity of hours related to the vectors; in this way it is possible to toch are the

pointshavingmore than 55 hoursexceedindgl000 lux.
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Figure7-11: ASE points

In Figure7-11it is shown the result of the annual calculation and highlighted the number of points
reached from the solar radiation for a number of hours higher tih&nthe result of the ASE in this

exanple is 13%, a bit out of the acceptable range.
CNRY UKAA Y2YSyid 2y F2NI O2y@SyASyOSs (KAa YS

7.1.1.7 Comparison between Simplified method and othestool

The configuration seen in paf.1.1.1has been tested with other tools (DIVA and Honeybee+) in
order to define if the Simplified Method has effectively a reduction in the time needed for the
simulation. The analysis time of HoneyBeé&s5iseconds, the one of Diva in the lowest quality is 10
seconds, with the Simplified method the result is given in 3 seconds, which is a reduction of time

respectively of 94% and 70%.

To compare the results nonty in terms of time, but alsa terms of figuresbtained with the three

different methods, different configuratioms different climateave been analysed:
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7.1.1.8 R 1.b Configuration, South Exposure

MILAN
Tool Diva Honeybee+ Simplified Method
ASE 8,3% 12,5% 10,4%
Time 10 sec 44 sec 3 sec
BERLIN
Tool Diva Honeybee+ Simplified Method
ASE 5,2% 6,25% 7,2%
Time 10 sec 43 sec 3 sec
N I | _!-_
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7.1.1.9 R 1.a Configuration, South Exposure

v

—— 4

MILAN
Tool Diva Honeybee+ Simplified Method
ASE 34% 36% 26%
Time 10 sec 43 sec 3%
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7.1.1.10 R 1.c Configuration, South Exposure

MIAMI
Tool Diva Honeybee+ Simplified Method
ASE 38% 38% 31%
Time 10 sec 43 sec 3 sec
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As said before, the simplified method can consider also the influence of the context on the results.
This isevaluatedsince the sun path is anabd considering the context as a blocking object: all the
sun rays, intended as vectors joining the sun prsénd the center of the panehat impact on the

context before reaching the window, are culled from the vector list.

7 A

| SNBE 0St24> GK O2YLI NRAa2y A& R2YyS O2yaAARSNAY
Tool Diva Honeybee+ Simplified Method
ASE 8.3% 9.3% 9.3%
Time 10 sec 43 sec 3 sec
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To sum up, the Simplified Method can be considered as a fast and reliable tool to make the calculation
of the ASE. This flow can try 20 configuration each minute, much more than toadsti@red in

DIVAper minuteand the meswith Honeybee+.
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7.1.2 sDA

The calculation of the spatial Daylight Autonomy is more complex than the one of ASE, since the
result of the analyss performed with other tools shown dsperdenceon the quality of the analysis,

so it is difficult to design a method similar to the one for the calculation of ASE, vemilghresduced

to a geometrical calculatioin fact, a analysicarried outat higher quality gives better results of

sDA, sincehie light is simulated with a more realistic behavior and the l@=béithe room is
considered too. The goal is to develop a way toagesult of the Spatial Daylight Autonomy in a
faster way compared to the other tookincea single analysis with higjuality can take up to 10

minutes.

As for the Annual Sunlight Exposure, the first step was to understandoobldrbethe parametes
that mainly affect the sDA resulisd if there were differences in results between the different

software:

Comparison sDA calculated with Honeybee + and DIVA
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$0

‘:5'0 SDA DIVA
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Figure7-12: Comparison sDA calculated with HB + and DIVA

As it can be seen, the general trend of the two software results is the kanhtbe results obtained

in DIVA presendn average, lowevalues compared to thenes of Honeybee+, according to what
has been explained in Chap&rTrying to find gometrical parameters which can approximate the
sDA behavior hie firstone consideredhas beenthe area of transparent part of the panel, since a

bigger glazed area givasigher value of sDA.

The graph reported below shows a group56frandom configurations for Milan, for the R 1.b

geometry facing south.
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Comparison between sDA and glazed area
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Figure7-13: Comparison between sDA and transparent area

It is possile to see fronfFigure7-13: Comparison between sDA and transparent #dnaathere is a
dependence between the dimension of the transparent surface andpghagaldaylight autonomy

inside the roombigger transparent areasvg higher valugof sDA, but this ceelation is not linear

and is not possible to get an accurate approximation of the sDA considering only this parameter. It
can be also seen that only in the last few combinatitorseeybee- and DIVA have similar values of
sDA, but for the majority of theases IB+has sDA values around 100% even when DIVA has values
between 60%/0%.The cases in which the values are the saméh&r®nes obtaining an sDA value
really lowJower than 30%It can be seen also that in tledt-hand side of the graph, the tremd the

two results is not even paired: sometimd¥ B obtains a peak and in the same cd3e ¢iets a fall.

7.1.2.1 Sky view factor (SVF)

The second variable considered is the sky view fagkoch representghe portion of sky visible from
each glazed surface; in fact, the same area of transparent surface gives different contribution to the
spatial Daylight Autonon{gDA)ccording to its orientatigrsince the income of illuminance change

according to the oentation and the tilting angle of the surface.
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Figure7-14: Bottom trasp.: SVF=0,36 Top trasp.: SVF85h Righttrasp.: SVF=04

The calculation procedure for the S¥kes alsanto accountthe contex sinceit is calculated starting
from a hemisphere centeredtine center ofthe transparent areand thshemisphere is then divided

in 300 patchesThe sky view factor is calculated consideruging as a starting point of vigie
center point othe glaziig, how many patches are not covered by the context: that number expressed

as a percentage on the total number of patches represent the sky view factor.

Thisparameteris a value betwee@ and 1 wherel isfor the case of horizontal surfacéadng the
skywithout obstructiors and O for a surface that caot seethe sky,due to the context odue toa

combination of context andrientation of the surface

106 Comparison between sDA and glazed &&4
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Figure7-15: Comparison between sDA and weighted transparent area

As it can be seen from the graph, multiplying the transparent surface per théh&Vesultis a
smoothter curve; the curve gets more lineand the trend is more comparabléo the one of
Honeybee+ and Divahis method of calculation takego account the orientation of the surface
and also the entext the same surfaceigesdifferent contributionat the daylightof the room

according to its orientation an the context up to now the ontribution of the reflection of the
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context is not considered sintests performed shown thagxcept from some particular cases

givesonly a marginal contributioto the sDA.

Subsequently, to obtaimore reliable resultshe weighted aredhas beenmultiplied by a factor
which considers the height of the window in the rodhe same surface with the & SVF placed
at differentheights from the floorgivesdifferent sDA resulissince depending from the heigthe
light godeeper in the rom; it is important to report thathe part of window under the analysis grid
placed at76 cm doesiot helpto increase the sDA valuétarting from this assumption, thehet
areahas beemultiplied for a coefficierthat gvesmore mportarnceto the surfaceshaving aigher

barycenter taking lessto accountthe ones with a lower éightfrom the floor.

The results get even mogmilar tothe ones obtained with HBandit is possible to se¢hat for a

valuehaving aweighted area bigger tha®©.06 transparentm?/ floor n? we obtain values c§DA
higher than 100% in Honeybef@-igure7-16).

Comparison between sDA and glazed &&4Deight
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Figure7-16: Comparison between sDA and transparent weighted area

The following graph shows the values in percentajgheoneshaving aveighted area higher than
0.06reporta 100% of sDA asitput result, andfor the onesbelowthat thresholdthe value obtained
is remgped from the 60.06 range to th®-100% range of the sDA

As it can be seefinom Figure7-17, the trend is the samietween the three methoslof calculation

confirming the good quality of the simplified calculation.
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Comparison between sDA and glazed &&4Deight
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Figure7-17: Comparison between sDA results, simplified method vs other tools

The Simplified Method for the calculation of SDA has been used to evaludigthvey climates &
different latitudes: Singapore ah@éndon This comparisohas been done in order to show that even
if the calculation considers mostly a geometrical factor, it is possible to obtain reliable akssults
changing the climate, considering this calculation somehow clibzated. Nevertheless, it is
important to urderline thatthe values are slightly underestimatedrwpical/equatorial climateand

overestimated irfNorthern climatesThe results are reported in ANNEX

The results shown until nowave been developed for a south facing facamteorder to take into
account thechangesin sDAaccording tdhe orientation of the facad@ studyon the total anddiffuse
illuminancehas been doneThe following grapblots the annual illuminance, both total adiffuse
along the differendirections. To carry out the simulation a surfacelbeen oriented towards the

considered direction and the illuminance has been calculated.
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Annual illuminance for different orientations [Lux]
N

S

Total illuminance Diffuse illuminance

Figure7-18. Annual illuminance

As is possible to see froRigure7-18 the diffuse illuminance has a more homogenbesavior
changing the orientation of thacade for examplethe valueof the north orientation of the annual
diffuse illuminance i85%of the value obtained fothe south orientationwhilethe totalilluminance
facing north is onlthe 33%of the maximum valueAs aurther confirm of the goodness of the results
obtained,the analyss performedn the software compariso(see ChapteB) shown a similar trend
with a reduction of the sD#dr the same configuratigrehangig the orientaton of the glaedpart

from south to norththe difference is around0%.

Consequentlyin order to get correct results for spiye area obtainedollowing the procedure

shown inthe previous stepneeds tobe multiplied by a coefficiemelated to this reduction.
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Coefficient considering the facade orientation
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Figure7-19: Coefficient considering the facade orientation

The coefficient decreaséhe weightedarea so in order t@btain asDAvalueequal to100%it should
start higher than 1 ri This coefficient has a vala&0,8 for east and westrientationsand 0.6 for

north orientation which impliesa higher transparerdreatowards northin orderto reachthe sDA

minimum threshold.

123



7.2 ENERGEZALCULATIONS

The main focus of the pltig is the calculation of the daylight parameters, in order to reach the visual
comfort. As said beforenpore than one configuration can have acceptable ressitsn order to not
reduce the choice to a mere aestluatvaluation it has been thought tperform also somenergy
calculations, to compare the different geometri@s for thedaylight analysis, it has been chosen to

not use third partplugins, introducing a propey method of calculation: thishoice allows to reduce

the time needed for the simulatiofihe plugin proposes a simplified energy calculation, which does
not consider all of the superfluous calculations, computing only the values that can be referred to the
geometry and the materialef the panel.In this part of the chapter thealculations and the

parameters considered are explained.

7.2.1 ENERGY BALANCE

The determination of the loads for heating and cooling requires the heat balance of every single
room. Here below reported the elemerd§the heat balance, summarized briefly, according to the

U.S. Government Publishing Office:

O Conduction heat transfer in buildings constructions such through the solid interior
surfaces of ceilings, floors, walls, windows, doors, etc. as affectethjpgregure changes

at their exterior surfaces;
O Radiation heat transfer by emitted and reflected energy among the room surfaces;
O Convection heat transfer between room air and the room surfaces;

O Distribution and magnitude of transmitted solar radiation passhrough fenestration

areas;
O Heat generation within the room and the resultant convection and radiation heat transfer;

Heat transfer to room mass such as furniture, furnishings, etc.. This is to be considered

with changes in room air temperature only;
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O Convection heat and mass transfer from sources and/or forces acting exterior to the room
such as infiltration, exfiltration, circulating air and inter and indian convective air

motion.24

The plugn, among the criteria listed before, only considées ones that depend only on the heat
exchanged through the envelope and on the parameters referred to the incoming light from the solar
radiation. This is due to the fact that the panels are compared considering the same indoor
conditions: people occupancyequipment and infiltrations. These values can be considered
approximately constant throughout the year; their calculation will be only time consuming and will
not affect considerably the final comparison between different pakkdseover, hie purposeof this
calculationis the comparison betweegeometries, so it is alsan issue of more interest to

understand how the geometry actually effects the energy consumption of the building.

7.2.2 ENERGY CALCULATIONS PERFORMED IN-TNE PLUG

As explained in the previous paragraph, the calculation of the energy balance will only consider:

O Heat exchanged through the envelope;
O Direct solar gains;

O Lighting gains and consumption due to lighting, which are related to the solar illuminance

entering the room through the envelope;

O BIPV production.

24.S. DEPARTMENT OF COMMERCE, National Bureau of Star{ddrd@abn Sleat Balance foulding Heat
¢CNF YAFSNEI Mpymod
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Figure7-20: Energy balance scheme

7.2.3 Heat exchanged through the envelope

7.2.3.1 Thermal transmittance of the module

According to the UNI EN I1SO 1047 the calculation of the thermal transmittance of the window,
in case the module considered is composed both by opaque and transparent pabelsakulated

as:

. 16°Y 107Y 16°7Y taw auw
Y = = =
to to 1o

Where:

"Y is the thermal transmittance of the glass;

25UNI EN ISO 100717 Marzo 2007
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"Y is the thermal transmittance of the frame;
"Y is the thermal transmittance of the opaque panel;

is the linear thermal transmittance due to the combined effects of the glass, the spacer and the

frame;
is the linear thermal transmittance of the panel which can be considered equal to O if:

O The inner and outer surfaces of the panel are made of material with a thermal conductivity

lower than 0,5— and

O The thermal conductivity of all the matesalf the thermal bridge on the edge of the panel

is lower than 0,5—

To evaluate the heat exchanged through the envelope, the areas of the opaque and transparent

panels are automatically calculated along with the perimeter of the frame.

For this calulation, the choice of material fell on standard ones, since it is important to underline
and focus on the response in terms of energy to the change of geometry; it is crucial that all the
configurations are tested under the same conditions, without ngadistinctions on the savings due

to the use of a specific material. The values of the thermal transmittaocessderedare listed

below:

Thermal

transmittance

[W/m2K]
Y 1
Y |04
Y |0.7/15

Tablel6: Thermakransmittances considered for the energy calculation
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The frame has reported two values for the thermal transmittawbéch are the one of the internal
and external frenes;according to the following picturé,is possible to see which part of the frame

isconsidered internal and which external; the U values are respediveind 1.5 [W/rfK]

Internal frame External frame

Figure7-21: Different Uvalue assignemertb the internal/external frame of the panel.

7.2.3.2 Calculation of the heat flux

In order to evaluate the heabilvit is necessary to calculate the temperature gradient between the

indoor and the outdoor.

The .epw file reports the hourly temperatures along the year; knowing the values it will be possible
to calculate the gradient. Since it is not possible to defipeiax when the cooling and heating
seasonsstart and end due to their dependence on the location, a brief script has been made in

python;

Grasshopper Python Script Editor

File Help

if (temp<=20):
T=20

elif (temp>=26):
T=26

elif (20<temp<26) :
T=temp

deltat=T-temp

Figure7-22: Indoor temperature calculation script

if the outdoortemperature falls below 20°C (which has been set as the heating set point), the interior
temperature is set equal to 20°C. When the outdoor temperature is higher than 26°C, the indoor
temperature is equal to 26°C (cooling set point); finally, if the outtooperature is between 20

and 26°C, the indoor one is set equal to the outdoor.
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This simplification can be done in order to define a general rule to define the thermal exchanges of
heat between the inner and outer spaces. The convention used is thi#athgoes from the indoor

to the outdoor, as seen in tifagure7-20.

Knowing the Walue and the temperature gradient it is possibleet@luate the annual hourly

exchanged heat:
% Y{3YO o

Obviously, since the convention is from the indoor to the outdoor, when the heat flux is in the

opposite direction it will return a negative value.
7.2.3.3 Solar gains

The calculation for the solariga starts from the basic principles of the ASE calculation procedure,

shownin Chapter7.1.1

To assess the solar gaitise solar radiation entering the room thugh the glazing envelope is
considered; exactly as for the calculation of ASE it was necessary to calculate the sun vectors and to
cull them in function of the obstacles of the context. To obtain the culling list, the hourly sun position
islinkedwitht® OSY UGNB LRAYyG 2F GKS NR2YT AT (GKS fAyS
and that vector will not be considered in the calculation. The result will be the one deignra

7-23; as it can be seen, the curve on the solar dome represent the sun position along the year and
along the day, and the green lines represent the sun rays which are not obstacled by theacmhtext

can reach the centre of the panel.
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Figure7-23: Sun vector calculation

Once the vectors are calculated, the transparent area is projected along their perpendiculars.
Then, the calculation of the solagdt gains can be defined as follows:

"YE 6GMD QE Y O'Q QO DE Q0NN 6 EXFIO V]
Where the SHGC represents the Solar Heat Gain Coefficient, considered equal to 0.7.

7.2.3.4 BIPV

The production of energy due to the presendeBtPV can be evaluated with the same procedure
explained in the previous paragraph, where the SHGC is substituted by the performance factor of the

panel.

The performance factor changes according to the type of panel used, as expl&ihepter.3. In

particular, the performance coefficient is in a range between 0.d9 &2 for a monocrystalline and

0.1 and 0.16 polycrystalline. To consider an inteiatedcase, a value equal to 0.15 has been

considered in the flow, which is a value between the two types of technology. Moreover, the

performance coefficient needs to be reduced when the temperature of the panel is higher than the

operative temperature, wibh is usually around 25°C which however is given by the producer; the
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reduction of the performance coefficient is of 0.4% for each grade over the surface operative

temperature.

To calculate the reduction of performance, a coefficient which considers the overheating of the panel
Is inserted in the flow: at each hour considered it plots the temperature reached by the panel, it
makes the difference between that value and 25°C andldulate the percentage of reduction of

performance. This final value will be used to calculate the energy production as follows:
"YE a'GD QL Y GO 'QQO® NE QO o WMEPWV]
7.2.3.5 Lighting

The lighting is the only contributiofithe equipment that has been considered in the energy balance.
The main reason for this choice was the strong relationship between the use of lights and the value
of sDA; in fact, this parameter represents the percentage of floor which is reacheddst 80D lux

for the 55% of the time, as it can be imagined, the higher is the value of theéusDg the occupied
hours,the lower will be the need of the artificial ligBtaylight control in fact represent an efficient
solution toreduce the energy caumption for lightingnd studies show that through the control of

the artificial lighting according to the daylight availability can allow in elgcs@vings up to 779.

Another parameter whicts usuallysed to predict the use of the artificial ligkthe Daylight Factor,
GKAOK NBLINSASYGa GUOKS FY2dzyd 2F AffdzYAyl Azy
2dziR22NB G GKS &l YSZlbidca&ilatddya® ONI— 2pariSdedradtyiifora { A S
systems whicltombine the use or artificial and natural light, it is considereld daylit if the DF is

higher than 5%, while if the DF falls below 2% it is considered bad daylit, with the need of artificial
ilumination.In order to ass&s the lighting in function of the sDA as calculated in theip/us
relationship with the value of DF has been investigated. The results, carried out with the use of
software for the calculation of daylight, have been compared with the results of @biigdrom

the plugin. The ratio between the two values shown that the DF can be calculated multiplying the

sky view factoused in the sDA calculatiéor 0,4. In this way, starting from the calculations already

%0 K.Larsen,RBYaSyz ¢ ! yiz2yaSysz L ®{ {NRY eléddpconsnatioriwth G A2y Y
RFeftAIKG yR 200dzLd yOé O2y i iNRftfSR I NIAFAOALFE tAIKIGAYTE
27 http://patternguide.advancedbuildings.net/usirthis-guide/analysiamethods/daylightfactor (last visit,
02/08/2018)
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performed in the daylight analy$a the definition of thesky view factqrit was possible to evaluate

also the lighting.

In particular, the assessment of the lighting consumption is done considering the interior
requirement of300lux; for each hour, the pldg computes the difference betwaehe lux required

and the one entering due to the solluminance

If the solar illuminance is not enough, the artificial light will cover the difference in terms of lux that

will be converted in Watts, using a conversion factor equal to 0.0167 congiddluorescent light.
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In the previous Chaptel the methods of calculation developed have been explaatdtiis point,
the calculation of ASE, sAd energy can be done with high reliability and in a shorter time

compared to other software

The challenge at this point has been to defiogvto use them in order to obtairthe definition of

the final flow Considering the new prescriptions relatedhe NZEB and the growing importance of

the role of energy savings in buildings, the first main aspect that has been considered was to choose
and assign a hierarchy to the parameters analyzed for the definition @bthan order to design

an envelopeas much performing as possible. The main priority has been given to the daylight
comfort, considering as main parameters the ASE and sDA, as seen before. ASE is dire@iyt depend
on the direct solar radiation and the sDA considers also the diffuseioadadting on them means

also acting on the incoming solar radiation ,aasda consequence, on the heating and cooling needs.

Neverthelesskeeping in mind that the final goal is to define a tool for the fbnaing during the
early stages of the desigthe final facadeshould also take into account the aesthetic aspect;
consequently, the flow has been conceived in ordegite different opportunities to the user, in

order togo to meet alsohe will of the designer.

This chapteshowsthe organizatiorof the flows and the&eombination of the different methods of
calculation to obtain the entire process from the definition of the inputs tatdigevement of the

final facade.
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8.1 OUTPUTS OF THE RINIG

Once the calculation procedure for tharameters considered has been well defiasdlescribed in
Chapter7, a wide range of possibilities for the outputs were possible. This issue has been evaluated
for long time, because it has implications on different agmédhe project. As a matter of fact, the
results of the daylight and energy analysis can be used in different ways to allow the design of the
facade in different ways. At this point it was imtpat to define firstly which could be the scope of

this project.It was then necessary to analyze whaohthe needs of a designer who uses this piug

and try to translate these needs in a simplified flow.

On one hand, this tool could be a sketch &pphe designers; it means that it gives the possibility
to the user to choose among tlptions that satisfy the comfort parametetbe ones that he wants

to apply to the facade and chamisow to place them to satisfy also some architectural requirement
On the other hand, it could l®emore complex, accurate and tirnensuming tool for daylighithich

involves alsenergycalculations

The direction that this pluop will take is to have an intermediate position: the tools which perform
energyanalyes are widespread and have a high accuracy, in spite ofcbhm&iming simulations.
Obviously, these toolsre highlyaccurate and allow the user to have detailedergy result@bout

the system he is about to choose, but most of the configurasoitable from the point of view of
the visual comfortare similar one to the other and the differences in the energy balare@ot
enough relevant to justify the time spent to run a detailed analysis for the compdarissmappears
clear in the case inlichmost ofthe acceptable configurations belong to the same famiiy @anly
slight changes due to the position of the control poitagically, the energy balance intended as a
figure will not changeonsiderablyrom one to the otherpn the other had, they mayhaverelevant
differencescomparedto a configuration of another familifhen, it will be sufficient thave less
precise data, whichllow the user tacaompare configurationsince he experience gained from the
simulations run for this prope sa that the configurations that are acceptalfla terms of visual
comfort) at the end of the daylight anals are more than one and, if it is true that they can be
chosen according to their apgrance,theymay have also differences in terms of energy needs which
can be considered as a discriminant for the choice if the configurations present the same results for

ASE and sDA
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Anyway, lhe output of the plugnisa geometry, that could be easily baked on Btenos 3D or other
software to run energy anals but, as said before, they would be time consuming and this will
neutralize the time saved in the daylight one. For this reason, it has been decided to design a flow
that will consider also a simplified egg balance of the room, in function of the geometry; as a
matter of fact, knowing the type of material, also in a general way (e.g. single pane glass, spandrel
etc..) and the area of the transparent and opaque surface, it is possible to calculate tih@hehe

solar gains, the solar illuminance entering the roand considering an energy calculation,
considering only the components which dneectly affected by the geometrgs it will be explained

later on. Obviously, this will benlyan approximabn of the energy consumption of the building, but

it will be helpful in thehoiceof the final geometry. Anyway, if the user wants to have more precise
and accurate results, he can stop at the daylight analysis and evaluate all the possible geometries on

anotherenergy calculation software.

As a sketch tool, the output of the process will be a geometry applied to the fagtuae the final
output will be generatedbllowing differentuxtaposingcriteria, whichcan be chosen by the user in

different monents of the design analysis.

' Yy2U0KSNI NBt SOFyid Aol G2 mRdedvendoihe Ksergthednor& 2 &
possibilities are left to be chosen between, the more variaideslito be added to the flow. This
means that every time the user can choose between different opportunities, parts of the flow may
be repeated many times; asconsequence, the procedure may become heawtime consuming

the risk is that the software has to manage thousands of data with possible crashes. All the
possibilities then need to be analyzed and programmed in advance, in order to organize thd flow a

testing its effectiveness.

Here below ifrigure8-1: Plugin flowit is shown the plugn organization with the main steps, starting

from the definition of the iputs by the user to the definition of the final facade.
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INPUTS

2

l

CREATION OF THE MODEL

PRELIMINARY ANALYSIS

BASELINE CASE

Comparison of
the results

l

Would you like to continue with the
improvement of the configurations?

No
CLASSIC
....... OPTIMIZATION R CONFIGURATION
Which grade of homogeneity do Do you want to
you want to give the facade? Y draw the fagude?‘
RANDOM PARAMETRIC ARTISTIC
CONFIGURATION CONFIGURATION CONFIGURATION
___________________________________________________________________________ Comparison
of
results
FINAL
CONFIGURATION

Figure8-1: Plugin flow
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8.2 INPUTS

The first part of the flow ia commonpathto all the possibilities that can lberther chosen by the
user; first of allChameleonwill ask the inputs of the projecthey will be used to create the

environment for the simulations and to carry out all the preliminary analysis.

Context

Building : Dimensions
N
~ %
, i INPUTS
Orientation —\L
~ ~
...-..._.: _________ CREATION OF THE MODEL
Location Schedute

Figure8-2: Inputs definition

8.2.1 Building and context

The assignment of the input and context is the very first step of the project. They can be drawn in
Rhinoceros 3D or imported in the software from other 3D design tools or directly drawn in
Grasshoppeas parametric olects. They will be treated {Brasshoppeas Brepsilt is suggested to

use context as much as possible simplified, in order to reduce the time needed for the calculation of

the vectors shielded by the context.

Figure8-3: Simplification of the context

Finally the window is composed by a toggle, which needs to be set to True to run thHe.plug
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add the geometries,
N then run the plug-in §

set the toggle to true
) to run the plugin

-

Figure8-4: Launch window

8.2.2 Input Tab

When the plg-in is launched, the main window appeatemposed bgixdifferent tabs. LeR see
0KS FTANRBRG 2y ST (KS a&a AnfFigures-$: Bpuiiwingomthis part is dividell (

in five points:
CHAMELEON - 0 x

1. Inputs

1. Define the orientation of the facade to be analyzed
south

2. Define the division of the facade

Choose the height of the panel, between 3mand4m 3

Choose the lenght of the panel, between 1.5mand2m 2

Define the average widith of the room [m] [
Define the interstorey of each floar{m] 35
Define the height of the spandrel[m] 075

3. Define the location

4. Define the schedule
Pre-set schedule
Customized schedule

5. Confirm

Do you confirm your choices?

No

Figure8-5: Input window
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8.2.2.1 Define the orientation

Once the plugn has recognized the facade and the context, it is possible to choose frordavpull
window which facade has to be analysed, choosing the orientatierfloMrhas been designed to
assign the orientation to the ¢gadesindependently orhow the building is drawmn the number of
facades andon the shape As a matter of fact, #gnsystem explodes the building in the different
facades, ancachonehas been computed analgg the normal vector and its modulehen, all the
facades with the vector pointing the same direction are grouped together and all the faiteeates

are added tahe contex Brep This is due to the fact that when the piagonsiders only one facade,

if the geometry is complex, the othiagades may shade the one considered; this method evaluates

if the facade is saldedby the others eveduringfew hours a yea

Figure8-6: Facads direction assignment

8.2.2.2 Define the subdivisions of the facade

The user can choose the width and height of the panels for the facade inside a range, which is
specified in the plugn. Theranges have been established taking into account some limits imposed
by the construction of the panels. If the value inserted is out of range a message will appear and the
user is invited to define another value. Obviously, the value inserted will tio¢ heal one, but it

will be used to divide the facade and the rest of the division will be distributed and added to the value

defined by the user.
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Moreover, the plugn asks to define the average width of the room in order to set the grid for the

daylight calculatiorandthe interstoreyheight

8.2.2.3 Define the location

The user can set the location of the building by uploading the .epw file. It can be downloaded from
the Energy+ website. The .efilg has hourly information about different aspects of the climate (e.g.

temperature, solar radiation, illuminance etc..).

The .epw file is organized in rows and columns and each information belongscmwong it can
be then analyzed iGrasshoppewithout using any third part plug but only reading the column

containing the information needed.

In the preliminary analysis many are the variables,uskith are taken from the weather data file

Sunpath
Latitude and longitude;
Temperature;

Solardirect radiation;

o O O O O

Soladirectilluminance.

8.2.2.4 Define the schedule

The user is asked to select the intended use of the building, he can choose between preset schedules

or customized ones. Up to now the choice of a preset intended use can be done between:

O Office
O Residential;
O School;
O Commercial.

Further implementation of the software may comprehend a higher number of preset schedules.

These intended uses will lead to a proper schedule which has been designed inside; tthes flow

values are taken from ASHRAE standards. The values provided by the prescription are daily ones, with
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distinction between weekly days and wesid days; they are hourly values, starting from 0

(midnight) to 24. Each value given is between 0 to 1 aséifractional multiplier.

e o U aaas
04 \

0 A ! ! ! ! ! ! ! T T T T T ! ! T T

1 2 3 4 5 6 7 8 9 1011121314 151617 18 19 20 21 22 23 24

0.2

Figure8-7: Example of schedule as given by ASHRAE

It means that if a building has an occupancy density of 100 people:

O Aschedule value of 1 means that 100 people are assumed to be in the building during that

hour;

O Aschedule value of 0 means that no people are assumed to be in the building during that

hour;
O Avalue of 0.1 means that 100 * 0.1 = 10 people are assumeditotbe building during

that hour.

If the user chooses a customized schedule, a panel with checkboxes appears and the user will tick the
boxes of the hours of occupation of the buildiagatirg a schedule for week days ammk for the

weekend
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4. Define the schedule
D Pre-set schedule

7 Customized schedule

Tick the checkbox when the building is occupied
00-01 08-09 16-17
01-02 09-10 17-18
02-03 10-11 18-19
03-04 11-12 19-20
04-05 12-13 20-21
05-06 13-14 21-22
06-07 14-15 22-23
07-08 15-16 23-00

Figure8-8: Customized schedule settings

Both systems will bénen translated into a list of True/False; this list will be used as a cull pattern for
the solar rays, in order to run the analysis considenntgtbe hoursn whichthe building is actually

occupied.

8.2.2.5 Confirm

@ Y20Ay3 (KS plagh3dggestsitise user, tdndovedo ainé3ab, whbee user

can express the preferences on the materials.

1 91
|

Fyou v toc \ o ress th
If you want to change your choices, press the button i chalons

Figure8-9:"Move to new panel" message

Moreover, it suddenly appears a new button to refresh the choices to change the inputs defined.

8.2.3 Preferences Tab

This part of the plugn is used to express preferences on matersige the geometries that will be
tested by the plugn will have opaque or transparent pandllis may seem a countersense, since
Chameleonshould be used in order to find theest configuration according to the boundary
conditions; it is true also that may happen that the usdras preferences on the disposition of
materials: some intended use of buildimgay prefer to have light coming from the top and do not

needthe view fom the outside the user in this case should express his preferencesdén r test
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only geometries witla combination of materials suitable ftrat specific needs and to not waste
attempts with for example a complete transparanbdule which is noappropriate for the scope
The default option is to not express any choinetlee materials, for the reason explained before;

however, the user canick on the tickhoxand express his prefererse

In addition in this tabthereis anothettick-box, which is related to the use if BIPV (Building Integrated
Photovoltaics), which can leked simultaneosly with the other onelt is used tandicateif the
system will have the BIPV; choosing this checkbox meansh#nagnergy production will be
considered in the eneygcalculation and the system will evakiat which panel (or panels) place the

photovoltaic cells, tonake the most othe energy production.

Here you can express your preferences on the materials
of each panel or you can let the plug-in try the best
combination of materials for you.

Al the preferences have been expressed

Figure8-10: Preferences tab

If thefirst checkbox is ticked, there will be automatically opened achda/ window.

8.2.3.1 Material Choice Window

The preferences window can be used to expressltoeceson the materials for each panel. Visually,

the preference can be expressed from a-dolvn menu, where the possibilities are:

O Transparent;
O Opaque;

O Nopreference;

and itis shownon a reference panel using different colors. The panel shown is just for illustration
purposes, only to represent the four panels, but it is not indicative of the subfamily or of the

dimensions.
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MATERIAL CHOICE - 0 X
Top Opaque v
LEFT | Opaque -
BOTTOM | Ogaque "

RIGHT | Opague .

N2, The geometry type and the dimansicns ars only for ilustration purposes. to show the material choics.

CONFIRM

Figure8-11: Preferences window

The dark blue is used to represent an opaque panel; the light blue for a transparent panel; the red

for a preference not expressed.

MATERIAL CHOICE - 0 x
ToP Opaque
LEFT  Transparent -

BOTTOM  pg preferenc ~

RIGHT Transparent v

N.B. The geometry type and the dimensicns are only for illustration purposes. to show the material choice.

CONFIRM

Figure8-12: Example ofhe choice of materials

& OK22aAy3d ay2 LINBST 8axNias<yB fo2achidérBiguratdria gererdtionsta t f
that panel a transparent or opaque materialthe case dfigure8-2, the bottom panel will based

in the different combinations as transparent or opaque.
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8.2.4 Simulation Tab

The simulation window gives the possibility of choosing how many configurations the software will

analyze, in terms of time spent for the simulations.

PLUG-IN - 0 x

1. Inputs 3. Simulation
Choose the speed of the simulation
(@) Fast (150 configurations - around 4 mins)

Medium (300 configurations - 8 mins)

Slow (600 configurations - 16 mins)

Really slow (2500 configurations - 1 hour)

RUN THE SIMULATION

Processing status:

Simulation is over!

Figure8-13: Simulation tab

After the simulations areompleted, a message will appear in #iedowand the user will be able

to move to the visualization panel to choose the configurations.

8.2.4.1 Configurations

The configurations are automatically generated insiBgtlzon component. It will receive the inputs
from the user interface for the materials, that are converted from string to numbers. Once all the
parameters are all defined as numbers, it is possible to create random configurations for the

geometries and materials, as seen below.

Grasshopper Python Script Editor n

File

import random ~

i=0

top=[]

right=[]

bottom=[]

left=[]

while len(bottom)<x:
‘mt=random.randint (min t,max_t)
mr=random.randint (min_r,max_r)
‘ml=random.randint (min_1,max 1)
‘mb=random.randint (min_b,max b)
top.append (mt)
‘right.append (mr)
‘left.append (ml)
‘bottom. append (mb)
“i=i+l

Figure8-14: Python script for the generation of configurations

145



It can be argued that thimethod culls many solutions and optiomgjeedthis solution came up
after many different solutions have been evaluatedhAseader can remember from p&.1.3 the
first group of solutions has been done witte use of solvers, but due to the high number of
geometries that come fra the combination of parameters (19200 configurations, 6200epeh
family), the solveslowlylearrs from the results it obtains and this would impljoasooth long time

needed to start obtaining good and accurate results.

Thinking abou&another way to obtain geometriethere was not any matheatic rulewhich allowed
to explore configurationgickingexamples from the entire domain, since having &t keindreds of
3S2YSONRSE 2y wmpiK2dzalyRasx Al gAff AYLIX & GKI G
The random function, which is one of the libraégpython,allow to pick configurations on the
entire field; simulatiosrun consideringat least 50 cases showed thdhe geometries generated
were quite representative of the different general cases and combination of matpoatsble for

each familyconsequently, the choice fell on the use of the random genetration

8.3 FLAT FACADE CASE

The geometries used iBhameleorare articulated and composed pginelsnot necessarily equat
shape this leadsto higher cost, which need to be evaluated at the beginning, in order to understand
if the initial costs are amortized with the savirtyge to the lower energy consumption for lighting

andHVAGystem.

In order to evaluate the benefits that the system considerecbdag, a baseline case is analysed at

the beginning of the entire process, irder to allow comparisons after the preliminary analysis is
carried out.The analysis is done consitgrl Y2 RSt G6A0GK GKS RAQGAAAZY
{ SO0 A yBiaga flédt hlazed facadeith a window/wall ratio equal to 0.6nd the simulations

carried out are the ASEDA and energy calculations on each room of the bgildin

Thepresentation of the results has beewr@ntroversial issue; the final choieepects to show only
the values of ASE and sDAile the energy outputwvill be only storedin the flow, to make further
comparisons, tracking the improvements achieved with the further optimizafitis choice has
been influenced by the fact that the energy calculattannot be considered complete: as said
before, it comprehenslonly the componentswhich are affected by the geometr€onsequently

giving anumerical valuevould bemisleading, so the energy consumption of the baseline case will be
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consideed as the 100%, and all tlether valuescoming from the analysesill be referredto this

valueas a reduction percentage

The output of the daylight values willow the scheme oFigure8-16: the tab is divided in two
expanders with the same structyrene for the ASE statistics and the other for the sDA ones.

A preview of the facade will be showwmloured witha gradient of colour@~igure8-15):

0% 10% 100%
0% 50% 75% 100%

A - 2 :

Figure8-15: ASE and sDA colour gradient scale

alongside théacade preview, two doughnut charts will show the minimum and maximum vatues

the two parameters considered.

@ ASE RESULTS

»

14« 66%

(®) sDA RESULTS

Figure8-16: Flat facade results

147



The analyis carried out on the baseline modectrucial for the correcprogress of the subsequent
simulations: the rooms with the highest ASE and the lowest sDA wilhbelered as testing room
for the different configurations since their closeness to the unacceptable chngkiesthe average

room will be considered too

T ase

\l/ sDA AVERAGE

ROOM

Figure8-17: Example of rooms considered according to the valt&$Sa and sDA

For example, ifigure8-17 the two rooms onsidered are the orsat the corners: the blue room will
have the lowest value of sDA, since it is shielded by the other part of the building geliibtiveoom
with the higlest ASE in at the opposite corner on the;tps not shaded by the building and
receives the highest amount of solar radiatiolhe red room, on the other hand, represents the

average room of the facade.

Theidentification of these three roosis asensitive aspect of the processpecially considering
their use in thefollowing stepsin fact, the subsequent step tis test different geometries on a
reference room. The choice ehch roomas the testing ondias its own pros e cons, especially
considering which optimization path the user wantsinolertake; in the next paragraph, this issue

will be explained.

8.4 PRELIMINARY ANALYSIS

Once the inputs are definednd the baseline case has been studigds possible to run the
preliminary analysi The first analysis is carried out considering only one,ratich is evaluated by
the plugin after the outcome ofthe results of the baseline caseis important todefinewhich room
has to be analyzed after this sfemce it allowsd understandhe indoor condtions dueonlyto the

outdoor conditions andontextand tonot conside anyshading. The proceswill continuewith the
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form-findingprocesson the chosen room, in order to define theometriesallowingto have visual

comfort and reduce the energy consumption according to the boundary conditions.

Betweenthe suitable configurations the user will choose his favonitechwill be tested spreddg

it along the entire fagader with someslightvariations keeping congnt the distribution of the
materialsand the geometryDuring the first approach to this tapithe room choseinas beerthe
onereceivingthe highestdirect solar radiation, which tee one that in the baseline case has the
highest valueof ASE it will be the roomwith more issues related to the satisfaction of the ASE
requirements so it will be harder to find satisfactory configurationThe formfinding process
through the testing of the different configuratiohas beerdoneon that room, in order to analyze

the worst condition and to obtain more conservative results. As a matter of fact, the analysis carried
out to understand the behavior of the calculation procedure show that the ASE requirement is the
hardest to be satisfiedince it is more restrictive; on the other hand, the value of SDA has a higher
probability to be within the acceptable range. For these reasmadyzing the@ne with the highest
ASEwill cull more configuratiafrom the field of possibilities; once ardiguration is suitable for

that room, there is a higher possibility that tihevill get acceptable results also for the other ones.
On the other handf the chosen geometrwill be henspread along the facadim the rooms having

lower ASE value@n the flat facade casedhat configuration wilprobably get unacceptablesDA
values Due to thisassumption, the choice later moved towapisforming the preliminargnalysis

of the average roomyhich in most otaseshas anASEoetween thehighest onesdue tohigher

numberof rooms not shaded by the context compared to the one shielded

Once thepreliminary analysis is ramthe average room, thieest configurations are found between
hundreds of different possible combinaticarsdthey will be shown to the usarhowill bethenable

to choose the one (or ones) he prefers

8.4.1 Results tab

Once the simulation is completed, the piagwill anayze the configurations and automatically cull
the ones whiclhare not satisfactory in terms ASE and sDA. As said before, the simulations up to this

stageare testedonlyin a single roonand sathe results will then be related to this room.

The tab will show firstly theest configuration among the ones tested, giving results in terms of ASE

sDAand energy; the energy is expressiedierms of energgaved compared tahe baseline case
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and itcomprenend both the energy consystion and the energy production fifesent) by clicking
on the checkbox it is possible t@ee a comparative bar chamvhich compares the differences

between the flat facade and the best geometry considering all the components of the energy balance.
RESULTS o X

BEST GEOMETRY AVERAGE ROOM

Daylight results Energy savings

0«
ASE sDA
Click to see the detailed energy comparison
SDA ASE ENERGY CONSUMPTION (KW*H/M2*Y)

Flat Facade 1000 550 60.7
Best Geometry 100.0 00 2046
Result Unchanged Improvement Improvement

() OTHER CONFIGURATIONS

Figure8-18: Results tab

The comparison between the best case and the fecadein terms ofthe three parameters
considereds showrin the table highlighting if the result obtained is an improvement or a worsening

& OftAOlAY3 2y GKS SELI YyRSNI ah i KSN Ogegnieties dzNJ G
and their statistics.

Thegeometries arshownsorted by familyn the lefthand side of the screen, while on the right part

the user will have a table reporting all the results of the configurations drapanenu to select the

number of configuratiojto have a preview of the panel and the doughnut charts with its statistics.

Moreover, the table gives the possibility to sort the values according to one of the three parameters
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this can be a useful tool if the user wants to choose a configuigitiolgmore priority to one of the

criteria.

(2 oTHER

CONFIGURATION # SDA% ASE% ENERGY CONSUMPTION
1 1000 00 172
2 99261686 00 3144
3 1000 0833333 3737
4 1000 25 2176
5 1000 1.666667 16.09
6 1000 14.166667 mm

1000 3333333 2987
[ 1000 1666667 172

9 65.160051 00001 2461

0 100.0 0833333 20.08
n 1000 00 am
2 1000 EEEEEEE] 204

3 4 5 FE] 1000 00 2719

" 100.0 00 25.1
Choose one configuration to see it on detail
3 .
E |j |
x

Figure8-19: Results tab for preliminary analysis

With the comparative table and all the otheols, the user has all the data to make a more conscious

choice, regarding which panel should be used in the further steps along the facade.

8.4.1.1 Optimization failed

What if the optimization fails? It is possible that the simulation is not able to find eptaide
solution. This may be due to the preferences expressed as boundary conditions. First of all, it can be
NBfl SR (G2 GKS LINBFSNByOSa 2F GUKS YIFGSNRIEAT
building in front of it shading it from souttest. As it can be imagine@lthe user wants to have a

left panel transparent and a right one opaque, this solution will not be an effective shading. The
opaque panel on the right is not useful, since from that side the building is shielded by thé& contex
on the other hand, the transparent panel on the right side, will leave the solar radiation pass, which

is not blocked by any other building.

Another cause will be the number of simulations performed, which in some cases (very extreme) may

be not enougho find a good configuration.
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Once the optimization fails, a message appears at the end of the simulation process. Then the user
can choose to not express preferences on the materials or at least to change them, making them less

restrictive.

8.4.2 Pursuance fothe optimization

At this point of the flowthe user hadour opportunities given by the plug in. As the reader can
imagine, once the calculation of parameters is done, the designer may have the freedom of creating
and composing théacadeas he prefersthis solution will imply the introduction of several variables

to be considered in the flow, making the combinations thousands more. Moreaakr path the

user wants to undertake needs a specific flow or at least a proper combination of the alrdatly exis
subflows, which turns out to be a hpassable path. For the reason explained, it was necessary to
establish some preset paths, from the scripting point of view with the main con of limiting the power
of choice of the user. Each flow has been desigpecifically, disabling the other ones and trying to
avoid not useful calculations which cause delay in the simulation prothsspreset flows try to
combine different aspects that can be interest of the desitpeside thevisual comfortcostsand

aesthetics

Here below thdour options are explained:

8.4.2.1 OptionA¢ dassic

The output of the preliminary analysis is a geometry optimized for a single room; nevertheless, the

user can choose to applyatconfigurationto all the panels of théacade

= (i (‘ i

Figure8-20: Generation ofacadeg Classi®©ption
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This choice can turn up to be a good compromise under certain conditions: first of all, the application
of a single panel may allowgeoonomizdrom the production point of viewrhe configuration chosen

has been tested othe average room, which meansathfor the most of the configurations, it will

have both good values for ASE and sDA; on the other tend ,will be other rooms, which are the
ones having a higher ASE in the flat fagade analysis, that probably will be out oivralegte sDA

shouldobtain good valuesn the entire facade.

As said in the previous paragraph, at the beginning tekngnary design was done on the room
with the highest ASEpnsidering thaif the configuratiorchosenguarantees an acceptable value of
ASE in the mosixposed room, the same configuration in other roorosldobtain a lower vaie of
ASE, increasing the comforhisimpliesthat as opposed to what happens with the average room,
the ASE is always satisfidte opposite may happen to the sDA, which can mawee rooms out of
range, compared to the ones obtained with the average room anaWsighever of the two
solutions implieshtatit ispossible thaChameleon wilhot reach completely the optimization of the
facade,so the decision was mairietween giving more importance to AEnalizng the sDA or
givingthe same importance tthe two parametersreaching only a partial optimization for both. The

decision fell on the analysis on the average room.

From the aesthetic point of view, the user can have a preview of the fagade right after the preliminary
analysis, to choose among the best cases tias that presenta good balance between the daylight
comfort, the energy consumption improvement atie match with the aesthetic requirements of

the designer. The preview shown at the end of the preliminary analysis isfenigd to the aspect

of the facade, since a simulation of the building with the same panel has not been carried yet. The
analysis will be done in the optimization process. If the results on the overall building are not

satisfactory, the user can go back to the choice of the pagealther solutions and compare them.

At the end of the optimization analysisprder to make the choice more immediate for the user, the
plug in has the possibility of showing theadewith a gradient of colorso represent which rooms
satisfy more te comfort requirementsfrom green to red for the ASE and from blue to yellow for

the sDAThis tool will help the choice adding a visual interpretation of the results.
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Figure8-21: Preview of resultg Classi®©ption

The choice of applying the same panel can be interpreted as a counter sense, since the tool has been
designed to optimize thiacadeand the application of a panel that has been designed for only one
room can seem going to the expense of a complete optimization. Nevertheless, this solution can have
benefits especially in case the context is homogeneous and the income of solar radiation
comparablen each point of the facade consideraad the same panel can be satisfactory in all the

rooms, guaranteeing economical savings in production too.

On the other hand, the choice of this solution can be done most on the basstbéticaspect of
the facade meeting the requirements of the architect. In this case plhein will show the crital
issueg(if any) and the designer will know that in that room the comfort is not guaranteed only by

means of the envelope, but other solutionwé& be considered.

8.4.2.2 Option B¢ Parametric

This solution has been developed starting fromdpgon A thinking about an improvement of the
solution which sees the application of the same panel to the datiegle As said before, this option
can be prefered to limit the costs of production and to have a homogeneous architecture, despite a

not complete optimization for each room of the building.
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Once the user has chosen the panel (according to the daylight comfort, energy savings or visual
preference), hecan choose to optimize th&agade using only panels having small and slight
differences from the one chosefhe configurations in an initiapproach to this solution were
obtained with a script ifython which generates random combinations starting ftbe known

values of the choseone:

File Help

import random
mi =2

.randint((min_l1), (min_1+2))
zza):
.randint ( (max_1-2), (max_1))

om.randint ( (max_a-2) , (max_a))
print largh, alt, extr

Figure8-22: Python script for geometry generation

Thechosen values afidth, height and extrusion are recorded insiy¢hon and the dimensions of

the configurations to be tested are calculated in a rangel+dfarting from the value. As seen
previously, each geometrical dimension can vary inside a range: length between 2 and 9, extrusion
between 1 and 10 and height between 1 and 5. If the startingevalequal to the maximum or
minimum, the value of the geometry can assume a value equal respectively to the maRimum

the minimum +2.

For example, width can vary between 2 and 9; if the chosen geometry has a width equal to 2, the

new value can assum@lues between 2 and 4.

Further analysis on the baseline case, paired witlttimsiderations made in pa.3allowed us to
bypass the creation of geometries Bgthon, but directly obtain them from the outputs tife
baseline analysis. In fact, the results of the radiation analysis carried out 3sdrowed thatit

was possible to establish a relationship between the solar radiation, the daylight values and the
geometrical morphology of the module; as a matter of fact, a certain combination of extrusion, height
andwidth and relative materials can leeashielding otransit of the solar radiation, which implies

a change in the values. As a consequence, if theiplygtimizes theoom with the highest ASE and
lowestsDAaccording to the baseline case analysisce the radiation on the facade vamoothly
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all thesuitablegeometries can be obtained with smoathanges starting from the configuration of
one room to the one of the otheThe procedurexpectghat the userselects a configuration in the
preliminary analysisesultstab; this selection(keeping family and distribution of materials fixed) will
be optimized for théwo rooms, in order to evaluate the changes in geometrgneet the visual
comfort requirementsThe two results will be used as extremes of the domain for the gemeodt
the geometries of the facad®loreover, since the preliminary analysis studies the average room,
knowing exactly its position along the facatiere will be a third known geometry to be added,
which gives many more information about the smooth geaand its distribution in the different
rooms.
[ SiQa O2yaiRSNBRpictir& $he rSdmbs Y LI S
which will be optimizedre the ones on the two corners.
[ SGQa laadzyS GKIFIG GKS o0Sad
NR 2 Y ¢ hé&dhtaequil tab, in order to havea higher
amount of solar illuminance passing through the envelope
Figures-23: Example of the building iKS &&8ft 2neighi@2aMael toblock the direct
illuminanceg KAt S GKS GNBR 2y Sé¢> gKAOK dinge the kKaSiatiorad S NJ 3
homogeneously distributed along the facathes height will be spreadccording the change IRSE
of the reference caseonsidering axed points the three height3he same will be done with the

other geometrical parametersbtaining a smooth change ihe fagade shape.

Figure8-24: Generation ofagadeg ParametricOption

Obviouslyafter the generation of the geometriésr all the roomsthey need to be tested teerify

if the geometry that has been creatadtually reaches acceptable values of ASE and sDA.
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