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ABSTRACT

Optimization of PV Modules Layout on High-rise Building Skins Using a BIM-based

Generative Design Approach

Negar Salimzadeh Ph.D.

Concordia University, 2021

Growing urbanism anthe resulting increase ehergy demandoupled withdepleting fossil
energy resourceme making the need foenewablesnergy resourcgzogressively palpable and
vital. In addition to reducing carbon dioxide emissions, renewaiggy iscrucial to improve

health and welbeing, and provide affordable energy access worldwide.

Photovoltaic (PV) solar energgs afastevolving industry has beome a vital part of the global
energy transformatiom recent year¢hat can contribute tthe development of sustainable cities
andthe mitigation of global warming.In the urban environment, buildings are central to human
activities. Given that buildings currently accouior 40% of the global energy consumptioito
achieve sustainable urban development, buildexgs of particular importance for distributed
renewable energy generatjomhich reduces energy transmission los$®g. panels are able to
harvest the solar power and turn it into a clean source of ernfeugyhermore, e increasing
availability, affordality, and efficiency of PV panels are rendering them an attractive option for
the userso thathe worldwide use of photovoltaic electricity is growing rapidly by more 8@&a

a year.

Of different types of buildings in the buiénvironment,high-rise buildings are of particular
interest because of their high potentials for harvesting a considerable amount of PV energy on
vertical and horizontal surfaces. Nevertheless, this high potential is seldom harnessed mainly
becausdhe depoyment of PV modules on higtse buildingsrequiresconsideing a complex

interplay between various factors that affect the installation of PV mo(rilgsneighborhood
il


https://www.euenergycentre.org/images/unep%20info%20sheet%20-%20ee%20buildings.pdf

shadow effegtmodulesselfshadowing effect, surfaegpecific PV modulesgtc.). This renders

the design of PV modules in higlse buildings a complex optimization problem, one that requires

a generative design approadtnere are many tools and moddl®m simple 2D evaluation to

more comprehensive and complicated 3D analybest can help simulate the solar radiation
potential of surfaces of a building. Howevére majority of themethods do not discriminate
between different types of surfaces of the building and treat the entire envelope as a single surface
In recentyeass, and with the advent and rising populanf the Building Information Modeling

(BIM) concept, the apparatus for the implementation of such a comprehensive generative design
approach is becoming increasingly available. However, to the bibstanfthoits knowledge, there

is currently no framework for the BINbased generative design of PV modules for ‘nigh

buildings.

Addressing the current issydbis researchimsto: (1) Developa parametrienodeling platform

for the design of surfaegpecific PV module layout on the entire skin of buildiregsl(2) Develop

a BIM-basedgenerative design framework for the design of PV modules layout orrieegh
building skins. In this framework, the surfaspecific parametric model of PV modules is
integrated with an optimization method to find the optimum design of PV modules layout
consideringthe studyperiod, profit margin, harvested PV energy, and cost. This framework will
enable designers and investtosapply the generative design paradignthe use of PV modules

on building skinconsideing the complex interaction between building surface types (e.g.,
windows, walls, etc.), type of PV module (e.g., opaque,-$amsparent, etc.jheir tilt and pan

angles and the financial aspect of the PV system (i.e., revenue vs. cost at differenqtestads).

The results generated by the elaborate case study demonstrated that the generative design
framework is capable of offering more favourable solutions (i.e., either or both of reduced costs
and increased energy revenue) compared to baseline sseriiais observed that in the majority

of the studied scenarithe optimum solutions favored a more consistent orientation of the panels

(i.e., consistent pan and tilt angles across all the panels).
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CHAPTER 1 INTRODUCTION

1.1 GENERAL BACKGROUND

About half of the world population lives in urban areas,énd s ed on Unestimaed Nat i
this ratio will increase to 6% by 2050 (United Nations, 2015)The worldwide energy
consumption recordshow a continuous increase in electrical energy dem@ntkrnational

Energy Agency, 208). On the other hand, energy consumption is one of the most significant
contributors to carbon dioxide (G0emissionsin recent years, the significant amount of energy
consumption in cities propelled researchers and practitioners to move dirg¢bton of the
decentralized energy generation and-zexb energy buildings in urban are@garszal et al.,

2011) Furthermorethe sustainabilityof urban energy systems with regard to population growth,

limited energy sources and global climate chaage becoming the main focus of planners
(Salimzadeh et al., 2016)

Renewable energy resourcesuch as hydroelectricity, wind and wave power, solar, and
geothermal are clean and safe alternatives for future energy derBasds. on the Bloomberg

New Energy Finance (BNEF) report, from the$13%.5 trillion global investment in renewable

energy betwee 2018 and 2050, UB.4 trillion will be in solarpower technologies. $a result,

solar photovoltaic capacity will grow #féld while the increase in wind power capacity will be 6

fold (Bloomberg New Energy Finance, 201&s shown inFigure 1-1, the Canadian Solar
Industries Association (CanSIA) also repontadidgr owt h i n Canadads sol ar
theirroadmap(CanSIA, 2020)
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Figure 1-1 Global electricity mix in 2011 and 205Gorecast(CanSIA, 2020)

Growing urbanism and the higher level of energy demand in cities make photovoltaic (PV)
technology an attractive option to generate energy. With the increasing global demand for energy
and environmental concerns, as well as the continuous geverld of renewable technologies,

PV energy isncreasingy becoming a costffective operational energy option. Many of the global
leading businesses have sensed this opportunity and started to leverage it. For instance, Apple and
Amazon have an installepacity of 393.3 MW, and 329.8 MW, respectiélelA, 2018) The
worldwide use of PV electricity is increasing by more tB@fo a yea(Brown, 2015) Considering

the decreasing cost of technology and the rising fossil fuetéqrthe application of renewable
energy technologies is promising. The application of PV systems in the built environment can
reduce the need for electricity grid development and consequently minimize transportation loss
(IRENA, 2021)

The application of PV modules has been widely explored in the built environnamévidr, the

trend of PV application on building surfaces started by focusing on the rooftops of the buildings
due to the simplicity of the process. Nevergiss| despite the lower radiation values on the vertical
surfaces and the shadow effects of the aurding objects, vertical surfaces (i.e., facades),
especially of higkrise buildings, offer a great potential for the application of PV systems. Facades

hawe fewer structural obstructions in comparison to rooftops such as chimneys, ventilation



systems, amh antennas. Furthermore, the rate of snow accumulation on facade PV modules is

lower.

This high potential is seldom harnessed mainly bectinesdeploymentf PV modules on high

rise buildings involves the consideration of a complex interplay between various factors that affect
the installation of PV modulgsiong et al., 2014 Examples of these factors include climatic and
geography related factorbuilding geometry and the build environment specifications, PV
modules and hardware specifications, investment factors(Niteg et al., 2017) Therefore, a
successful design and implementation of PV modules on the facade -oiseidpuildings need to

be carried out in view of all thesafluential factors. When the economic aspect of deploying solar
energy is added to the mentioned technical aspects, the PV modules design becomes a complex
multi-objective optimization problem that requires a robust éaork. In other words, a
generative design methodology is needed to capture the complexities of PV module design for

high-rise buildings.

In recent years, Building Information Modeling (BIM) has become an essential part of the design,
architecture, and cwstruction process. It provides albrts of building data in an accessible 3D
digital representation in advance of construc{®ydora & Stroulia, 2020With the advent and

rising popularity of the BIM concept, the apparatiss the implementation of such a
comprehensive generative design approach is becoming increasingly available. Given that BIM
models provide a rich repository of geometric and-geametric data about the lifecycle of
buildings, it has been successfullwdeaged to solve complex buildingegign optimization
problems in the pagtiu et al, 2015) However, to the best of author knowledge, BIM has never
been used for the application of generative design concepts to the design of PV systems on high
rise buldings. This is a major limitation in this domain because in the absence of semantically rich
BIM models, the majority of approaches for PV system optimization restretodiscriminate
treatment of building surfaces. This is an oversight becdiffezent types of surfaces on the
building facade require different types of PV modules to maintain the economic edge of the design.



1.2 PROBLEM STATEMENT AND RESEARCH GAPS

Theadventof various PV panels can extend the use of solar technologies considerably. However,
there are still some limitatiorte the widespread use of solar panels in urban areas. On one hand,
while the cost of solar panels has decreased considerably in reasntlyeainsubsidized price is

still high, especially foindividual users. On the other hand, the relatively low efficiency of the

PV panels, which exacerbates when they are applied on the fagade, is another major deterrent in
the adoption of the technolpgrherefore, from a practical standpoint, for the use of PV panels to
become economically viable and attractive for the-esets, the installation of PModuleson

building skinsmust be thoroughly planned and optimized to adequately consider thetgioérsi
available panels, their efficiencies, restrictions, costs, and payback periods. Only in view of such
a comprehensive optimization would it be possible to generate viable strategies for the widespread

implementation and application of the technology.

The analysis of solar radiation potential relies on computer simulations because many different
factors play a major role in the radiation potential of a giegternalsurface 6 a building.
Examples of these factors include, but not limited to, (1)dbation of the building, (2) the urban
morphology of the surroundings, (3) the geometry and orientation of the building, (4) the
mechanical installations on the rooftop, and (5) the size, type, and orientation of PV modules.
Additionally, since a change the size, shape, and orientation of PV modules can significantly
change the shadow impact of the PV modules on themselves (especially on the vertical surfaces),
radiation analysis is sensitive to the PV module layout. Therefore, for a given buildmgpit i
sufficient to perform the radiation simulation only once, but instead, it needs to be performed for
each alternative layout design.

Conventionakimulation methods have a number of limitations: (1) Since PV modules have been
conventionally considereahly for rooftops, many of the existing simulation methods rely on the

2D and 2.5D models. These models cannot be used to analyze the vertical surfaces on the building
facade(Carneiro et al., 2010; Esclapés et al., 2012) The simulation methods thahalyze the

3D models, do so only from the geometry perspective. This means that they do not distinguish

4



between different surfaces of the buildingdde and treat all of them equa{{yatita et al.2014

Liang et al, 2014). This can result irunder or overdesign since there is a strong relationship
between the type of surfaces and the type of PV modulesathéie attached to them or integrated

with them.Therefore, these simulation methods cannot be used for the design of a PV module
layoutwhere surfaceestricted PV modules are considered (e.g., BIPV); (3) The majority of the
existing simulation models do not consider the shape, size, and orientation of the PV modules in
the radiationanalysis(Buenoet al, 2015) In this sense, they caminbe used as a parametric
modeling tool where the designer can easily investigate the impact of design changes (e.g., change
of the size or orientation of the PV modules) on the overall performance of thestewheim et

al., 2015Kim et al., 2015)

The emegenceof BIM in recent years has provided a rich platform for obeasted evaluation

and analysis of building&astman et al., 201Eastman et al, 2011) Nonetheless, currently, BIM

is not used for detailed and surfasgecific simulation of building surfaceSince BIM provides

easy access to information about various elements of the building, it can be best used for various
types of simulations, such daylight, energy performance, and solar radiafang & Chen,

201Q Abanda & Byers, 2016Gourlis & Kovacic, 2017 Habibi, 2017) A research project in
Germany is trying to integrate the energy active components into the building envelope based on
BIM methodology(Solconpro, 2018)There are several software packagesBidi-basedsolar
analysis, such as ECOTEQMarsh, 2003)and Insight(Solar Analysis, 2021 However these
packages transform the BIM 3D objects into a polygon m@ahing this process, the semantic
information about different objects is logts a resultthese simulation packages also have the
abovementioned limitation about not being able to digtish between different surfaces of
building skin.

Given that theutputof the PV systenon building surfacedepends heavily on the layout design
(i.e., the size, type, location, and orientation of the modules), it is impetajpezform detailed
simulation of radiation potential on different surfaces of the buildings to find the most efficient PV
layout. Existing simulation methodswhich mostly use only the geometric model of buildings,

camot discriminate between different typeduilding surfacesAs a result, these methods cannot

5



be used to desigRV layoutswhere different types of surfacestricted PV modules (e.g., PV

modules that can be installed on windows) are incorporated.

In addition to the necessity of having ac¢araD building surfaces modetbe PV locatios and

angles (i.e. tilt and panyimultaneously on the building surfaces are critical especially when the
target buildings areocated in a complex built environment such as the dense urban areas where
many fators (e.g. interference of shadow caused by the surrouedwvigpnment, lower yield
contributed by solar radiation angle) affect the performandbed®V system. Therefore, these
parameterseed to be considered concurrently to find out where and happty or integrate the

PV modules on the building surfaces to achieve optimum perform&umd an integrated
platform, which consider the detail surfaeg@ecific building model and multiple design variables

to find out the optimum PV layout is still mieg among existingtudies.
Therefore, the problems that justifies this research can be categorizedamaingroups

(1) Absence of a Blivbased approach for surfaspecifc simulation of solar potentitd perform

radiation simulation on eombination of desired surfaces of buildings.

(2) Absence of an optimization approach for planning therf®dulelayout on theentire building
skin consideringvarious design characteristics (e.g., stype, pan and tilt of panels andthe

financial feasibility of the generated layouts.

1.3 RESEARCH OBJECTIVES

Based on the research gapsntioned in the préaus section, this research aims(t Develop

a parametrisimulationmodeling platform for the design of surfaggecific PV module layout on
the entire skin of buildings using the surface properties of the BIM m(jdDevelopa BIM-
based generative design framework for PV module layout design on the whole extéigbr of
risebuildingsconsidering the complex interaction beem building surface types (e.g., windows,
walls, etc.),orientationof PV module (e.g.,tilt and pan anglgsthe efficiency of different PV
modules, and the financial aspect of thedystem (i.e., revenue vs. cost at different study period)
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and (3) Verifying and validating the proposaohulation modeling platform argknerative design

frameworkbased on a detailed case study.

Theobjectivesare set in a S.M.A.R.Tspecific, measurabl achievable, realistic, timelyay to
accurately measurhe progressof the researchowardthe definedgoak. Theyare specifichy
outlining a cleamproblemstatement with respect to tidentified research gap$he numerical
resultscan be used to make suhat the defined objectives are measurable and achieWdble.

assume thahk objectives are realistic atithely.

1.4 OVERVIEW OF THE RESEARCH METHODOLOGY AND STRUCTURE OF THE

THESIS

As shown in the overview of theesearch methodology figure 1-2, this research consists
multiple phasedo develop the proposed framework and ensure it meets the research objectives
and provides valid and reliable results. The research started with reviewing the related existing
studies. During this review, relevant literaturesmtar radiation simulatiomethods in the built
environment,PV mo d u lomimization approaches on building surfaces, and the generative
design paradignwere reviewed. This phase resulted in identifying the research gaps in this
domain. It is observed th#te majority of the studs that focused on facade radiation potential
analysis were based dime 2.5D models anithey lacka sufficientlevel of details in representing

the facade ofbuildings In addition to the necessity of having accurate 3D building surfaces
modelsthe PV Iaations and angles (i.e. tilt and pan) simultaneously on the building surfaces are
critical especially when the target buildings xeated in a complex built environment such as the
dense urban areas where many factors (e.g. interference of shadow caused by the surrounding
environment, lower yield contributed by solar radiation angle) affect the performance of the PV
system. Thereforeghese design parameters need to be considered concuimeatlyintegrated
platform to find out where and how to apply or integrate the PV modules on the building surfaces

to achieve the optimum performance.



In the problem analysishase the gaps in # literature were used to identify the requirements of

the generative design framework in terms of the decision varjgiggment objective functions

and constraintdDecision variables and objective functions were determined by considering all the
cortrollable variables that constitute the PV system layout design (e.g., paocailipn) and the
performance indicators that guide the selection of optimum design for asset managers (e.g., total
radiation, cost, energy revenue, profit, etdn) additon to the abovementioned design
requirements, some other qualitative requirements were also considered, sesthetc values,
constructability, and maintainability.

Literature Review
v

Problem Analysis
v

Framework Development

v

Figure 1-2 Overview of the research methodology
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Building up on these design requirements, a framework was developed based on the integration of
BIM with a generative design principle. This framework consists of two components, namely,
parametric modeling and optimization module, as shown in Fig8revhich will be explained in

Chapters 3 and 4, respectively.

Generative Design

BIM Model "
Generate populations of

v solutions
Classify facade objects ¢
¢ Estimate objective functiong
c
Extract exterior surfaces o .g ¢
objects 8
¢ Il £ Rank solutions
3
Generate layout o ¢
¢ Select the fittest
Perform surfacespecific ¢
solar simulation

Optimum solution

+
Shading
surfaces

Parametric Simulation Model

Figure 1-3 Proposed framework

The objective of first componeigto develop a surfaespecific solar simulatioparametric model

by creatingclasses of surfaces that associate with different types of building objects (e.g., exterior

walls, roofs, curtain walls, windows, etc.) usingvBtapabilities.For this purpose, BIM and

CityGML models are used to define the constraints of the PV applicaflia. component

comprises of four different steps including facade object classification, extraction of exterior
9



surfaces, generation of a sffe layout, and performing solar radiation simulation. This
component is explained in detail in Chapter 3. This component is verified by apgpdyisiivity

analysis.

After developing and verifying the parametric model, a simulatiased generative dgsa
approach is developed to integrate the parametric model and the optimization module to satisfy
the objective functions of the optimal layout of the PV modules, as shown in Figuiehén, the
developed framework is implemented in a prototype. To ttestfeasibility of the developed
prototype, a case study was conducted on a building in Montreal, Canada. The functionality of the
developed prototype is validated by comparing the results with other studies and comparing with
the baseline design scenaié o uThigpcompsnent is explained in Chapter 4.

Finally, summary, conclusions and future work of the research are presented in Chapter 5.
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CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

In recent years, many studi@gusedon renewable energy as a clean and sustainable alternative

to fossil fuel Diversification of energy resources would have a significant role aoagtee the

future energy supplyConsidering the fact that the free irradiation energy that the eartlergingc

daily from the sun is 10,000 times more than human daily energyPhotovoltai(PV) energy

has a very promising futufer the development of sustainable cities by providing a viable solution

for the growing energy demand and global warming uhetntal effectslt provides clean, silent,

and easy access to energy by enabling onsite power generation and reducing the transmission costs.
According tolnternational Energy AgencyEA) analysis, solar PV will generate 20 to 25% of

world electricity by2050(IEA, 2018) The main challenge is collecting and converting this energy

to a usable form of energyith a reasonable cost. PV systems are getting more popular due to the
continuous technological advancements and the decreasing cost of solar pdditisnally,
compared to other power generators, PV systems have less space requirements for the installation,

especially when mounted on building surfa@@barabi et al., 2010)

This chapter is structured as follswFirst, the transitionof solar radiatiormeasurements and
assessment models and tobism conventional Gl$hased solutions to BINdased integrated
approachesare reviewedThenphotovoltaic systems and their components, PV panel types, and
their application in the built envinmentare reviewedin addition the status of current practices

in PV systenoptimizationon building surfacearereviewed andhe limitations and the research
gaps in the existing works are highlight&dirthermore, the generative desgpproachand its

application in different research works are reviewed.

2.2 SOLAR RADIATION MEASUREMENTS

In addition toa direct beam of solar irradiance that reaches the surface, there is also a diffuse
component that comés the earth after multiple scattering from water vapor molecules, dust
11



particles and clouds, which is the main difference of many available radiation mobdels.
summation oflirect and diffuse radiatiadeterming thetotal global radiation in att-hours per
square metefJelle et al., 2012)arious factorssuch as watler condition, topographyground
surface characteristickatitude, thetime, and seasonaffect the distribution of radiation coming
from theatmosyhere(Redweik et al., 2013; Martin et al., 2015)

The following quantities associatedth solar radiation are commonly measured:

Direct beam irradiance'Q ) is the energy of the solar radiation (Wjrimcoming from the solid

angle subtendedbytse n6s di sk perpendicular to the rays.

Direct horizontal irradiancg O) is measured on a flat horizontal planeontrasto direct beam

irradiance Since the incidence angle of the solar beam is equlétunthe zenithangle then:

0O Owe+ Eq 2-1

West

; ," e ;;\"\7/ East
South

Figure 2-1 Angles representing the position of the surface and the sRaulescu et al., 2012

Diffuse irradiance 1O) represents the radiation incoming from the entire sky dome on a horizontal
surface Global irradiance (G)s the sum of the direct horizontal and diffuse components.
0O 0 O Eq 2-2
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As shown inFigure 2-1, the incidence angléd ), which is important in fenestration and solar
technologyis the angle between the sundirectn and t h e .¥Bhisfadtonaffec e nor ma
intensity of thedirect solaradiation striking the surfaceilt (slope) angld Bahdsurface azimuth

angle(u) are the other angles thagscrite the position of the surfac®©n the other hanagenith

angle(d z) measured from vertical; elevation anfi¢measured upémthehorizon and azimuth

angle(us) represent the position of the s{iRaulescu edl., 2012)

2.3 EVOLUTION OF SOLAR RADIATION ASSESSMENT MODELS AND TOOLS

Modeling solar radiation potential has a key role in evaluating the feasibiliBMo$ystem
implementation. Although solar power is considered as an available andilalecesarce of

energy, the received amount of insolation by any surface is affectetlliple factors of the
surrounding area and also the characteristics of the radiation receiving surfaces. In more complex
environments, such as urban areas, the radiation assessment become more sophisticated due to the
existence of numerowsbstaclesandshadow effects. Radiation modaet®upled withsimulation

tools, provide a better representation of this complex environment in order to come up with more

accurate radiation estimation.

According to the literaturegp assess theolarradiation potentialseveralapproaches have been
developedn different timelinesfor variouspurposegqFigure 2-2). For exampleearlier studies
analyzedhe solaradiationpotentialfrom aphysicaland geographicatandpoint using numerical
models(Paulescutal., 2012) By introduéng the computational approaches and simulation tools,
some research investigdttne solar potential in the urban aré@howet al, 2014) Increasing
the energy demand anatroducing renewablenergy motivated thanalyses of solar radiation
potential in the built environmenEarly studiesnostly focused on analyzing the solarisgidn

on rooftop surfaces. Then, byeimprovement of PV mades technology, the vertical surfaces of
the buildings started to mnsidered as potential optiom$owever,the majority of the studies

were developed based omR.modelsIn recent years, by introduction of the BIM based radiation
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simulation tools, some studies started to consider-Bégled solar radiation analygiBrown,
2016)

%f.
e i
Development of physics-based numerical solar $ /
radiation models ‘ e “‘f Development of BIM-based Integrated Solar
Perez model , ( Simulations
ATM
Numerical 2D 3D

Emerging Computational Solar Models
Cadastral cartographic Info
Arc Info

| \‘\ = Morth Raster Maps
. [ - Photogrommetry
.-'0 & J_.-j LiDAR
ha DEM
4 ! ArcGIS Solar Analyst

Figure 2-2 Solar energy technology timelingdadopted from Paulescuet al., 2012;Chow et al.,2014
Brown, 2016)

Table 2-1 represents research works that investigated the solar radiation potential directly or
indirectly for the purpose a@valuatinga PV system on building surfaces. As shown in this table,
earlier studies analyzethe solarradiation froma physicaland geographicatandpoint using
numerical modelatmospheric and Topographic Model (ATM) is the first topographical solar
imagebased model that considered the geography and climate in-skafge catulations
(Dubayah & Rich, 1995)SolarFluxis a radiation evaluation model that was developed in the
Arcinfo platform to use the topographic data and calculate the total direct and diffuse radiation
with respect to the Sky View Factor (SV{Hetrick et al., 1993)This model was later improved
by considering the Digital Elevation Model (DEM) of the area andfeeific period of time for
the study(Kumar et al, 1997). Furthenore Redweik et al. (2013) developed an approach for
evaluating the SVF on the vertical surfaces and discovered that less than half of the sky hemisphere
is visible from a vertical facadeoint. These computational solar models give an insight into the
physics involved in PV panels by investigating behaviors of radiation factors and shadow effects
in association with different topographical characteristics of large areas. However, thsctdege
analysis of how PV systems work amcomplexurban context requires more comprehensive
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simulation models. Thereforeseveral techniques, e.g., vector cartographic maps, cadastral
information,GeographidnformationSystemqGIS), aerial or satellitenages and Light Detection
and Ranging (LIDAR),were applied to collect the required information and parameters for
modeling buildinggJochem et al., 20090or exampleKarteriset al.(2013)developed a statistical
model to calculate the horizontal feurfacesThe out put was validated wi
measurement in Greece. #tudy in Los Angeles estimated the solar potential of rooftops
consideringseveralfactors such as energy radiation amount, the suitable rooftop size, ahope
orientation(Ludwig et al., 2009) Likewise, the annual electricity generation by different solar
technologies has been evaluated based on a GIS solar radiation map ifGastir& Charabi,
2010) In another study, the annual potential of PV systerasevaluated for three different
categories of residential buildings in Spain, including detached and/cds¢mshed houses, row
houses, and highse buildngs. Two types of PV modules with different dimensiand power
rates were considered on flat and pitched rooftop sii@acalculating the energy production
(Ordéniez et al., 2010)

RADIANCE is a powerful and reliable softwarehich considers the physat behavior of light

and reflections in a volumetric 3D model and curgedmetries usinglaght-backwarday-tracing
algorithm. The foundation of this extensively used simulation software is based on tbttlea
Perez diffuse radiation mod@Perez et al., 1990RADIANCE is used to determine the solar
potential on building surfaces for baihrpose of daylight analysis and power generat{@vard,
1994) Several mode)swhich were itroduced later onwere inspired and created based on
RADIANCE, such as Cumulativesky approach for generating annual irradiation images
(Robinson & Stone, 2004While Daysim is abldéo analyzethe annual daylighting at eacbipt

in and around buildingsThe climate data, shading factor, and reflections on a 3D geometrical

model are considered in the calculatioh®aysim(Mardaljevic, 2000)
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Table 2-1 Comparison of solar radiation assessment models

Considered Factors

Reference Method/Tool Physical/ . Rooftop | Facade .
Geographical Shading Surface | Surface PV (Type, Slope, Azimuth)
(Dubayah & Rich, 1995) ATM / Imagebased \% - - - -
(Hetrick et al, 1993) SolarFlux / Arc Info \% - - - -
(Kumar, Skidmore, & Knowles, 1997) SolarFlux / DEM \% - - - -
(Ward, 1994) Perez Model / RADIANCE \% - \% \% -
- Daylight coefficient method /
(Mardaljevic, 2000) Daysim \ \% - - -
(Redweiket al, 2013) SVF \% - V \Y -
ggﬁtﬂo eZtO;i4)zélil;)& Rich, 1999) (Wiginton et al, 2010) ArcGIS Solar Analyst / LIDAR i ) v } }
ofierka & Suri, SYar i u(Hdfieskp r.sun
Hofierka & Suri, 2002)( G ¥ & D u(Hdfieskp & / PVGIS v ) v ) )
KaRuk, 2009) Optimized for European Climat
Solar penetration through urba
(Tookeet al, 2012) vegetation canopy / LIDAR M ) M M )
(Melo et al, 2013) Solar3DBR / qugle SketchUpg i v ) } }
plug-in
(Erdélyiet al, 2014) SORAM \% \% - - \%
(Gastli & Charabi, 2010) GIS-based solar radiation map \ - - \%
(Ludwig et al, 2009) (Jochemet al, 2009) (Nguyenet al, . ) ) )
2012) (Goodinget al, 2013) (Martinet al, 2015) GIS /LIDAR & DEM v v
. Hay model, SVF / Vector maps
(Carneiroet al, 2010) Airborne LIDAR \ - V V -
. . v.sun/ Raster maps, GRASS
(Hofi er ka & (HofleiRau&kzlocha, 2002 ) GIS platform \ - \% \% -
(Jakubiec & Reinhart, 2013) Perez model / A!rborne LIDAR, \ - \% \% -
Daysim
. SOL / Matlab, Airborne LIiDAR,
(Catitaet al, 2014) ArCGIS \ - V V -
(Esclapé=t al, 2014) Cadastral cartographic Info \% - \% \% -
(Bymeet al, 2015) Cartographléllgfo, Statistic & v v ) v
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Since the energy output of PV panels depends on the amount of the solar radiation they receive, a
major part of the previous studies focused on the geographical analysis using GIS for the
evaluation of the radiation potential. The radiation gradient imekfby different factors at
different levels of studies. Elevation, slope, orientation and the shadow effects of the intended
surfaces are the elements that influence the radiation at the local scale, while the rotation of the
earth around the sun and titgographical characteristics are considered for evaluating the global
radiaton( G%r i et al ., 2007)

The advances in GIS improved the function of the radiation models in recent years by providing
faster and more integrated platformsponcessing complex solar radiation models. ArcGIS Solar
Analyst extension was developed and added to the ArcGIS platform by (BBRIIS, 2021)

This tool enablesisersto evaluate the temporal and spatial variabilitynoident solar radiation

on the landscape with higher resoluti¢@arl, 2014) Location, elevation, orientation, and
atmospheridransmission are the main factors in the analfRis& Rich, 1999) Several studies
employed Solar Analyst and other GIS tools to determine the suitable rooftop area for
implementing PV systen(®Viginton et al., 2010Brito et al., 2012)

r.sun(r.sun, 2006)s a tool based on GRASS GIS suadre using the clear sky model. It was
developed to solve the limitations of the earlier models, such as3oBolaFlux SolarAnalyst,

and SRAD by enabling lareggcale analysid{ofierka& Suri, 2002). Besides creating the radiation
raster maps shadoand reflectance maps, this model was optimized especially for the European
climate conditions with horizontal or inclined surfa¢e& Y4r i & D uSolardaDBRMe200 0 5 )
2021)whichwas introduced as a phlig to Google SketchUman simulate the shadow around the
PV panels created by nearby buildings. Consuming less pmogdaswe for modeling and
providing more detaikd representation are considered as the advantages of thcotopare to

the previous one@Vielo et al., 2013)

The majority of the aforementioned models are only able to assess the radiation potential of the
PV panels installed on flat surfaces. This limitation is resolved by SORAM, which can calculate

the radiatio on slanted PV panels (Erdelyi et al., 2014). This algorithm considers the 3D shading
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caused by surrounding obstacles based on Google Maps and, thus, ger@eatecurate results

compared to the improved Perez model.

2.3.1 Solar Radiation Simulation Consideing Vertical Surfaces

As addressed in Section 2.8ignificant efforts have been made to develop a wide range of
numericaland conceptual solar radiation models with differdratracteristics. Thesaodels were

only able to provide some information aboieto u i | ddassifcat®on, their footprint,
orientation, and elevation related ddat@wever, quantifying®V potential at urban scale requires

a better representation tife geometry of thduildings in addition todetailed informatiorabout

their surrounding environmerkherefore, a number of studies have been conducted to create solar
radiation analysis by considering vertical surfaces of buildikigstin et al., 2015)For example,
researchocused on the assessment of PV adaptgbih urban facadg&sclapé®t al.,2014). In

this research, solar radiation data freime SpanishMeteorological Agency were collected to
generate 3D solar maps based on the cadastral cartographic informmatasstudy, the detailed

model of the dcade area was not considered in the radiation evaluation.

Since the data collection methods and technolpgiegeneraldependon the scale of the study

aread and the complexity of the built environment, the use of LIDAR for collecting height
information of urban aremhasgained more popularity in recent yea(§lartin et al., 2015)For
instance, a study in Kingstone,Ontatios ed Li DAR data to analyze the

rooftops atheregional scaléNguyen et al., 2012)

The rooftop PV capacity of seven main UK citieascalculated using GHpased digital surface
modek and LIiDAR data(Gooding et al., 2013 2.5D urban surface model was generated for
the city of Geneva, using buildings footprint 2D vector maps and the elevation information from
Airborne LIDAR (Carneiro et al., 2010)n this study, any surfaces widtslopegreater than 60

are considered vical and the remaining surfaces are treated a®flalted rooftops then the
radiation was evaluated for all surfaces. Finally, the algorithm total outputs were plotted

graphically on the intended surfaces. Although it was claimed that the vertitadesuwere
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involved in the radiation calculation, the details of the building surfateh as windows and

related geometrical properties were not considered.

In another study, r.sun model was employed in another vbasad model, called v.suon the
GRASS GIS platfornfHofierka & Zlocha, 2012)A combined vectevoxel approach was used to
analyze the 3D vector data of the urban area in a way that the smaller voxel size radulibén
accuracy and more spatial details but more computation time. In this research, the solar radiation
was investigated on the flat rooftops and vertical facades based on the 3D model of Presov,

Slovakia, provided by a photogrammetric method in téeellof Developmen{LOD1).

In another urbaoriented studya2.5Dmodel of Cambridge, USAvas constructed usingraorne
LiDAR data. The collected points were divided into the ground and buildings levels for 3D
triangulation. The rooftops with slope greater than B@ere considered as vertical surfaces
(Jakubiec & Reinhart, 2013y he rradiation simulation followed the detailed Perez sky model and
the cumulative sky method using Daysim softwar@mhnourly basis. The accuracy of the created
model was validated bgrealrooftop PV system installed on the neighborhood buildings and also
simulations from Solar Analyst, r.sun, Daysim, and PVWatts. The range of annuah&sdrem

3.6% to 5.3%Like theaforementioned studies, the surfaces in this model were also represented

with low geometric accuracy.

SOL is a Matlabbasedalgorithm that was developed for the evaluation of the radiation potential

at a larger scaléCatitaet al, 2014) However, this calculation was conducted regardless of the
position of the points whether they are located on the ground, roof or facaslalgidrithm works

based on the ge@ferenced.iDAR data rasterizetb 1; 1 m? pixels. All pixels with a slope greater

than 72° were considered 90° to represent the vertical walls. This model was applied to the Science

Facultyof LisbonUniversity (Figure2-3).
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Figure 2-3 Annual solar radiation on vertical surfacesbased on 2.5D moell (Catita et al., 2014)

The results representadigher level of received solar radiation on the south facing facades than
the roofs in winter timgCatita et al., 2014)The geometric accuracy to assess the radiation on

building surfaces in this model, like many other previstuslies, was limite@Figure2-4).
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Figure 2-4 Annual global radiation based on 2.5D model&Catita et al., 2014)

Although 2.5D models are capable of providing the necessary inghefanalysis of the vertical
surfaces of the buildings, they laeksufficient level of details in representing the #alg of

buildings. The accurate representation tké vertical geometry is especially crucial when
considering the installation of BIPVs.
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2.4 PHOTOVOLTAIC SYSTEMS

A PV system is basically composed of PV modules and some other elements, suehtasinv
batteries, electrical components and mounting systdeds 2018). The basic unit of a PV system
is a semiconductor material, which is calé&@V cell. These cells convert solar energy into direct

current electricity.

Progressiveechnical improvement of the PV modulesriaking them an increasingly attractive

and viable solution fothe largescaleuse of renewable energy on higke building. Building
rooftops and facades can be equipped with a new generation of efficieestmetiaally appealing

PV moduleqLi & Liu, 2018). In other wordsthe emesion of highly transparent solar cells can
transform the metropolises from power consumers to power fdldntain et al., 2018With

highly transpanet solar cells, a significant part of tbeilt environment surfaces hastential to
harvest solar energy withoatfectingtheir mainfunctionality (Traverse et al., 2017Although

the efficiency of these cells is abd&b, because of their installatidrexibility , theycan be used

on awider range of surfaces compared to the opaques,dherefore, a large surface area of
buildings can help compensate for the reduced péWwewrerseet al.,2017) Currently, multiple
semttransparentphotovoltaic technologies are under development to achieve reasonable
efficiency and transparency at the same time. This is the challenging part of the material fabrication
since the PV cells should be able to efficiently absorb the photons and convetd fheser, and

at the same time let the photons pass through to satisfy the transparency and visual comfort
requirementgHusain et al., 2018) Recent studies on semitransparent PV cells material and
fabrication show that translucent polymand perovsk#based photovoltaic cells have promising
characteristics from the electrical and optical point of view and they do not have the limidations
silicon-based cell$Shin & Choi, 2018)

2.4.1 PV PanelTypes

Monoaystalline Silicon Star Cellsare the most expensiv@aquemoduleswith the highest
efficiency rateswhich is typically B-20%. Since these types of panels produce electricity up to
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four times more thathin films, they arespaceefficient. Their life cycle islongerthan the other
typesandthey performmore efficienly in cold weather AlthoughPolyaystalline Silicon Solar

Cells have lower cost and less silicon waste compared to monocrystalline, they have lower heat
tolerance. Their effiency is B-17%, so a larger surface is neededjet higher outputhin-Film

Solar Cells (TFSC) consist of n@ilicon semiconductor materidlheyare responsible for almost

10% of the global market with11% efficiency Although tey arecheaper,theyrequire a lot of
spaceand degradéster(Energysage, 2021)

New PV systems comprise various types of panels that make them suitable to be applied on
different surfacesAs shown in Table 2, different types of panels could be installed either
independently or integrated on surfaces for different purposes. For example, at the local scale, they
can be attached to buil di ngsod rleoousetonglargeor t o
scale in such infrastructures as solar plants, public parking shades, and gas station sBctures.
foils, tiles, modules, and solar cell glazing can be named as various categories of BIPVs. Different

studies focused on the architeetisispect of using BIPV (@ k etal., 2017)

Within the built environment, PV systems can be categorized into two main groups. The PV
systems that are added to the existing buildings (e.g. conventional rooftop applications) are called
building-applied phtovoltaics (BAPV) BIPV are usually used as a part of building components
and are integrated into the building skiNatural Resources Canada, 2Q01%hey can be
multifunctional as a part of the building envelagglacing the regular materials and generating
energy at the same tinjéelleet al, 2012) The advantages of BIPV over the Aategrated panels

are that they daotrequire dedicated space, they can reduce the total material and labor cost, and

they donotrequireextrainstallation or assembifRaugei & Frankl, 2009)
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Table 2-2 PV panels types and applicatiorsurfaces

Monocrystalline - - Transparent /
Panel Types (Opague) Polycrystalline|  Thin-Film SemiTransparen
Efficiency (%) 18- 20 15- 17 11 2-5
Price ($)/Watt 0.21-0.35 0.45-1.10
m Rooftops V V - -
]
§ Fagadg& v V . vV
S | Balcories
ﬁ Windows - - \% \%
i)
& | Shadsand Blinds - - \%
a
& | Infrastructure \Y \Y \Y

Furthermoregas shown inFigure2-5, there arananyopportunities for using BIPV systems in an
innovative architectural design. For example, using PV panels as balcony feapgdyiog semi
transparent modules for designingases like atrium roofs or facades can improve aesthetical
aspectgNorton et al., 2011)Certaintypes of PV products such as amorphous silicon tiles can
replace the common tiled roofSome other types could be applied as shading techniques er semi
trans@rent fenestratiofJelle et al., 2012)Besides generating energy, they do not compromise
the aesthetic value and enable light penetration into the builBwg et al., 2011 he curtain

walls provide multiple possibilities for the integration of PVhpés into buildingsPV glasses for
curtain walls come frameless and could be assembled into different types of buildings. In addition
to generating power, the transparency of PV glass maintains the functionalityzahdosvsand

allows the natural lighting and unobstructed vié@ayx Solar , 2019)
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Sunshade Type
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Figure 2-5 BIPV installation examples(S-Energy, 2018)

2.4.2 Curtain Wall Systems

Generally,a curtain wall is a kind of light exterior building enclosiFeégure2-6). The structure
of curtain walk, as a part of the facade, makieem flexible and potential candidate for apipdy
BIPV systems. Although they amonsidered as a structural elamethey cary no vetical

structural load except theawn weight There are different classificatiomd curtain walls but

some forms of curtain walls are more common.

Figure 2-6 Curtain wall system
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Stick built and unitizedurtain wallsare two main types of curtain wall systems that are classified
basednthe manufacturing proceduf@ WC T 6 CdFaod duinrd A stizkbbQilOcrtain wall

is fabricated in the company and thegesareassemblednd glazed at the site. Therefore, the site
labor cost and the construction time are considerable for the installation of this type of curtain
walls. In contrastthe whole component @funitized curtain walcomesas a single unit fim the
factory. Since this type of curtain wai$ fully manufactured in advance, it has higher quadind

due to the fastezonstructionit is usually used in highise buildinggMorris, 2013)

2.4.3 PV Panelsin the Built Environment

Currently, building owners and designers can consider a PV module layout where different types
of PV modules are installed in different parts of the building skin depending on the cost,
characteristics, and efficiency of the modykbesuitability of a PV module for a given surface,

and the geometry of the building. The layout design of PV modules on the building skin requires
a detailed analysis in order to identify surfaces that receive enough radiation for an economically
justifiable investment. This is because not all the surfaces have equal radiation potentials and
building owners normally operate under budgetary limitations.

There areseveral uniquéuildingswhich have PV moduleapplied on their fagadeFor example,

in a Danish shool project in Copenhagen, 12,000 solar panels have been used to cover the
buildingés fa-ade W({Dézeen, 2017)bis$ project aimsecaprovids0%6 , 0 4 8
of the annual school electricity demgirigure2-7). In this project, a pixelated pattern was created

on the building exterior surfaces using PV modules. A random tilting is applied on the installed
blue color PV modules that resonate wite Surrounding water to satisfy the aesthetic purposes
(Dezeen, 2017)
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(a) Overall view (b) Detailed view

Figure 2-7 Copenhagen International School with BIPV (a) Overall view, (b) Detailed view
(Dezeen, 2017)

The new head office of the Federation of Korean Industries is an example of using BIPV on the
southwest and northwest facadEigure2-8). In addition to generating PV energy througjtirVv
andproviding maximum access to vievise exterior wall of this 56story buildingis designedo

comply with energy efficiency strategies and reduce the internal heating and cooling loads
Besides the architectural aspects, the opti mi
in the development of this project to fulfill the district and city requirement. According to city
regulatiors, the new generation ¢drge scalecommercial building should be able to generate a
minimum of 5% of their required energy. In order to maximize theusrinof collected energy in

this project, PV modules are tilted by 30° towardghe(Smith & Gill, 2014).

SILVER ANODIZED ALUMINUM
CURTAIN WALL SYSTEM

PANEL FIXED JOINT

CUSTOMIZED PHOTOVOLTAIC
PANEL/RAIN SCREEN

PANEL FIXED JOINT
LOW-E INSULATED GLASS
PANEL MOVEMENT JOINT
OPERABLE WINDOW
WATER TIGHT METAL

INSULATED PANEL

VENTILATED AND
DRAINED VOID|

(a) Picture of the facade (b) Schematic view
Figure 2-8 Building of Federation of Korean Industries with BIPV (Smith & Gill, 2014)
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2.4.4 Componentsof PV System and Cost Breakdown

Multiple factors can affect the amount of generated electricity by PV modules. Some of these
factors, suclas the size, position, number, and efficiency of the utilized PV modules, are design
variables. Howevesome other factors, suchaaylight hours and weather condition, are location

specific, and therefore not controllable.

In PV system terminology, alomponents of a PV system other than the modules, such as the
inverters, electrical and structural components, etc., are called the Balance of System (BOS). These
components contribute to how the system functions. The total cost of a PV system can be
categorized into two major parts, including the hardware costs (i.e., PV modules and the BOS) and
the soft costs, such as the labor costs, permits, and customer acquisitiofHegsy &
Cormican, 2019)According to a price breakdown of the PV system, almost 13% of the total price

of a PV system belongs to the modules, and the remaining covers the BOS and the 46t costs

et al, 2018) A standard PV module has an input rate of around 1000 W/m2. ldowine
available modules have 9% efficiency at beqfThe eco experts, 2021As shown inFigure

2-9, the estimated co®f a PV module including all fees is $2.8 per WSt/NMetrix, 2021)

Module Profit
$0.35 / watt $0.34 / watt
Inverter
$0.19 / watt O Overhead

$0.31 / watt
Structural BOS
$0.11 / watt

Customer

Electrical BOS acquisition (sales &
$0.24 / watt marketing)
$0.34 / watt

Supply chain cos
Permitting,
Inspection,

$0.42 / watt \\ g
Sales tax on equipment “ .
$0.09/W£gt P ~ Installation labor $0.10/ watt

Interconnection
$0.30 / watt

Figure 2-9 Cost of PV system breakdowr{adapted from SUNMetrix, 2019)
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According toFu et al. (2018) infJS NationalRenewable Energyaboratory the cost of PV
systems has had a significant reduction of up to 60% since 2009. In addition to the utility rate,
higher tax credits and incentive programs can significantly improve the finéeasability of the

PV systems. Concerning the significance of the economic aspects in prospering sustainable energy
development, some studies explored the application of PV systems frebeoest perspectives.

For example, in a techreconomic analysighe life cycle cost (LCC) of the PV modules is
combined with a method for visualizing economic performances of the application of PV modules
on building envelopefLi & Liu, 2018). Considering the installation amdaintenance cost, the
investment payback period is calculated as an economic indicator in pixel units in an empirical
study. However, most of the critical but controllable design variables, which are essential in the

efficiency of a BIPV system, are notinded in this study.

The absence of an approach that can congigdsuilding surface PV suitability with the optimum
PV modul esd conf i guas wdlliasthe econsmiaraspedt aatessitates thg ,
adoption of an integrated platform that caless all these key factors for designing a financially
feasible PV system with the maximum PV energy generation level.

2.5 OPTIMIZATION TECHNIQUES

Optimizationis a mathematicahpproachto find the maxima ardr minima of theobjective
functions considerintheconstraintsA numberof objectivefunctionsand the certainty in decision
variables can define thiype of the optimization prdblem. The problems with one objective
function are called single objectipeoblemsand theones with more than one objective are defined
as multiobjective problems.If the value ofthe objective functions can be determined with
certainty, it is a deterministic optimizatipatherwisg it is considered as stochasfi@glawlana,
2015) Based on the form ofhe equationsof the objective functions and constrajntke
optimizaton can be linearor nortlinear. Linear optimizationis for the problems withinear
objective functions and constraintehile nonlinear optimization has nonlinear objective functions
and constraint¢Diwekar, 2008) Integer programmingnixed integer linear programmingnd

mixed integer nonlinear pgpamming are three types of discrefimization, which usually have
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discrete decision variables. In integer programnimg decision vaables arenteges with linear
or nonlinearconstraints, while the mixed integers are the combination of integersoatinuous

decision variableMawlana, 2015)

Multi-objectiveoptimization has more than one optimal solut{@iraham & Jain, 2005)The

basic mathematical formulation of muttbjective optimizations shown as follows:

G Q¢ QY REIVR(W), 8 ," AW Equation2-3

subject to minequality constraints:

, o~ ~

Re: (e m'Q phgh 8 h Equation2-4

and 7 equality constraints:

@AY =0 @ 1,28 Equation2-5

where w=[@, 6»,...,63] is the vector of decision variables. The number of olgictivefunctionsis
indicated byk. The set of objectives to be minimized(x) and te function ofthefirst objective

is defined a$:(x). The equality and inequality constraints are showg(x) andhi(x) functiors.

Theobjective functionsn multi-objective optimizatiomroblemsare usuallynegatively correlated

to each otherso that the improvement of or@®mes at the cost of compromigithe other.
Therefore, instead of a single optinsalution this type of optimization generateset ofoptimal
solutions These solutions are called Pareto front or solutions that are not dominated by the other
solutions. In other words, none of thes#utions is objectively superior to the réBeb et al.,

2002)

2.5.1 Selection of Optimization Algorithm

Due to the limitations of conventional optimization algorithms in finding optimafistaheuristic
methodswere developed. These methods evolutionaiyde he search spact obtain near

optimal solutions(Mellouk et al, 2015) John Hollandand his ctleagues invented Genetic
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Algorithm (GA) in the mid1970s at Michigan UniversitysA, which is inspired by the theory of

natural evolutionis one of the welknown metaheuristic methodthat can solve complex multi

objective optimization problem# otherwords, t he fAevol utionary opti mi
genetics and evolution principals, which foll
generating the individuals (design solutions) that are adapted to the situation (design
objectivegconstraints). Therefore, favorable characteristics will evolve and continue in the

population genomes during the iterations, and the weaker ones will be elinfBeteditt, 2001)

The process starts with a setindividuals which is called a population. The characteristics of
these individuals are formed by genes that represent the variables. A set of these genes (variables)
in a string represents the chromosomes, which are called soldtl@n§itness functioprovides

a fitness score for each individual. This score defines the probability that an individual can be
selected for the reproduction. Then, the offsprings are generated by crossover based on exchanging
genes among parents at random poiktatatiorsthat are done on certain proportion of top ranked
solutions preserve the diversity in the population characteristics and prevents the premature
convergence. These process of selection, crossover, mutatidicomputing the fitness are

iterated until thgaopulationhas converged to the negptimal solutiongMallawaarachchi, 2021)

Particle Swarm OptimizatiorPS0O, that was developed by Kennedy and Eberhart in the mid
1990s, is based on the c oThe eolaboratvd behawoo &antl e c t i
swarming in biological populations, such as flocks of birds, helps them to adapt to their
environment by i mplementing an #dAinformation s
the proper food sources. this methogdrandomly generatesblutions are like initial swarms, using

the shared information among the members to move towards the optimal solution. Every
movement of these masses within the design space is considered as an (i€estimmty &

Eberhart, 1995)

GA is inherently discrete, therefore it is compatible with discrete design variables, while PSO is
basically continuous and it has to be modified for discrete design variable cases.shimatbat
the difference in the computational efficiency betwedngdd PSO is related to the probleim.

problemswith unconstrained nonlinear nature and continuous desigables PSO outperforms
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GA; while their performancedoes not have asignificant difference when the problem is
constrained nonlinear with continu® or discrete design variables. Although the computational
cost for GA ismuchhigher, it is commonly used in academia and industry because of its easier
implementation, intuitiveness, and effectiveness in solwmginear, mixed integeyptimization
problems(Hassan et al., 2005)

The NonrDominated Sorting Genetic Algorithm (NSGA) is one of the mulifective
evolutionary algorithms (MOEAS) that creates Pareto solut{@mivas & Deb, 1994)To
alleviate some of theroblems associated with NSGg#ych as the computational complexity, lack
of elitism, and the need for sharing paramegetstter andaster algorithm, called NSGH, was
introduced(Debet al, 2002) NSGA1, which has thebility to effectively solveanulti-objective
optimization problemsis known as a mature mulbbjective optimization algorithnfWang,
2016) Moreover,NSGA-Il hasthe flexibility to be applied to a wide range of optimization
problems of significant complexityMcCall et al, 2002) It is also widely used due tthe

simplicity of its computational steps, especially when it isgrated with simulation models.

2.6 PV SYSTEM MODELING AND OPTIMIZATION APPROACHES ON BUILDING

SURFACES

Modeling and optimizing the PV system on buildsigfaces are among the main challenges of
the application of PV in municipalities. In this domain, many researchers considered PV for
rooftop surfaces in the built environment. Some merely focused on the 3D md#elnteris et

al., 2013 Brito et al., 20.2) or solar radiation simulation aspe¢Edélyi et al., 2014Melo et al.,

2013) In some other studies, the optimization of the PV system yield is discussed just from
hardware and technical configuration aspéCtlik et al., 2015)

As shown inTable 2-3, several optimization approaches were proposed for rooftop PV layout.
However, the majority of them did not use the BIM model in the optimizgirocess. For
example, in a study b@€heng et al. (2009p find out the optimal PV angle, 20 sowghented

tilted rooftops are selected and the correlation between the performance of the PV system and the
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tilt angle are studied. The results revealed thatoptimum performance of the rembunted PV

system is achieved when the tilt angle is equal to the site latitude.

An integrated Geographic Information System (GIS), optimization, and simulation framework is
developed bKucuksari et al. (20040 deternme the optimal PV size and location on the Arizona
University campus. In this study, the best candidate rooftops with higher radiation potential are
simply identified usingArcGIS, 2021)and the Digital Elevation Model (DEM). Then, considering

the area of these candidate locations, the maximum number of panels is calculated based on a
certain PV panel size. Finally, an optimization module is used to maximize the total profit of the
PV depoyment, considering the installation, operation, and maintenance costs withipear20

time horizon.The optimization method is formulated in Equatief ® Equation 29. The total

benefit from saving in the electricity bills is formulated as follows:

Yy
i

YO 0 "Y'OQi € Qj; Equation2-6

“Yocalculateshe power output of PV panels as a functiorthef age of the panel), since
degradation of the PV panels redudksir power output. In addition, a derate factdr) (is
consideredo represent system losses caused by wires, inverterspandctors.

where,

0 "Y'®annual sunny hours ).

Q lis derate factor representingssgm losses caused by wires, inverters, and connectors.
"Y'Yis utility rate in period ($/kWh).

€ is the numbeof panel typek installed in period on buildingm.

Q  isoutput power of panel tydeat aget (KW).

T is the installation year andis discount year.

The total installation cost, which inclusiex and variable costs is calculated by Equatien 2

‘00

W 0 ¢ Q 07Y0 Equation2-7
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where,
® is1if PV panels are installed on building m in period t or O otherwise
& isfixed cost of PV panels installed in period t ($)
] is number of panel type k installed in period t on building m
A is output power of panel type k with age t (kW)
3 #is net variable cost of PV installation in period t for panel type k ($/kW)

Since the inverter lifecycle is shorter thimat ofa solar panel, the inverter replacement cost is

considered in the calculations as shown in the following equation:

0oY6”" — Equation2-8

"0O'Y éontains the costs of inverters purchased with the new PV installatioeadth time period

as well as the cost of new inverters needed to replace the failed ones.

where,

' isaverage commercial inverter sige\V)

0 isinverter replacement cost in period t ($/kW)
@ istotal number of inverters installed in period t

"Ois number of inverters installed in year t for newly installed panels

The periodical cleaning of PV panels and inspectioalettrical connections are formulated as

operation and maintenance costs:

000 | ‘00 Equation2-9
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| is operation and maintenance cost ratio
"Odis installation cost of P\panels in period t ($)

However, in this study, no BIM model is considered and the rooftop analysis is simply based on
the DEM model. In addition, the PV location is presented as the only decision variable in the
optimization proces$sIS-basedDEM is a2.5D model thats simply generatedsing buildings
footprint 2D vector maps and the elevation information. DE& modeltreas the building skin

as a set of polygonand des not provide any surfaegpecific and semantic information.
Therefore, a detailed surfaspecific PV layout optimization is not feasible without discriminating

between different types of surfaces and their geometrical information.

In another example, a Gbased optimization model is developed to find out the maximum annual
PV energy generation on rooftops after performing a sensitivity analysis considering the azimuth
and thetilt angle of the installed panels simultaneoufiyong et al., 2014)An integrated mult
objective optimization model was developed by Koo et al. (2016) to find the best scenario for
implementing the rooftop PV system. However, no BIM model is used in this study, and the

analysis was done based on a GIS model.

As shown inTable 2-3, some of the studies used a Bbdsed approach for the rooftop PV
optimization but in most of the cases, only a few factors were considered aseganmlthe
optimization processA BIM-based design and analysis platform for the BIPV on the building
surfaces was developed @ying et al., 2018)The results of the radiation and power flow analysis
for a BIPV casestudyshowed that by the implementatiof a BIM-based BIPV desigrihe cost

of the PV systemwvasreduced by 11.7% and the power transmission loss decreased by 2.95%.
Although this platform is also used for optimization, the focus was only on optimizing the PV

arrayof the rooftop surface.

In addition to the forms and locations of the building exteriors, the shadow of the surrounding

objects would highly influence the output of PV modules. For this matter, a tool is developed by
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Ning et al.(2017)to improve the design efficiency of theoftop PV analysis by performing the
shadow and radiation simulation based on the BIM rin@dgure2-10).

Radiation (KW. h/m2*Year)

1299.3
—1278.8
—1258.2
—1237.7
—-1217.2

1196. 6
—1176. 1
—1155.6
—1135.0
—1114.5

1094.0
- 1073. 4

1200.0—

1100.0

Figure 2-10 BIM -based PV optimization on rooftop (Ning et al., 2017)
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Table 2-3 Various PV system optimization approaches on building surfaces

Optimization
Reference S:::;;I\S/iléy Target surfaces Decision Variables Approach Modeling Tools
eci
Objective(s) =5y T pv PV PV
Roof | Facade . . . .
type | tilt | orientation | location
(Cheng, Jimenez, & Vv Vv i Max PVenergy i Vv Vv i GIS-based PVSYST
Lee, 2009) generation
(Hwang, Kang, & Kim, i i \ \ \ \ i
2012) \% \% F Vv Vv v BIM-based eQUEST
(Kucuksari, et al., 2014 - v ; Max total profitof | | ; V' | Gisbased ArcGIS
PV installation \%
(Hong, Koo, Park, & i Max annual PV i \% i i
Park, 2014) v v energy generation V GIS-based RETScreen
. . Max PV energy SOL
(Freitas, Serra, & Brito, - \% \% generation, Min - M v v GlS-based (3D solar
2015) F F vV g
system cost radiation model)
Max PV energy
(Koo, Hong, Lee, & i i . . \% \ i i
Kim, 2016) \ ge_ngr_atlon, Min v v GlS-based RETScreen
initial cost
Min capital Vv Vv
(Ning, et al., 2017) - \Y - investment per unit v - v BIM-based Revit
power output
(Ning, Kan, Zhifeng, Max PV energy i i i \ i .
Weihua, & Geert, 2018 v v v generation, Min cos \% BIM-based Revit
(Al-Janahi, Ellabban, & i i Max PV energy i i i \% i .
Al-Ghamdi, 2020) v generation \% BIM-based Revit
Max PV energy ) \Y, \Y, \% ) Dynamo,
Present study v v v generation, Min cos \% \% \% BIM-based Refinery

F: Fixedfor all panels, V: Variable per panel
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In a study byAl-Janahi et al. (202Ghe BIM platform was used for the integration of BIPV
modules on the rooftop of a metro station with a complex shape in Qatar. First, the rooftop area
was diviced into 45 main parts, then a certain number of PV modules were considered for each
part. The solar feasibility analysis was conducted based on the average annual solar irradiance
using Revit.A GA was used to optimize the layout of the PV arrays in texhtkeir electrical
connection between those 45 zones in a way to maximize the currents in the rows by reducing the
mismatch losses in the strings due to the partial shadimgever, in this study, the PV modules

with a certain size were directly integedtwith the rooftop surfaces and no variation of tilt and

pan anglesvere considered in the process of PV layout optimization.

Lin et al. (2021)mentioned the absence of an integrated framework for the design of PV systems,
including building modeling anBV simulation. They developed a Bibased solar tool, which is
called PV Link to integrate the PV system design phases considering various design variables and
the feasibility analysis for rooftops. Although the PV placement based on the solar radiation
potential on the rooftop is éamated in this tool, the optimization approach is still missing in this
integrated platform.

Considering the significant amount of potential solar power that could be harvested frensdrigh
building surfaces, many studies focused on the application of PV modules on the vertical surfaces
of the buildings. Some of the researchers that considacedié PV application, investigated the
performance of PV system based on the comparison of various influential factors such as the
shadow effect, PV module type, orientation, and architectural aesthetic values. For example, a
study by Peng et al. (2011pmbined aesthetic criteria of BIPV installation with consideration of

issues related to functionality, cost, and technical aspects of the applied PV modules.

In a practical application of BIPV on the front facade windows of a building, the impact of the
orientation and shadow effect on the performance of the transparent thin film is monitored by
(Yoon et al., 2011)The analysis of results confirmed that the shadow effect and the orientation of
the PV modules can resul't i n rfodn@n¥e. Homgver,ons e me nt
optimization is done to find out the optimum traaf€between these factors. In another studyp

identical PV systems are applied on two differectéies of a building in Turkey with different
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shading conditions. Comparison oktloutput for two systems confirmed the criticality of the

shading effect on the performance of PV mod{ge & Demircan, 2015)

The application of two types of PV modules on a commercial building fagaldedifferent tilt
angleswas simulated and compared fBueno et al., 2015)Although no cost analysis is
conducted in this study, the feasibility of the approach from a fingoerapective is found to be
viable considering the falling PV system prices.

To assess the PV system performance on the facades of two office buildings, an extensive
sensitivity analysis is done by Hwang et al. (2012). The sensitivity analysisissaied that

with a certain configuration of the PV modules% of the electricity need of an office building

can be covered by the installed PV system. Although the impact of multiple factors (e.g. type of
the PV module, PV tilt, and orientation) are invgated inthe PV energysimulation no
optimization is done to determine the best combination of the multiple parameters, and no cost
analysis is considered within the process.

In a study done by a research group at Lisbon University, extensikehas ber doneto study

the PV potential on building facadé€Breitas et al., 2015)n this study, two reliable simulation
approaches are used to prove the feasibility of the facade PV application. As skayuneg-11,

to find out the best facade PV design that maximizes the total irradiation yield, six irregular facade
layouts were modeled in horizontal and vertical forms of rotating or folded louvedditioa to
ellipsoid and hexagonal wall geometrical shapes. The Rhinoceros 3D software and Grasshopper
were used fothe parametric modeling of facade PV layout and annual solar radiation analysis
with a 0.1 n? grid resolution. The generated energy is aiaited by multiplying the total amount

of annual solar radiation received by each facade by an average solar cell efficiency ©h&5%.
results indicated that the horizontal rotated PV layouts on taeléacontribute to a higher level

of PV energy genetian. A multi-objective GA optimization approach is developed to find out the
optimum tiling for PV modules string, which leads to maximizing the annual PV energy yield and
minimizing the system cost. The optimization results revealedthledayouts withmore but
shorter PV strings achieve higher energy yieldse operation costs and the discount rate were

not considered in the cost calculatidrurthermore the BIM model was not considered in the
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analyses and the simulation process was performed based on the Digital Surface Model (DSM)
(Freitas & Brito, 2015)

Flat fagade Horizontal Vertical Horizontal Vertical 5 Ellipsoids 6 Hexagonal
pyramids.

rotated louvers rotated louvers folded louvers folded louvers

I%M

w
(72
<
o

Figure 2-11 Studied facade layouts and their respective radiation simulationd-reitas & Brito, 2015)

Considering the PV locati@and angls (i.e. tilt and pandimultaneously on the building surfaces

is critical especially when the target buildings kreated in acomplex built environment such as

the dense urban areas where many factors (e.g. interference of shadow caused by the surrounding
environment, lower yield contributed by solar radiation angle) affect the performaticeR)

system. Therefore, theparaneterseed to be considered concurrently to find out where and how

to apply or integrate the PV modules on the building surfaces to achieve optimum performance.

Theintegration of 3D modeling platforms and BIPV simulation tools is proposed in a stdg by
Sousa Freitas, Cronemberger, Soares, & Amorim, 2@Rbjvestigate the feasibility of rooftop

and facade BIPV by comparing several design alternatives to retrofit some institutional buildings
from the architectural and engy perspectiveThe design stepscluding building 3D modeling,

solar radiation assessment, and PV energy genecaicuationare performed using Rhinoceros
Grasshopper softwaf®hinoceros, 20213nd LadybudLadybug Tools, 2021)Then the energy
balance is calculated using the BIPV generated energy and the building energy demand. Three
design alternatives for facades are proposed as tilteglading elements and double skin
facades. #so, three design alternatives with certain tilt ggah anglesare proposed for the
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rooftops along with their energy generation. However, no optimization is considered in the process

of modeling and assessment.

2.7 GENERATIVE DESIGN

Computer Aided Design (CAD) improved the efficiency of the design procedure and enabled the
architects to create more precise and editable designs without redrawing the original one. However,
the CAD tools were not flexible enough in casexofomaticallyapplyingparametriachanges in
complex modelingTherefore Generative desig(GD) was introduced as a solution to deal with

its challengesNIicCormacket al, 2004)

GD was definedfor the first timeby Mitchell in the 75 asidevi ces capabl e of
potential sol uti ons ®Gbwaadesciibedeasautpmatng thecneationol. at e |
a large number of designs using the tiefined criteria and constrainf€aetancet al, 2020)

Automation ofgenerating various alternative desigmsrsus tedious manual procedyreffers

the potential for more creativity and selecting the desuipich best fisthe wide range of criteria.

The process of GD can be categorised m8eries of steps includingenerate, analyze, rank,

evolve, exploreand integratéFigure2-12).

EVOLVE  uxi MY EXPLORE @ I8 INTEGRATE 58

INTEGRATED
CHAMPION

Figure 2-12 Generative design procesé/ermeulen & El Ayoubi, 2021)

In the generating stage, the design options are created using the algorithm and the parameters
defined by the designer. Next, the generated designs are analyzed axdoasddon how they

meet the criteria defined by the design&hen the designs will bevolved basedn the ranking
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results.The generated designs will mmparedandexplored then thebest fiting design option
will be selected to be used or integrated into the préjgaimeulen & EI Ayoubi, 2021)

The generative design approach was used in different domains in recenEgeasample, since

CAD applications are replaced by BIM tookerreira & Leitdo(2015) proposed &D solution

with a set of abstractions created for BIM ®élernandeet al.(2012)investigatedhe advantage

of connecting BIMand parametrienodelingwith explorative design modelinddy providing
semantically rich BIM models link can be made between the conceptual and developed stages
of the design procest another studya BIM-based rule language is developedSydora &

Stroulia(2020)to automate the generation of interior design models.

In a study byZhanget al.(2021) a parametric generative algorithwas developed to design
buildings with respect to the energy conservation perspectives, which can improve the energy
efficiency of the building in the early design phase and optimize the Tostoupaki &
Theodosioy2017)used aGD approacho optimize the energy performance of buildings for the
case of nearero energy buildings. In this stud@A and energy simulatiowere integrated
through Grasshopper for Rhinoceros @hinoceros, 20210 explore the performandmsed
design alternatives ithe building. For this purposesoftware toolsveredevelopedo solve the
automation anchteroperability issues by facilitag the modeling procedure and interdisciplinary
collaborationsWanget al.(2020)proposed a GD urban design framework to expéqpeactical
way of generating designs and applying them in the real project schentds Istudy the
CityEngine(ESRI, 2021)nodelingwasusedto generate the texture of blocks similar to the actual

blocks in urban design.

Ma et al. (2021, (Ma, Wang, Wang, Xiang, & Sun, 202tgviewed the pproaches and
requirement®f BIM-based GD. They categorized thigjectives of developing GD in BIMinto

two groups: (150lving specificdesign taskge.g.,such as coping with design changes, the design
period shortening, generating parantemodels, exploring building forms or generating facade
designs automaticallyand (2) Supporing design processes (e.gautomating the design
evaluation, reducing construction waste by proposing an early design workflow, improve the

applicability of BM in different design steps, developing a portable platform for application of
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GD in BIM, and customizinghe design tools They defined the followinduture research
directions: (1) development of more sophisticated and systematiBI8Do support mor&esign
processes, and (2) facdting GD-BIM development by reducingrogramming difficulties for

designers.

2.8 SUMMARY

Based on the review, the early research mostly focused on analyzing the solar radiation behavior
using numerical and physieaodels. Thenby the introdudng the computational models and
various softwareconsideringother factors, such ahe geographideand topographical aspects
becane possible in evaluating the solar radiation. Later on, urban developareht®nsequently

the increasing trend of energy demand within the cipiexpelled researchers and practitioners to
move towards the decentralized energy generation. Solar PV energy has a very promising future
both for its economic viability and environmental sustainigbili provides clean, silent, and easy

access to energy by enabling onsite power generation and reducing the transmission costs.

Traditionally, PV panels are only used on farmlands or the rooftops of buildings. However,
improvement of PMechnology adintroduction ofBIPV give them more flexibility to be applied

to urban elements. Since urban development is mostly happening vertically in recent years, there
is a considerable potential, especially on higle building facads, for generating PV engrgrhe
complexity of the urban structure necessitates a thorough analysis of a wide range of parameters
and factors including the surrounding environment and the building iBaikiderable progress

has beemade in reconstructing building 3D models vilib continuous improvement in the level

of accuracy and automating the procd$swever, the current tools are not geared toward the
surfacespecific solar analysis of the building, which is essential for a comprehensive design of

PV solar modules

As highlighted inTable2-3, most of the existing studies focused on PV optimization for rooftop
surfaces, and various approaches were proposed bydedngi different decision variables.
However, the majority of them did not use BIM modelsd therefore id not consider surface

suitability for different types of PV modules. Althougbme studiesicluded the feade surfaces
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for the application of PV ndules, a comprehensive optimization approach based on a surface
specific modelwhich considers multiple decision variables to optimize the energy yield, cost, and

profit, is not developed yet.

Therefore,this studyaims to developa BIM-basedmethod for a detailed solar simulation of
building envelope using its surface propertiglich will satisfy the ultimate goal of the study to
determine the optimayout of the PV modules on the building surfaces consideringuimber,

type, location, ad orientation of th®V modules on the building exterior surfaces.
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CHAPTER 3 PARAMETRIC MODELLING AND SURFACE -
SPECIFIC SENSITIVITY ANALYSIS OF PV MODULE LAYOUT ON
BUILDING SKIN USING BIM 1

3.1 INTRODUCTION

Thischaptetbuilds on the advent &IM to develop a parametric modeling platform for the design

of surfacespecific PV module layout on the entire skin of buildings using the surface properties
of the BIM model.This parametric modeling will be integrated with the optimization module to
perform GD as explained i€hapter4. In addition, ging this platform, designers will be able to

(1) perform radiation simulation on any, or a combination of, desired surfaces of buildings, (2)
study the impact of various design characteristics (e.g., sizeréentation), (3) develop complex
scenarios for the layout of PV modules on the buildings, andeddmm detailed cdsbenefit
analysis othe besscenarido investigate the cost implications (gu@yback period) with respect

to the number of insliad panels.

The remainder of thishapteris structured as follows. First, the presentatiorthef proposed
parametric simulation modélext, the verificationof themodelthrough implementation and case
study is presented. Subsequently, sensitivityyamland a codbenefit analysis are discussed.

Finally, the summary and conclusions are presented.

3.2 PARAMETRIC SIMULATION MODEL

Figure 3-1 presents an overview of the proposed method for the parametric modeling of PV
modules. In this method, first, the required data are collected. It is assumed that the BIM model of

the studied building is available. Also, the CityGML model of the surrousdoighe target

1 This chapter is based on the following paper:
Salimzadeh, N., Vahdatikhaki, F., and Hammad, A. (2020). Parametric Modelling and Sydadec Sensitivity
Analysis of PV Module Layout on Building Skin Using BIEnergy and Building216, 109953.
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building needs to be obtained from tipeiblicly available data. Next, the BIM model is
decomposed in order to distinguish and classify different types of objects on the building skin (e.qg.,
exterior walls, roofs, curtain walls, windows, &tSubsequently, within each class, the external
surfaces of the objects are extracted. This step is important because the inclusion of inner surfaces,
which receive no radiation, in the radiation simulation would add significantly to the
computational dbrts. Once relevant and classified surfaces are identified, thedefeed
configurations (pan, tilt, size) for each PV module are used to generate PV modules on the surfaces.
Finally, the BIMbased radiation simulation is applied on all the PV modatessidering the
shadow effects of (1) the surrounding buildings, (2) the objects on the studied building, and (3)

PV modules.

Next, the results from the parametric modeling platform can be used to (1) perform sensitivity
analysis by defining several PVoadule layout scenarios (i.e., different pan, tilt, and sizes for solar

panels) then (2) perform a cdstnefit analysis to investigate the payback period of each scenario.
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3.2.1 Data Collection

To be able to use the BIM model for PV panel planning, the model needs to be at a certain level
of maturity in terms of the data available in the mo#letording to the definition of the American
Institute of Architecture (AlA), Level of Development (LOD) represents the minimum
dimensional, spatial, quantitative, and qualitative data in a model element. For example, LOD 100
includes the conceptual geometrith a generic representatioand LOD 200 describes the
approximate geometry in terms of quantities, shapdsize of the objects. While LOD 300 shows

the precise geometry of a specific object including size, shape, and location. In addition to the
graphical representation, this LOD may include somegraphic information(AlA, 2021). For

the purpose of PYayoutplanning, the LOD 300 is sufficient. At this LOD, the type and geometry

(i.e., size, shape, location, and otaion) of building objects are knowBedrick, 2008)

To represent thesurrounding objets that have a shading effect on thggetbuilding, he 3D
modelsof neighborhooduildings are usedAs shown inFigure 3-2(a), many cities are already
using CityGMLto provide highquality geereferenced semantic models of their jurisdictifDisy

of Montreal, 2021)Therefore, these models are becoming increasingly availatiéerent areas.

The CityGML model should be trimed to include only buildings in the effective region of the
building under consideration in order to reduce the computational effort of the simulation. The
boundaries of the effective region are marked by the furthest buildings in different directtons tha
can cast a shadow on the building under considerafiben, as shown ifrigure 3-2(b) the
surfaces of the neighborhood buildings from CityGML model are mergediveitBIM model of

the building under consideration before running the solar radiation simulétmther input
required from the user is about the layout of the PV system. The layout is determined in terms of
location, pan, and tilt angles, and size of medules This input is provided in the form of the
matrix shown inEquation3.1. First, as shown ifrigure3-1. the user needs to determine whether

or not there is anoduleat the potential installation spot.

48



() (b)

Figure 3-2 (a) An example of CityGML file of Montreal, (b) BIM and CityGML integration

3.2.2 Parametric Modeling Platform

As will be explained irdetail inSection 3.2.2L to Section 3.2.2,4igure3-3 presents the overall
concept behind the parametric model used in this researclovenal problem of finding the
optimum configurations for the PV modules can be translated to (1) identifying the locations where
solar panels need to be installed, and (2) finding the tilt andupglesof these panelghe pan

angle is appliednly for PVmodules on the roof). It should be highlighted that this problem must
be solved concurrentlfor the various variable§.e., finding optimum locations, pans, and tilts
together) rather than sequentially (i.e., to first find the optimum locations andgtierum pans

and tilts). This is important because considering the shadow effect of panels on one another,
placing PV modules with specific angles on the lovagliation locations but with a low shadow
effect can possibly yield better results than simplgcing PV modules on the tapnking

locations from the radiation potential perspecbuewith a high shadow effect.

The first step in developing viable solutions is to identify all candidate locations considering the
suitability of different types of ¥ modules (e.g., opaque or transparent) on different types of
exterior objects (roofs, walls, etc.). Therefore, this research proposes theaBBomodel as

input because the embedded semantics in the BIM model allows consideringspbjgfit PV
modules.For example, the use of transparent or seeamisparent panels can be considered only

for windows while opaque panels can be considered for the Wadigré 3-3 (a)). Additionally,
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the semantics in the BIM model allows excluding areas where PV modules cannot be installed

(e.g., because of mechanical installations or openings).

Once the candidate exier objects are identified, they can be trimmed to only retain the exterior
surface. This is needed because the solar radiation simulation is essentiallylsastatd<eeping
other surfaces of objects in the model, thus, slows down the simulationeraib$yd After filtering

the redundant surfaces, the remaining surfaces need to be rasterized into a grid, asFEgaven in
3-3(b). The size of this grid is determuhdy the size of the panels being considered for each
specific surface. Each cell in this grid is a potential location for the installation of PV modules.
Ultimately, the entire exterior of the building is representedKbgotential locations for PV

modules.

Upon the generation of the simulation grid, a potential solution can be developed. At this stage,
the decisions to be made afg) should a panel be placed at any ofKhlecations?, (2) what is

the tilt angle of each panel?, and (3) if the panel is on the horizontal surface, what is the pan angle?,
as shown irFigure 3-3(c) and Figure3-3(d). It should be highlighted that the pan angle for the
facade PV modules is not considered mainly because of aesthetics reasbisstallation
challengesAs mentioned byAttoye et al.(2017) in some cases aesthetical consideration or other
design objectives (e.g., maximum daylight and view) requires compromising the energy
performance. The decision about the consideratiorjection of celk for the installation of PV
modules can be mathematically represented by a binary vallRg fohere 0 represents no PV
module and 1 represents the use of a PV module on locatmentually, a specific solution for

PV module installabn can be represented by the matrix showaqnation3.1.

n,Ufj E UHVE Vﬁl,]

y o ATh 2 TR Eq. 3.1
1/ E [ ETH.’. g
Wwr E 05 EORU
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where:

S: Potential solution i

Pi,x: a binary value representingresence (1) or absenc8)(of PV module at location K i
solution i

d«: the tilt angle of PV module at location k in solutiomhere 0°Odi x O90°

bi,k: the pan angle of PV module at location k in solutigrhere 0°0bix O360°

Ak thesizeof PV module at location k in solution

Wall Location 1 Location3

Roof

Location 2 Rasterized
e surface
(a) Separation of surfaces (b) Surface rasterization

(c) Application of Ti | k) (adnhid, KPamgles ¢nfecrieated PV modules

51



Opaque

Presenc | p,=1 module

Tilt =
1 45 P3 - 1
Par =0°
@=0 3= 60°
da = N/A

Presenc| P,=0

Tilt |, 2=N/A

Par (a3 =N/A

Transparent Semi

transparent module

(d) Generation of a potential solution

Figure 3-3 Process of preparing the parametric model

It should be noted thdiefore the solar radiation simulation can be executed on the generated
solution, the simulation engine requires a 3D representation of the surrounding buildings for
consideration of their shadow effect on the PV modules. This modeéaatstained from available
CityGML models or generated using public GIS data. When the 3D models of the surrounding
buildings are imported, the solar radiation simulation can run. This simulation estimates the annual

cumulative radiation potential of eaphnel Rk, ¥, »
3.2.2.1 Facadeobjectclassification

The BIM model provides the basis for the classification of different objects of the building facade
(e.g. roof, walls, and windows). Depending on the considered types of PV modules, the
classification can be further expanded using the attributes obibets For instance, the length

and width of the windows can be used to classify the windows intcatelgories based on their
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sizes. Such detailed classification helps to select suitable PV modules for the objects based on the
materials or sizes. Howevethe consideration of detailed attributes (e.g., materials) may

necessitata higher LOD of the BIM model.
3.2.2.2 Extraction of exterior surfaces

After the classification, all the objects in each class are decomposed into the constituent surfaces.
The main goabf this step is to identify the exterior surfaces which can receive solar radiation.
Therefore, for each object, only the exterior surface is kept, and the remaining surfaces are filtered
out as they are irrelevant for the solar simulation. As showkigare 3-4, after identifying all

walls of the provided BIM model, the internal ones, which are not receiving the solar radiation,
are removed. In the restep, the external walls are decomposed into surfaces to be able to filter
out the horizontal surfaces and keep only the versiadhcedor the solar simulation purpose.
Finally, the exterior faces of the distinguished surfaces are identified using their normal vectors to

determine the analysis surfaces for the solar radiation simulation.
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Figure 3-4 Flowchart for extraction of exterior surfaces from wall objects

3.2.2.3 Generate a layout

In this stepthe usermefined configurations, as shown in Equathh, are used to generate a
layout The resolutionis determined based on the defined module sides.resolution specifies
how manyanalysispoints on each surface should be considered.

3.2.2.4 Solar radiation simulation

Userdefined simulation parameters are used to perform solar radiation simulatiole the
simulation period can be of any length and from any starting date, since thendtlle

optimization procedure is based on the annual cumulative solar potential, it is recommended to use
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a whole year for the time period. The site location can be obtaim@dlie coordinates difie site,
which is available ithe BIM model. Based on the location of the building, the weather data can
be retrieved from national meteorological databé<estorical Climate Data, 2018Jhe shading
caused by surrounding objecis calculated using the rayacing shading algorithm, where a
shadow ray is tracefdlom the light sourcéoward eactbeam oflight. If any opaque objece.qg,
trees,buildings)is found between th®V modulesurface and thedht source the surface is in

shadow and the light does not illuminaté@mtroduction to Shading, 2021)

3.2.3 AnalyticsModule

3.2.3.1 Sensitivity analysis

The performance of the PV modules on the building surfaces depends on different factors. Some
of these factors (i.e. the size of the PV module, the shading effectsmabthdeson each other,

their installation tilt angleand the orientation) have a sificant effect on the amount of the
received solar radiation. Therefore, to investigate the importance of each factor, sensitivity analysis
is performed for different scenarjosheredifferent configurations of tilt angle are considered for

a certain P\Wimension Then the simulated radiation value is analyzed for esx@nario

3.2.3.2 Costbenefit analysis

Since different levels of radiation are received by different PV modules, each of them would have
a certain return on investment. Performing the-besieit analysis provides the possibility to find
at which level ofgenerateenergy it is reasonable tavest, givera certainpaybackperiod.

The first step in performing the cesénefit analysis is to determine the number of PV modules
that have a solargpential higher than a given thresholtherefore the present value of the
generated energevenueby PV modulesat each thresholduring their life cycle ofT yearsis

guantifiedas shown in Equatiod.2.
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Eq.3.2
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where:

V: the present value of the energy unit cost ($/kWh)

O : the present value of a growing annuity for T years

K: the number of possible locations of PV modules

Pik: a binary value representing presence (1) or absence (0) of PV module at locatic
solution i

Y  :the global annual radiation received by PV module k with-t§ &nd panfi(,only for
roof) for solution i (kWh)

Q) : efficiency of PV made k for the solution (%)

0 'Ythe performance ratio of the PV system (%)

O can be calculated using the equation for the present value of a growing annuity as shown in
Equation3.3 (Finance Formulas, 2021yhich calculates the present value of a series of future

periodic payments that increase at egartionate rate (i.e., inflation rate).

where:

r: the discount rate
g: the inflation rate

On the other handhé total cost of PV moduleésacludesthe initial cost(i.e., acquisition and
installation)and the maintenance cpsts shown in Equatiorzd4. Since the maintenance cost

should be considered for the whole life cycle of the PV sydtesi) factormust beconsidered.

Y6 60 wpp | O Eq.3.4

where:

6 0: the cost of PV module per square meter €$/m

Wy, : the area of module k for the solution i%m

| : the percentage of the initial cost of the PV system spent on annual maintenan
operation
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3.3 IMPLEMENTATION AND CASE STUDY

The proposed method is implemented in a prototype. In this implementation,(Raatesk,
Revit, 2021)is used as the platform for integrating the BIM moaledl the CityGM. model to
capture both the object properties of a certain building and the surroundings of this binlding.
order to implement the method in Revit, Dynamo visual programming is(Dy@émo, 2021)
Dynamo runs withirRevit and works as an Application Programming Interface (API). Dynamo
can make the custom analysis possible, wisiclot covered in Revit solar analysis. Also, it allows
rapid programmingwithin Revit and provideseamlesintegration between the Revitatel and

various simulation tools.

To implement the proposed method, differgniphsare developed in Dynamo using Python
scripts.ForexampleFigure3-7 shows the implementation of the wall object detection and surface
extraction as previously described iSection 3.2.2.2 In addition, Figure 3-5 shows the
implementations steps of the graghveloped in Dynamdor creaing the PV moduleswith
adjustable size, and tilt and pan angles.

Extract the normal vectors of the external faces
walls, roofs, and curtains walls

l

Apply an offset to the surface

l

Determine the plane at the usfined pan and

° Tilt angle tilt angles with respect to normal vector
‘ A Width On the plane, create a rectangle with the-usge
Length defined width and length

Convert the rectangle to a surface

End

Figure 3-5 Implementation steps for creating PV modules and applying pan and tilt angles
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The created rectangles, defined as PV modules, are converted to surfaces at the esedabe

i nput to t he 08 sepasate Acdai$ usesl to ganerateats shading surfaces of the
study siteThe output of this node is also considered as one afipgsto the solar analysis node.
Also, & shown inFigure 3-6, another graphs developed to visualize the result of the solar

radiation simulation using the information of the surfaces and the radiation values.

The feasibilityof the proposed method is tested by carrying out a case study. The case study is
conducted in Sir George William (SGW) campus of Concordia University in downtown Montreal.
The building ofJohn Molson School of Business (JMSB) is selected for the anabsaside of

its specific architecture, which includes curtain walls, windows, walls, rooftops, and projected
horizontal surfaces at a different level. This complex architecture requires a detailed and surface

specific simulation of the building envelope.

Map the radiation values with the associated panels
v
Define a color coding scheme consisting of four colors in the rang
[0 - 500] KWh
v
Determine the normalized values of each radiation in the color cq
scheme
v
Determine the corresponding color to each radiation value
v
Apply the colors to the surfaces of associated solar panels

End

Figure 3-6 Visualization of solar radiation simulation
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Figure 3-8 Visualization of solar radiation simulation
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BIM Model

(b)
Figure 3-9 (a) IMSB BIM model, (b) Integration of the BIM Model and CityGML in Revit

The BIM model of JMSB building is created and imported into R&wt.consider the shadow
effect of the neighborhood buifdys in solar simulatigrthe city blocks around the JMSB building
are extracted from the CityGML modgity of Montreal, 2021)CityGML data is converted into

aFBX file and then merged with the BIM model as a unigigefamily in Revit(Figure3-9).
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Three classes abjects are considered in this case study, hgmmofs, walls, and curtain walls.
Figure3-10(a, b, and c) shothe external surfaces of these elements. The extraction of the exterior
surfaces of the classified objects is implemented on the target building based on the steps explained
in Section4.2.2.2 It is important for the implementation that elements are frestleising
appropriate families and attributes in the BIM model. For the resolution of the simulation analysis,

a grid withaspacing of 1 m is used, as showrkigure3-10(d, e, and f).

&)

Figure 3-10 Extraction of external surfaces of (a) roofs, (b) walls, (c) curtain walls, and resolution of
simulation analysis for (d)roofs, (e) walls, and (f) curtain walls
To generate the layout, different configurations such as the PV location, size, type, tilt and pan
angles are defined by the usEhe next step is to apply the solar radiation simulation in Dynamo
using the predefednode The weather data is automatically determined based on the site location,
and the annual solar radiation is calculated for one year. After running the solar analysis on the
createdmodulesconsidering various configurationg)e developed Dynamo aphis used to
visualize the cumulative radiation results using a eotmting scheméFigure 3-8). The solar

radiation analysis is done for all classeswaffaces
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3.4 SENSITIVITY ANALYSIS

As mentioned in Sectio.2.3.1, a sensitivity analysis is performed on the facade curtain walls
and rooftop of the target building. This analysis aimsestigate the performance of different

PV modul es 6 Iloasyanfigurationsvaf iz and Aghnaingles.

3.4.1 Curtain Wall PV Layout Sensitivity Analysis

Based orthe availableBIM model, the distance between two floors on the facade is covered by
the curtain panelsf 4 mhigh and2 mwide. It is assumed that 2566 the floor height is dedicated

to the window section and the remaining part is a wall. Having this information, two sets of
scenarios are developéat the curtain wall PV layouwith a certain size of the module for each
set. In the first set, modules Withe size of 1.5n by 3 m are considered to be installed on the
opaque area between two consecutive rows of windbigsire 3-11). The opaque type of PV
modules with a minimum efficiency of 16% is used for this layout. In addition, a horizontal space
of 0.5mis assumed between PV modules as the workspace for théainmtand maintenance
purposesThen the radiation simulation is implemented with five different configurations of the
tilt angle. The average radiation value for each scenario is obtained by dividing the annual
cumulative radiatiorby the total paneliz& area. The overall panelized area for each set is
calculated considering all 1,937 PV modubesviously generated on tleartain wall multiplied

by the specified dimension feachset.
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Figure 3-11 Installation of (a) opaque and (b) semiransparent PV modules on the faade

In Scenario Al, the tilt angle for all PV modules is set at.8? parallel to the feade. The output

of the simulation with no tilt angle provides a baseline to evaluate the sensitivity of the radiation
to the tilt angle. In Scenario B1, aflodulesare set at 45°, which is the site latitude for the target
building. According to previoustigdies, the optimum tilt angle for PV modules is equal to the
latitude of the are@Kemeryet al, 2012) As presented iffable3-1, the PV layout with this tilt
anglehas higher average radiation compared to the other scenarios in the firsSsenario C1,

the tilt angle of PV modules is gradually increased downward throutte lower level of the
building. It was expected that increasing the tilt angle at terlitevels will increase the chance

of capturing radiation by PV modules and will decrease the shadow effect of thelaygber
modules on the lower ones. As can be seenTable 3-2, the average radiation of this setting is
higher than Scenario Al but slightly lower than Scenario B1. Opposite to Scenario C1, in Scenario
D1 the tilt angle is gradually decreased downwadiaatording to the radiation value, the shadow
effect of the upper levels reduced the received radiation. In ScenatlteHilt angle of the upper

levels is set at 45°, equal to the latitude, to capture more radiation, and the lower level is set at 75°
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to enhance the chance of receiving solar radiation. Nevertheless, the output was not as good as

Scenario C1.
Table 3-1 Curtain wall PV layout output based on tilt angle (set 1)
pimensions | 5 T%%!_ | cimulative prege
Scenario Tilt Angle ! ! Panelized Rl’JadliJaticl)\r/1 Percentage| Radiation
(Degree) W L Area (m2) (%) (kWh/m2)
(MWh)
(m) | (m) [A] R] [RIA]
Al 0 1.5 3 8716.5 1,576 100 180.80
Bl 45 15 3 8716.5 1,655 105 189.87
c1 '”Creas'”g_tgtg)ow”ward © 15| 3 | 87165 1,632 103.5 187.23
D1 Decreas'(g% f"(;)do""”""ard 15| 3 | 87165 1,593 101 182.77
Increasing tilt downward
El (45-75) 15| 3 8716.5 1,617 102.6 185.51

In the second sef scenariosthe radiation simulation i®peated with the same configurations of

tilt angle but with a smaller size of PV modylas shown iTable3-2. The dimension of the PV
modules is considered 1mbby 2 mfor this set to analyze the effect of reducingrinedulesize,

and consequently reducing the shadow effect ohtbhduleson each ther. According toTable

3-2, comparing Scenario A2 and B2 shows the better performamedfles at 45° compared to

the verticalmodules Comparing Scenarios B2 a@® shows a slight increase in Scenario C2.
However, this increase did not happen when comparing B1 and C1 in Set 1 because of the bigger
shadow effect of the PV modules on each other due to their larger size. This indicates the intricate
and complex corration between size and tilt angles and demonstrates that an accurate analysis of
PV layout indeed requires a parametric modeling platform that can capture this complexity.
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Table 3-2 Curtain wall PV layout output based on tilt angle (set 2)

PV Module Annual Average
Dimensions Total Cumulative iafi
Scenario Tilt Angle Panelized Radiation Percentage| Radiation
(Degree) W L Area (m2) (%) (kWh/m2)
(MWh)
(m) (m) [A] [R] [R/A]
A2 0 1.5 2 5,811 1,060 100 182.00
B2 45 1.5 2 5,811 1,233 116 212.00
c2 '”Creas'”(%t_";gfwnward 15| 2 | 5811 1,236 1166 | 212.77
D2 Decreas'(g% f"(;)do""”""ard 15| 2 | 5811 1,162 109.6 199.89
Increasing tilt downward
E2 (45 - 75) 15 2 5,811 1,222 115 210.00

A pair-wise comparison of the scenarios of the two sets shows that although the annual cumulative
radiation values for Set 1 are higher due to a larger area of PV modules, PV modules in Set 2
receive higher average radiation p&r The visualized resultsf these scenarios are presented in
Figure3-12 andFigure3-13.
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Figure 3-12 Visualized results for curtain wall PV layout scenarios (South facade)
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Two examples of the visualized results of solar radiation simulation of ¢hdda from Setl are
presented irFigure 3-14. Due to less shadow effect caused by the neighbouring buildings, the
south facade of the buildirfgigure3-14(a) receives more radiation, compared to the nodida
(Figure3-14(b)).
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Scenario Al Scenario B1 300 KWhym2
(a) South facade
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=100 KWhy/m2

4 11
i LTI
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S.c.:enari.o A.l. . Scenario .Bl
(b) North facade

Figure 3-14 Two examples of visualized results focurtain wall PV layout scenarios

3.4.2 Rooftop PV Layout Sensitivity Analysis

To analyze the radiation on the rooftop, multiple scenarios are defined with different
configurations of tilt and pan angles. Becausthefhighefflexibility of the rooftop space for the

installationof PV modulesthe size of the modules is assumed By 3 m. Then the sensitivity
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analysis is done based on c hFRgoreBilh The firsbgroupnodu |l e

of analysis (AE) is done by changing the pan angle ofriedules while fixing the tilt angle at
45°. As shown iTable3-3, the highest average radiation is received when the modules are facing

south (i.e. pan angle = 270°).

Table 3-3 Comparing rooftop PV layout output basedon pan angle

Scenario Tilt Pan PV Module Annual Percentage Average
(Degree) (Degree) Dimensions Cumulative (%) Radiation
w L Radiation (kWh/m2)

(m) (m) (MWh)

A 0 0 3 3 319 100 295.00

B 45 0 3 3 162 50.7 149.78

C 45 90 3 3 158 49.5 146.64

D 45 180 3 3 364 114 336.88

E 45 270 3 3 371 116 343.57

In the next set of analysis, using Scenario E as the starting point, the orientation of all modules is
set to south directiofi.e. pan angle = 2709nd different tilt angles (1680°) were analyzed for
this orientation. As shown ifiable3-4, the modules with the tilt angle of 30° and 40° are receiving

a higher amount of radiation.

Table 3-4 Comparing rooftop PV layout performance based on tilt angle

Scenario Tilt Pan PV Module Annual Percentage Average
(Degree) (Degree) Dimension Cumulative (%) Radiation
i L Radiation (kwh/m2)

(m) (m) (Mwh)

F 10 270 3 3 347 100 321.00

G 20 270 3 3 366 105.5 338.84

H 30 270 3 3 374 107.8 346.00

I 40 270 3 3 374 107.8 346.00

J 50 270 3 3 367 105.7 339.64
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Based on the best average radiation of the two previous sets of scenarios for the rooftop PV layout,

the promising range of tilt angl@and orientations are selected for defining a new set. Agrshm
Table3-5, a tilt angle of 35° is analyzed for a range of the pan angleZZ8pPwith 30° increment.
The results of the simulation with these figarations revealed that the optimum performance is

at 35° tilt angle and 240° pan angléhe best and worst scenarios (M and C, respectively) for the

rooftop PV layout are visualized Figure3-16 to highlight the importance of the configurations

in receiving a higher level of radiation.

Table 3-5 Rooftop PV layout output with a selection of tilt angle and pan angle

Scenario Tilt Pan PV Module Annual Percentage | Average
(Degree) | (Degree) Dimension Cumulative (%) Radiation
W L Radiation (kWh/m2)
(m) (m) (MWh)
K 35 180 3 3 367 100 340.00
L 35 210 3 3 396 107.9 366.66
M 35 240 3 3 399 108.7 369.00
N 35 270 3 3 375 102 347.50
g g 2 = g <
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Figure 3-16 Rooftop PV layout best scenario (M) versus worst Scenario (C)
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Comparing the best results of thedde and rooftop analysis shows thatatie PV modules
receive a lower average radiation 212KWh/nt than rooftop PV modules 369.00Nh/ng.
However, the larger installation area on facades (5p&)Xesulted in a total radiation value of

1,236 MWh, compared to the 39MWH) for the rooftop area (1,08®%). This huge amount of
energy that is potentiallgenerated on the dade is largely ignored in the current practice. Since
facade surfaces seem to have a great potential for the installation of solar modules, in the next step,

a costbenefit analysis is performed to investigate the economic viabilgyai an undertaking.

3.4.3 Cost-Benefit Analysis

Defining a number of thresholds for the radiation amount provides a distribution of the cumulative
solar radiation received by PV modules. This analysis is done for Scenario B1 as an example. As
shown inFigure3-17, all 1,937 PV modules on the facades are able to receive at |dasthvd
radiation. By increasing the radiation threshold, the number of PV modules that are able to capture
that level of radiation decreases. For example, the number of modules is almost half when the
threshold is raised to 19Wh and only 117 of PV moduld§% of the total) are able to receive

at least 80 kWhof radiation.
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Figure 3-17 Number of PV modules based on the received radiation level
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A costbenefit analysis is performed on Scenario B1 for tm@guwall PV layouusingEquations

2~4, considering the following assumptior{4) the number of modules is 1,937, (2) #werage
size of themoduleis 4.5n¥, (3) aweighted average efficiency of 11% is assumed as the overall
efficiency of PV modules in the calculatiqr{4) two-third of the facade area is considered to be
covered by the opaque PV modules with 16% efficiency and thehodewith the semi
transparenmodules by 2% efficiencfAarre Maehlum, 2014)5) the value of kKWhof energy

is assumed $0.5, (6) the discount rate is 5% and the inflation rate is considered 2.15%hand (7)
initial costis $140, and annual maintenaaacost (M) is considered 10% of the module cost
(Energysage, Size and weight of solar panels, 2@118he assumptions are based on conservative
estimations. Furthermore, it is assumed that this building consumém ahéergy it generates

during its operational hours throughout the day.

Figure 3-18 illustrates the radiation threshold for (1) the average annual net profit and (2) the
breakeven points at different payback periodsSicenario B1Also, this figure demonstrates the
maximumaverage annual net profit. This figure indicates that, for instémeénvestomwill have

the maximurmaverage annual net profdr the payback period of two yeawhen hie modules that

are receiving a radiation level 860 KWh/m? or higherare consideed. At this threshold, 441
modules can be installed, which would yield an average annual net profit of $9,358. Considering
the same payback period of two years, the investors cannot consider the installation of PV modules
on locations with the radiation t#ss than 19&Wh/m? to break even at the end of this period. In
another example, if investors are looking at the payback period of 15 years, they are best to
consider the installation of PV modules on locations with the minimum oKY@@m? radiation,

in which case they will get the maximum average annual net profit of $40.626. However, for this
payback period, investors can install PV modules on all possible locations on the curtain walls and

still remain profitable.

Figure 3-19 plots the average annual ROI against the initial investment for different payback
period. This plot can be used by the investor to identify the proper investment strategy based on
budgetary constraints. For instance, if the available budget for PV modta&ation at year zero

is $100K, the investor can expect ROI of 18%, 30%, 36%, 37%, 36%, and 34% at payback periods
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of 3, 5, 10, 15, 20, and 25 years, respectively. Additionally, the plot indicates that for this capital

investment, the location with theadiation threshold of approximately 200 KWt2man be

considered.
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Figure 3-18 Radiation threshold for the maximum net profit at different payback periods (kWh)
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Figure 3-19 Relative return on investment for different payback period at different radiation
threshold

Depending on the strategic decision the investor makes badedwe 3-18 andFigure3-19, a
more detailed analysis of cash flow can be conducted to determine the cash flewesthant
during the payback periodrigure 3-20 shows different examples of cash flow analysis for
different payback periods and different radiation thresholds, wlanhbe determined based on
Figure 3-18 and Figure 3-19. For instance, if the investor decides to considetyads payback
period and also radiation threshold of®h/n?, i.e., installing 1,590 panels accordingFigure
3-17, the breakeven point would occur somewhere around'thedr. So, the investment will
become profitable only in the last year of the investment. Alternatively, if the investor censider
the radiation threshold of 48Wh/n?, i.e., installing 434 panels accordingRigure3-17, for the
same payback period, the investment will become profitable naxbarei.e., before year 2. Also,
the average annual ROI will be considerably higher at the threshold &M (i.e., 42.7%)
compared to 5&Wh/n? (6.3%).
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Figure 3-20 Cash flow analysis for different investment plans
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3.5 SUMMARY

In this chapter aBIM-basedparametric modeling platform for the design of surfggecific PV
module layout on the entire skin of hliiigswasdeveloped. A prototyperasdeveloped using
Dynamo visual programming platform to demonstrate the feasibility of the proposed rmethod
geometrical perspectiyeand a case studyas presented for a building in Montreal, Canada.
Multiple scenariosvereconsideredor investigating the importance of each factor on the amount
of generated energy.

Moreover, in order to examine various investment plans, sbevsdfit analysisvasperformed for

the besskcenario as an example. Theulesof the analysis revealed thaten all the PV modules
wereparallel to the facades, the energy outpasat the lowest leveFurthermorecomparing the

results of scenarios with different configurations indidakat the area of the PV moduleada
considerable impact on the amount of received cumulative radiation. However, comparing the
received radiation per? of modules shoedthat the larger size of modules catigesater shadow

impact on the other modules and redlitee amount of receiveadiation.The results of the cost

benefit analysis for the case study demonstrated that, despite numerous challenges and limitations,

wi despread PV modul es adopt iwvaspromisingt he bui |l di n

It is indicated that the developed sudapecific parametric model has a great potential for the
analysis of complex PV module layout design on the entire skin of buildings. The platform enables
the designers and investors to rapidly generate a wide spectrum of scenarios, perform sensitivity
analysis on more promising alternatives, and develop a viable investment plan based on the desired

payback period and available budget.
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CHAPTER 4 OPTIMIZATION OF PV MODULES LAYOUT ON
HIGH -RISE BUILDING SKINS 2

4.1 INTRODUCTION

As explained irChapter3, a BIM-based surfacspecific parametric modéd developedor the
detailed solar simulation on the building using its surface propddiésrent factors, such as the
location of PV modules on the building surfaces, size, and tilt, and pan angles were considered in
the simulation of the solar radiation. However, given the sheer size of the design space for this
problem,the parametric modealone is not sufficient because all possible design alternatives
cannot bdully explored to find the globalearoptimum. Therefore, it is imperative to integrate

an optimization approach with the Bibhsed parametric model and establish a full generati

design platform.

This chapteraims to develop a BIMvasedgenerative design framework for the design of PV
modules layout on highise building skins. In this framework, the surfegeecific parametric
model of PV modules is integrated with an optirtimamethod to find the optimum design of PV
modules layout consideringtudy period, profit margin, harvested PV energy, and cost. This
framework will enable designers and investors to apply the generative design paceitigmse

of PV modules on buildg skin. A case study is developed to investigate the feasibility of the

proposed method.

The remainder of this chapter is structured as follows, in accordance with the research

methodology explained in Section 1.4. First, the proposed framewarkplaned Then the

2This chapter is based on the following paper:

Salimzadeh, N., Vahdatikhaki, F., and Hammad, A. (2021). Optimization of PV Modules Layout omigdigh
Building Skins Using a Blivbased Generative Design Approach.

Cleaner ProductiorfUnder Review).
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validation of the proposed method through implementation and case study is presented. In the end,

the summary and conclusions are presented.

4.2 PROPOSED FRAMEWORK

Figure4-1 presents the overview of the proposed generative design framework. In this framework,
a simulationbased generative design approach is used to find the optimum configurations of PV
module layait on the building surfaces considering the revenue of the generated energy and the
total life cycle cost. As shown irFigure 4-1, the proposed framework consists ofotwain
components, namelgA optimization module, and parametsimulationmodel. In a nutshell, the
optimization module generates the initial population of 8lz&ach member of the population,
which represents a specific soluti®nis then fed into # simulation model as the input. The
parametric simulation model is then used as a means to assess the objective functions (i.e., revenue
and cost). Subsequently, the evolution mechanism of NB@4., the selection, crossover, and
mutation) is appliedo the results coming from the parametric model. This process is iterated by
G generations to identify the optimum solutions, which is represented as a Pareto front.

4.2.1 Parametric Model

The structure of the proposed parametric moaledl theimplementation stepare explainedin
detailin Section 3.2.2The parametrisimulationmodelestimates the annual cumulative radiation
potential of each pandR{x , ¥ Tiis value can then be transthte therequired objective values,

as will be explained in the next section.
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Figure 4-1 Overview of the Proposed Method
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4.2.2 Optimization Module

The proposed framework usdsn-Dominated Sorting Genetic AlgorithiEGA-I1) to solve the
optimization problem.NSGA-Il, which has the ability to effectively solve medipjective
optimization problems, is known as a mature rroltflective optimization algorithnfWang,
2016) The algorithmaimsto find the optimum location, and tilt and pan angles for the PV modules
on thebuilding surfaces given predefined sizesl other attributesf panels. The objective of this
optimization is to maximigthe revenue (i.ethe monetary value of thgenerated energy) while

minimizing thetotal life cyclecost (i.e., installation and nmenance).

In the first step of the optimization, the user needs to determine the populiatdiN) and
maximum number ofieneratios (G). In each generation of the solution, NS@AyenerateN
number of potential solutions using the chromosome sireisthown irFigure4-2. This structure
essentially generates a representation of a solution knothe parametric model (i.e., Equation
3.1).

PV potential location) PV potential location2) PV potential locatiori) PV potential locationr()

Pi]. 1] b1 A Pa|. 2| b2 | A2 ce o | Pi].i ] B ] A oo | Pn]. n] Bn| An

Chromosome 1

Chromosome 2

Chromosome s

Chromosome N

Figure 4-2 Example of GAchromosomegepresenting the PV potential locations and angles
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Each chromosome is then sent to the parametric model where the solar simulation is applied and
the annual cumulative solar radiatioR;,§ o), @f each solution in the generation (i.e., each
chromosome) is assessed and returned to the optimization module. Using this value, then, the

optimization module estimates the value of the two objective functions.

Thefirst objective functioraimsto maxmize the present value of thgenerated energgvenue
by PV modulesduring their life cycle oTl yearsfor the solution (OY) and is estimated as shown

in Equatiord.1. ‘O can be calculated using the Equation 3.3.

D OOQEIAM Q6 O 0 Y Q 0 Eq.4.1

The second objective functiowhich is estimated bigquatiord.2, aims to minimize the totaife

cycle costof PV modules aftel yearsfor the solutioni ("Y0). The totallife cycle cost of PV
modules includes the initial cost (i.e., acquisition and installation) and the maintenance cost. Since
the maintenance cost should be considered for the whole tife afthe PV systentheO factor

must beconsidered.

D0t QEBABO @ p | O Eq.4.2

Once the values of the objective functions are estimated, the evolution mechanism ofINSGA
first filters the topranking solutions in the generation and then performs mutation and crossover
on them to generate the next generation of the solutions. Muegs is iterated until the solutions
reach a predefined level of convergence or the specified number of generations is reached. In the
end, the optimum solutions are presented on a Pareto front. This can be used by the user to identify
the nondominant slutions that can be considered for the design of PV modules. Depending on
the available budget, the user can determine the preferred solution.
In case the budgetary constraint is not a dominant factor the optimization problem can be solved
as a single gbctive problem by maximizing the profit of the project, which can be calculated as
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the difference between the rever(i@'Y) and total cos{"Y0) of each solution. In this case, the
final outcome of the optimization is a single solution that geegrdne maximum profit over

years.

4.3 IMPLEMENTATION AND CASE STUDY

4.3.1 Implementation

As shown inFigure4-3, Revit (Autodesk, Revit, 20215 used as the BIM authoring platform to
model the target building. The neighboring buildings were imported into Revit aty@Mli

model. To parametrize the generation of specific PV modules on this building, Dypgnemo,

2021) is used. Dynamo is a visual programming platform that allows the development of
customized scripts and nodes fongautational and parametric moddlynamo runs within Revit

and works as an Application Programming Interface (API). Some packages such as Solar Analysis

(Solar Analysis, 2021andLuncHBox (LunchBox, D21)are used in the development process.

The Project RefineryAutodesk, Project Refinery, 20205 used as the optimization module in
Figure4-1. The seamless integration of Dynamo and Refinery allows us to get the benefits of
automating the design option creation process in Refinery, running the custom nodes in Dynamo,

and optimizinghe solutions in Refinery.

In line with the framework shown iRigure 4-1, Refinery generates a generation of solutions.
These solutions are fed into Dynamo to rua sarfacespecific solar radiation simulation based

on the provided design variables and configurations. Then, the objective functions and the fitness
values are calculated within Refinery. The selection, crossover, and mutation are applied to the
top-ranking solutions in each generation. This process is repeated until the maximum number of

generations is reached.
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Figure 4-3 Overview of the implementation

4.3.2 CaseStudy

Thesamebuilding of IMSB of Concordia Universitg selected athe case studyFigure4-4). As

explainedn Section3.3, theBIM model of the JIMSB building is created using Revit softwace.

consider the shadow effect of the surrounding buildings in the solar simulation, tiéockyg

around the JMSB building are extracted from the CityGML m@@diy of Montreal, 2021)Then

these two models are integrated within Relitie to the lowelprobability of receiving solar

radiation because oféeh nei ghboring buil di ngastofacaldafdhew ef f
building is excluded from the moddlhe SouthWest, NorthWest, and Soutlkast facades and

the rooftop surfaces are selected for the optimization process as shéigaray-4.
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Figure 4-4 John Molson School of Business, Concordia Universiiffzoogle Earth, 2021)

To calculate the energy generation of the PV systemgrtormanceratio of PR = 75% is
considered to account fdosses induced binvertes, temperature, D@nd AC cables, weak
radiation,dust, snow, etqSimulation and design of solar systems, 20Zhg aserage efficiency

of 18% is consideredSvarc, 2021)To calculatehe present value of a growirnnuity of the
generated energyhe discount rate and the inflation rate assumed as= 5% andg =2.15%
respectivelyTo calculate the energy revenue, the average unit cost of electricity is consdered
=$0.179 per kW/iiElectric Choice, 2021Yhe average cosf a PV module is assumed as $100/m
(Solar Power Farm, 2021The study period was considered 25 years (i.e. expected service life of
the PV system). Theaintenance cost&s s u me @.5% af thelnitial costt should be noted

that for simplicity, it is assumed that the same pe sizeof PV moduleareused for all surfaces.
Therefore, the same coefficients are applied to all cases. For more complex scenarios, this

assumption can be easily adjusted in Dynamo.
4.3.2.1 Rooftop optimization scenarios

The grid size of the rooftop is generated for PV modulé&smfx 3 m. This module size resulted
in 120 potential points for the installation of panels. Three design scenarios are considered for
rooftop PV layout optimization, namely scenarios where PV modules have (Xyriform
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orientation (i.e., each panel can haiaidctive pan and tilt angles), (2) Uniform orientation (i.e.,

all panels have the same pan and tilt angles), and (3) Batched uniform orientation (i.e., a group of
nearby panels all need to have same pan and tilt angles). In the batch uniform orieceaiioio,

all the panels with paiwise Euclidean distancdsetween their center pointsf less than a
predefined threshold are bundled together as a batch. In this study, the threshold wE3reet at
resulting in 7 distinctive groups of panels. The imiation configurationsN= 60 andG=60) and

the PV module sizare fixedfor all scenariognd aredetermined through several trials and errors.

It was observed that the larger populat®re and number ofgeneratios would not result in
significant impovement of the optimization performance. The optimization ofstemarioss

done considering all three input parameters as variables inclBgifacement of PV modules),

dik (tilt angle within the range of-00°), andbik (pan angle within the rge of 3360°).

Figure4-5(a) shows the Pareto fraswf nearoptimum solutions for all three scenarios. As shown

in this figure, the overlap between the Pareto ansignificant. This suggests that all scenarios
converged to rather similar solutions. There is a slight convex pattern between cost and revenue,
suggesting that as the number of panels increases, the rate of revenue growth declines. This is
logical because, at the lower number of panels, the panel$aaesi @t locations where there is
maximum radiation potential. By increasing the number of panels installed on the rooftop, panels
have to be installed at the location with less radiation potential, resulting in the overall decline in
revenue growth. To puhis into perspectiverigure 4-5(b) shows the overaltostvs. profit of

solutions of all three Pareto fronts. As shown in this figure, although the maximum profit is
generated in cases where almost all panels are installed, Return on Investment (ROI) has a
generally declining trendiable4-1 provides a more detailed account of solutions with maximum
profit in each of the scenari@ndFigure4-6 provides an overview of how these scenarios look

like. When these scenarios are compared with the baseline case (i.e., PV panels are placed on all
possible locations with 0° pan and tilt arg)lat is observed that all optimization scenarios offered
much higher energy revenue while reducing the overall cost of the project. This indicates the

contribution of the generative design approach.
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To investigate this further, the hypervolureues andndicators of the three Pareto fronts were
calculated and comparesing Equation4.3, as suggestl by(Salimi et al, 2018) In the mult
objective optimization problems witlwvo objective functions, the hypervolume indicatan be
calculated as thpercentage of the area bounded by the Pareto front's points dividiee asea

created by the selected reference point with respect wigie.

Ow

00 T omo o G0 & § 600 GesRuE OF ¢

pmmh Eq.4.3

where

‘OO0 : the hypervolume indicator of Pareto front |

"Ow :the hypervolume Value of Pareto front |

As shown inTable 4-2, the hypervolume indicators of all Pareto fronts are very close. This
indicates that @nstraining the solutions to uniformed angles and batching did not contribute to
finding better solutions although the search spaces were reduced significantly. This can be an
indication of the consistency and proper performance of the optimization nfod@een non

uniform orientation, where the search space is very .large

88



120 A

100 A
— 80 T
)
<
8 60 -
)
40 ~
20 ~
0 T ' T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Revenue (K$)
(a)
70 A r 140
- 120 g
c
)
— - 100 §
2 g
< >
= 80 £
o c
o o
c
- 60 é
i
- 40
- 20
0+ . . . . . 0
0 20 40 60 80 100 120
Cost(K$)
—— Scenario 1 (profit) —e— Scenario 2 (profit) —a— Scenario 3 (profit
--------- Scenario 1 (ROl) —-—-- Scenario 2 (ROI) Scenario 3 (ROI)
(b)

Figure 4-5 (a) Pareto Fronts, (b) Cost vs. Profit and ROI of solutions of the three different scenarios
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Table 4-1 Maximum -profit solutions of the three scenarios for the rooftop design

Rooftop PV design scenarios Tilt Pan # of Annual Average | Energy Total |Returnon Revenue Cost
[Mean, std] | [Mean, std] panels | Cumulative | Radiation | Revenue |Cost(K$)|Investmen| improvement | improvement
(Degree) (Degree) Radiation | (MWh/m?) (K$) t (%) (compared to | (compared to
(MWh) baseline)(%) | baseline)(%)
Baseline scenario [0,0] [0,0] 120 321.88 0.29 135.73 | 117.42 15.59 N/A N/A
(1) Nonruniform orientation [45, 15] [230, 18] 114 402.56 0.39 169.75 | 111.55 52.2 25.06 5
(2) Uniform orientation [45, O] [230, 0] 117 412.21 0.39 173.82 | 114.49 51.8 28.06 2.49
(3) Batched uniform orientatior] [50 ,16] [240,35] | 102 373.61 0.40 157.55 | 99.81 57.8 16.08 15
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Figure 4-6 Rooftop PV design scenarios
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