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Abstract

Identifying Configurations of Pluenergy Curtain Walls for the perimeter zone using the
Analysis of Variance (ANOVA) approach

Angel LAM Tze Chun

Curtain walls are believed to be fAenergy sir
however, the itegration of energy generating technologies such as photovoltaic (PV) panels may
enabl e convertineneurgtyai nc uwa laliean dwaeglyigs!l.aisl it ea i np
defined as the energy generated by the curtain wall facade exceeds thecensugyption of a

perimeter zone office. To design plesergy curtain walls, design parameters of curtain walls are
prioritized by sensitivity analysis and the most critical design parameters corresponding to specific

energy efficient measures that brimgjor energy benefits with minor modifications are identified.

An office unit with five adiabatic faces and one exterior fagade completed with curtain walls is
developed as the energy model in EnergyPlus. The indoor environmental parameters are set based
on ASHRAE energy standard.

In this study, global sensitivity analysis is conducted to prioritize the energy impact of ten design
parameters, Walue of glazing, solar heat gain coefficient of glazing, visible transmittance of
glazing, Uvalue of spandrgbanel, Uvalue of frame, window wall ratio, infiltration, depth of
overhang, inclination of overhang, aeffiectiveefficiency of photovoltaic panels. The three most
significant design parameters are identified for four orientations.-dPleigy curtain wa
configurations at different windowo-wall ratio (WWR) and orientations are identified according

to the total sensitivity indices. The significance of this study is to provide design recommendations
of plusenergy curtain wall configurations under diftnt WWRs and orientations, which are not

covered in the current design guidelines.
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Chapter 1 Introduction

1.1  Background

The Net Zero Energy Building (NZEB) is a complex conclguking commonly agreed NZEB
definition (Marszal et al., 20%ITorcellini et al., 200%or consistently confirmed type of energy
balane. The most favoured definition is the balance between the energy demand or consumption
and the renewable energy generaffdaguchi et al., 2008 orcellini et al., 2006Gilijamse, 1995

Rosta et al., 2008The greatest challenge of NZEB is to strive to fulfil the energy balance of a
building equipped with ogite enewable energy generation systems. To design NZEB is not an
easy task at the design stage during which the building information is still being devised, such as
building forms, building envelope design, orientation, and geometry, mechanical and electrical
systems. These are important parameters in ascertaining building energy performancatevhich
most crucial attributeto achieve the NZEB goals.

Building envelope, including fenestration, opaque elements and shaklasystrong impact on
heating, coolig and electric lighting energy demands as well as on daylight. Building envelope
design is a key factor in enhancing the energy efficiency in the perimeter zone of buildings because
building envelopes play an important role in regulating the indoor conditf perimeter zone by
filtering the unwanted heat and retaining useful heat. Typically, the interior zone of buildings is
subjected to the high cooling demand due to the internal gains such as artificial lighting, occupancy
and electrical appliances vidithe perimeter zone of buildings is subjected to both cooling and
heating demand due to the variation of climatic conditi@stiferz & Schiler, 1991 Therefore

high performane building envelope deign @ essential step in reducing the energy consumption

in the perimeter zone of buildings.

Building envelopes, which can greatly reduce the energy consumption, integrated with energy
generation, such as Building Integrated Bholtaic Panels (BIPV), providenears to achieve

NZEB goals. There is abundant research on the optimal tilt for fixed photovoltaic technologies.
(Duffie & Beckman, 1994Gopinathan1991 Gunerhan & Hepbasli, 20QZewis, 1987 Lorenzo,

2012, Prasad & Snow, 2014Roberts & Guariento, 2009Without optimized building envelope

and BIPV design, the energy demand of perimeter zone of buildings is typically higher than the
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energy yield from the BIPV despite the advances in photovoltaic technologiegliks that
thorough careful building envelope and BIPV design with optimized performance is significant
for the NZEB design.

Curtain wall is one of the commonly used building envelopes in office buildings. An important
element of curtain walls is the glag portion. The aesthetic effect offered by a high portion of
glazing in curtain walls is populdor most of office building design. While the glazing units
provide the same functions as the rest of the curtain walls such as insulation, glazinganits al
allow daylight and solar heat gains to pass through, which can help offset lighting and heating
energy demand of the perimeter zone. Despite the aesthetic and the energy benefits, glazing units
are typically the worst insulation compared to the spanuel of the curtain walls and are
subjected to high unwanted solar heat gain during warm periods and high heat loss during cold
periods. Therefore glazing units have a significant impact on the heating, cooling, and lighting
energy demand of the perimeteme. Given the typical large glazing area in curtain walls and the
relatively low thermal performance of metal and glass, the energy consumption of buildings with
curtain walls, especially the perimeter zone, is more sensitive to the climatic condrttise
variation of facade desig¢irazis et al., 2008nd less seits/e to the occupancy usagddes

et al., 2009 compared to buildings with opaque insulatedade. To reduce the energy
consumption of office buildings, it is necessary to have careful design of the curtain wall

configurations.

The advancement of technologies in the thermal and optic properties of glazing can help improve
the overall performarecof curtain walls. Many high performance curtain sedn be achieved

by integrating advanced glazing units, better insulated mullion and applying shading and
daylighting control strategiegd€lle et al., 201;2Dussault et al., 201%e, 2002West, 2001Kim

& Kim, 2010, Lee & Tavil, 2007 Geoffrey et al., 2007Tzempelikos & Athienitis, 20QMNielsen

et al., 2011Shen & Tzempelikos, 201&ilva et al., 201p The significance of different energy
saving measures for curtain walls is altered by the interaction among the parameters which affect
the building performanc&armody et al.(2004 compared the annual energy consumption of a
perimeter office space and a school classroom located in Chicago with six different window
systems. Due to a higher internal heat gain generated by computers in the office space in
comparison to the schoaclassroom, a lower SHGC (0.27 v.s.0.34) resulted in slightly greater
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energy savings in the office space. The results indicated that to reduce the energy consumption of
perimeter zones through effective curtain walls design, the design process shdutltbeake

into account both the individual impact and the combined impact of variables, such as fagade
design parameters, climatic conditions and the building operation parameters.

With the high solar potential in cold climate zone and the advancementdain wall component

to enhance the thermal properties, curtain walls integrated with photovoltaic modules are highly
possible to becomé p keunser gy 0 curtain wailelnerfggno NHOEBai adf
defined as a curtain wall with energy geatem on the facade exceeds energy consumption of the
perimeter zone of buildings enclosed by the fagade. The key is to minimize energy consumption

and maximize energy generation by proper fagade design.

1.2 Motivation

Most of building design solutions cée identified byoptimization process. The staiktheart of
simulationbased building performance optimization has been summarized in the Attidyef
al.,2013 . Al though optimization i sercarp@yd elswrft d&iin
design, it still remains a research subject and has yet to evolve into common industry practice due
to the lack of expertise in properly carrying out optimization prodessg €t al., 2008 Simulation

based building performance optimization tools can identify the optimal paranaéies\for the

best performance under the studied conditions, but optimal parameter values do not hold true when
the studied conditions change. Repeated analyses of the simulation under new studied conditions
are necessary to seek new sets of optimal pateaswvalues. An optimum solution is a point in the
searchspace that satisfies an optimality condition. The design variables determine the search
space. Design variables can be quantitative such as temperatusalued and qualitative such

as aesthet& In the optimization process, the quantitative design variables are given a minimum
and maximum value, are called the bounds of the variable. Therefore the effectiveness in searching
the optimal solutions is controlled by the bounds of the variablesetdawthe results from
simulatiorroptimization tools cannot provide the insights of how much the performance deteriorate
or improve due to thalterations oflesign parameters. Furthermore, the quantification of specific
improvement or deterioration due #dterationsof design values is not consistespecific

improvement appeared to be significant under prescribed conditions may not appear to be
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significant under other conditions. To quantify the efficacy of specific improvement, it is necessary

to invedigate the impact of specific improvement within the bounds of the variables.

To study the individual impact of curtain wall design parameters on the building energy
performance, parametric analysis of different fenestration configurations can be employed
(CIBSE, 2004 Hausladen, 2008 The impact of design parameters is studied by generating many
potential design alternativescanomparing their impact on the building energy performance. The
process can be a valuable tool to assess the performance of different curtain wall configurations at
early stageshowever, the exploration of the design space cannot be complete, thata tine
potential design alternatives can be extracted and therefore, it is impossible to determine the
optimum solution. With the increasing number and complexity of design options, evaluating the
impact of individual building parameters on building yeperformance becomes more arduous

by solely parametric analysis. The process b timeconsuming and requirefigh
computational cost. In addition, parametric study cannot capture the complex interaction among
all the design parameters. Hence, teetively apprehend the impact of parameters, a different
approach should be sought.

Properenfeplgwsd curtain wall design at the ear|l
Curtain wall design parameters, such as window wall ratio (WWR), typdazng units, types

of spandrel panels, types of mullions, configurations of PV modules, are involveddesilga

process while other building parameters, such as building form, orientations, mechanical and
electrical systems and occupancy usage pa#termot yet confirmed at the early design stage.
Currently there is no systematic methodology for performing the analysis to quantify the impact

of curtain wall designs on the energy consumption of the perimeter zone, or to quantify the
influence of speéic curtain wall design parameters on the building energy performance. A general
integrated methodology that could provide curtain wall designers with a process and guidelines

for selection of curtain walls properties without case by case evalisti@essary
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1.3  Objectives and scope
The objective of this study are:

1 To develop a methodology to quantifythep act of c ur tvaiatonsonghe | 6 s d
energy performance of the perimeter zone of curtain wall buildings;

1 To quantify the impact gbatticular fagade design parameters on the energy performance
of the perimeter zone of curtain wall buildings;

1 To develop a methodology to identify curtain wall configurations that can achieve energy
balance in the perimeter zone of buildingsatd climates

T To devel op general desi-gnerggommentdat nowab|

used at the conceptual design stage.

The developedesign methodology to identify phenergy curtain wall configurations was applied

in highly energy efficient offie buildings inthe cold climateAlthough some of the criteria used

for selecting design options can be similar to the other types of commercial buildings with curtain

wall fagcadesuch as hotels and institutions, the develapethodology was not intendéalthose

commercial building which have different mechanical and electrical systems, occupant pattern

and indoor condition requirements. There may exist variations in theamstdhfigurations of
Apleunser gy o curtain wal |l s ogyhseemployed e othee typed af pe d r

commercial buildings.

The generic energy model used in this study is aldndth x 4m (Width) x 3.6m (Depth) typical

office unit in perimeter zone. It is modeled in the whole building performance simulation tool
EnergyPlus(DOE, 2013aDOE, 2013h. Thi s generi c energy model |,
Opti mi zat i ASHRA® 2011 pidamulated in a series of permutations on different
APleuser gy fAcurtain walls configurations. This

design stage and the whddeilding energy modeling at later construction stage.

Finally, this study is nointended to produce a database of office building energy consumption.
The generated results of energy consumption are not intended fooriparison ofenergy
performance of perimeter office spaces. Instead, this work aims to provide a methodology for

evduating the impact of varying curtain wall configuratioassessinthe influence of individual
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curtain wall design parameters, artkveloping therecommendations on selecting the

conf i gur ate noenrsg yoovallshapthéeesily mesign stage.
14  Outline of the thesis

Chapter 2 presents a review of related literafline state of the art curtain wall components and
photovoltaic technologies are presentdee t hods f or i dent i f yeinneg gcyoon f i
curtain walls are discussed. Metlsddr quantifying the impact of varying configuratssand the

influence of individual curtain wall design parameters are discussed. The need for investigating

the impact is justified and limitations of using existing tools are analyzed, followed by the
identification ofresearch needs.

Chapter 3 presents the developed methodology. The workflow of performing iterative simulation
for design is discussed and theoretical basis for the methodology is presented. The detailed
description of sampling procedurepsovided. By investigating the combined impact of design
parameters, a means for selecting specific design solutions is provided. The configurations of

Apleunser gy 0 cigidentdiedn wal | s

The uncertainty and sensitivity results of the proposed adetbgy for perimeter zone of office

buil dings in Montreal are presented -emecChppt e
curtain walls are given. Fi nalnley, gybe cammean dia
presented.

Chapter dlemonsrates a newdesign toolwhich is developed from the database of the simulation

results.

Chapter 6 provides a conclusion of the study, presents its limitatiapplications, and identifies

thefuture research opportunities.
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Chapter 2 Literature review

While curtain wak have the advantages of providing occupants with better visual connection
between indoor space and outdoor environment, they often introduce greater heat loss and cold
draft compared to welhsulated opaque envelop&sd, 2002. The large area of glazing and the

metal mullion bear much of the blame. However, fitbeenergy point of view, the large portion

of glazing area could become beneficial by introdganplar heat gain and daylight indoors. A

high performance curtain wall system is expected to harvest passive and active solar energy and
to lower artificial lighting demand. Over recent decades, a lot research effort was made to improve
the performancefo curtain walls in terms of teBeemaglp of
curtain wall is defined as the energy generated by the curtain wall facade exceeds the energy
consumption of a perimeter zone office enclosed by this curtain wall facadlding Integrated
Photovoltaic Panels (BIPV), provides msar harvesting active solar energy to facilitate the

A p leunse r g y owalkdasigh a i n

Section 2.1 provids a market review of the state of the curtain walls and photovoltaic
technologies ad their contribution to improving building energy performance isrearized.
Efficacy of energy saving measures are discussed. A summary of optimized déagguefor
different design objectives is also presented. The first section explains thetaingeo of

guantifying the impact of curtain walls design and also the impact of individual parameters.

Section 2.2 reviewdifferent design support tools that are commonly used. Simulations programs
and statistical tools are presented. This section lgigtslithe needs of formulating a systematic

workflow for designingacades
2.1 Design aspects
2.1.1 Advancements in curtain walls

Glazing is one of the most important components of curtain walls. Improvement in thermal and

optics properties of glazing eaignificantly improve the energy performance of curtainsall
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Multilayer glazing is the most popular commercially available glazing because of its-{@ue
(0.49- 0.64 W/ntK) (Jelle et al., 2012 Basically a gaseither argon or krypton is filled in a
multilayer glazing. The multilayer glazing filled with krypton has lowerdlues and kmpton

filled glazing enables compact gas cavity. The compact gas filling cavity reduces the overall

weight of the window because thinner fraanan be employedue tothe reduced cavity thickness.

A similar product to multilayer glazing is suspended cofibedglazing. The suspended films can

be installed in between the outer and inner panes. These films are often regarded as a third or fourth
glass pane in glazing units. The idea of using films instead of adopting glass panes not ordy reduce
the overallweight of the window but also all@ma larger gas cavity thickness in the same volume

of window cavity as ordinary multilayer glazing because the films are normally thinner than glass
panesThe Uvalues can range from 0.28.62 W/ntK (Jelle et al., 201)2

Vacuum glazing units also offer thinner overall thickness of glazing unit. Basically macuu
glazing units consists of double panes with a narrow vacuum space. An array of support pillars in
the vacuum space is used to separate the two panes and keep the two panes evenly apart. Low
coated glass panes can be adopted in the vacuum glazing protduce glazing units with very

low U-values (0.7W/rfK). However, compared to low triple glazing units, the thickness of

vacuum glazing units can be almost half of that of-éotrviple glazing units.

The previous research shows that the trend of imgmment in glazing units is maintp reduce

the Uvalue because highly glazed curtain walls are commonly used. In cold climate zone, glazing
units with high solar heat gain coefficiarealso popular since such glazing units can provide the
energy benefiin heating energy consumption in perimeter zone of buildings in winter. However,
glazing units with lowJ-values always come along with low solar heat gain coefficanhg &

Menti, 2013. Figure 2.1 shows the-Ukalues and solar heat gain coefficientslidferent glazing

units. The single glazing units have relatively higlvdlues and high solar heat gain coefficients
while the triple glazing units have relatively lowudlues and low solar heat gain coefficients.
The graph indicates that glazing umitish higher Uvalues have higher solar heat gain coefficients

or glazing units with lower Walues have lower solar heat gain coefficients. Glazing units with
low U-values and high solar heat gain are rarely available in the current market. At first glance

installing glazing units with high solar heat gain is an obvious choice in heating dominated areas.
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However, with the high cooling energy consumption and high peakng loads during hot
summer afternoons in buildings, glazing units with lower solat gain coefficients also provide

the benefits in reducing cooling energy consumptions. It is always challenging to choose glazing
units with higher solar heat gain coefficients to reduce heating energy consumption in winter or
glazing units with lower sal heat gain coefficient to benefits from the amglenergy reduction

in summerThis will be discussed in section 2.1.3.
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Figure 21. TheU-value and the solar heat gain coefficient of different glazing uviast &
Menti, 2012).

2.1.2 Advancement in solar photovoltaic technologies

Photovoltaic systems and some other renewable energy systems are excellent choices to achieve
the netzero energy building design. The major attraction of the photovoltaic systems is that the
process of producing electric powaringsrelatively less damage to the environment, by directly
converting a free source of energy, from the solar energy into electricity without any heat engine
to interfere. Photovoltaic systems require relatively lessit@aance. The output of photovoltaic
systems can range from microwatts to megawatés der Zwaan(2003 presentedcurrent
photovoltaic cell production cost ranges including the single crystalline silicon;erystalline

silicon, amorphous silicon and other thin film technologies accordindnéoldgarningcurve
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methodology. e decreasing cost of photovoltaic panatsl increasing efficiency in the
photovoltaic technologies imply a promising role for renewable energy systems in tiaduil
sector in the near futur€omparedo the gridtied photovoltaic systems, tiggice of an energy

unit generated from grid-tied photovoltaicsystem is much higher than that from-gffd

photovoltaicsystem §ingh, 2013

The basis of the photovoltaic effect is to convert lighting energy into electricity in solaftels.

light absorbing materials in all solar cells absorb photons and generate free electrons via the
photovoltaic effect. The sunlight striking on the photovoltaic defigsarts the energy to some
negatively charged electrons to raise their energy levektargithe electrons become mobile.
Voltage is created by a built-potential barrier in the celand the voltage is used to drive a current

through a circuit.

Silicon is the dominant material for the supply of power modules into photovoltaic appkcation
The proportion of silicon in muktrystalline silicon and monocrystalline silicon is currently

increasing to produce higgfficiency solar cells.

Amorphous (uncrystallized) silicon is one of the most popular materigisnifilm technology
Amorphots silicon can producthe cellefficiencies of 57% and the doubland triplejunction
designs of amorphous silicon cell can have cell efficiencies w1@8@ However, the amorphous
silicon cell are prone to degradation. The varieties of amorphousnsdi@mamorphous silicon
carbide, amorphous silicon germanium, microcrystalline silicon, and amorphous-giticde (a
SiN).

Yang et al., (2008 summarized the development and the advantages of amorgihoois
photovoltaic technology. The esserof the rolito-roll manufacturingorocessand the advantages
of solar panels on flexible substrates are discussed. The ceikrtfy can be achieved to 13%.
Tawada & Yamagishi(2001) developed a series of production technologies for st@tde
efficiency directsuperstraighttype modules along with large area monolithic amorpfsilicon

pin singlejunction cell on glass substrafEhe modules are proved by the detailed designing,
actual installation and the performance evaluation to beldeifor roofing purposéd-igure 2.2

shows the photovoltaic cell made from amorphous (uncrystallized) silicon.
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Figure 22. A photovoltaic cell made from amorphous (uncrystallized) silicon. Source:

www.pveducation.org

Polycrystalline silicon photovoltaic cell are produced from cast square ingots which is made from
being cooled and solidified large blocks of molten silicon. Compared to single crystal silicon cells,
polycrystalline sicon photovoltaic cells are normally less expensive to produce than, but are
usually less efficientThey often come on larger frames than the monocrystalline. Crystalline
silicon provides higher cell efficiency when compared to amorphous silicon cekvieovonly a

small amount of material is used. The commercially available polycrystalline silicon solar cells
can achieve an efficiency around-19% (Parida et al., 2091 Polycrystalline silicon thin film

solar cells are cosffective among the solar cell production technologies and they retain the
advantages of thin film technology and crystalline silicon. Figure 2.3 shows the photovoltaic cell

made from amorphous (polycrystalline) silicon.

Figure 23. The photovoltaic cell made from amorphous (polycrystalline) sili€auirce:

http://www.solarpanelbuyersguide.co.uk
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Thin-film solar cells are basically thin layers of semiconductor materials applied to a solid backing
material. Thin films solar cells play an importaoie in photovoltaic market because the thin films
technology can reduce the amount of semiconductor material required for each cell when
compared to silicon wafers and hence lowers the cost of production of solar cells. Gallium
arsenide, copper, cadmiumlltride indium diselenide and titanium dioxide are those materials
that have been mostly used for thin film photovoltaic cells. However, a primarily unavoidable
drawback of a thisiilm solar cell is its poor optical absorption, which is caused by timndini

active layer and limits the power conversion efficiency of this type of solar cells. Temperature
affects the performance of thiitm solar cells through two possible approaches: one is affecting
the optical and electrical parameters of semiconduttaterial and the other is altering the
geometric parameters of the structuesincrease the optical absorption, different light trapping
technologies have been extensively used to enhance the light absdBptioett et al., (2001
investigated that sat cells utilizing thinfilm polycrystalline silicon can achieve photovoltaic
power conversion efficiencies greater than 19% as a result of light trapping and back surface

passivation with optimum silicon thickness.

Figure 24. The photovoltaic cell made from thiitm. Source:http://topdiysolarpanels.com

The previous research shows that the trend of improvement in solar photovoltaic technology is
mainly changing the types of nesitals composited the cell in order to increase the cell efficiency.
Since the energy yield from the photovoltaic array dependst onlythe cell efficiency of the
photovoltaic panels, but also the wiring of the cells, the array pattern, the incliobtiearrays

and the outdoor conditions. The evaluation of potential yield from the photovoltaic patiets

studyis based on the effective efficiency of the whole array. This is discussed in the chapter 3.
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2.1.3 Efficacy of energy saving measures

A lot of research has been carried out on the energy performance of fenesklamnan( Menti,

2012 Chaiyapimunt et al., 2005T. R. Nielsen et al., 200@how et al., 2010 Manz & Menti, (

2012 compard the energy flow of four types of glazing, four facade orientatioreight case
study locations in Europe namely Bucharest, London, Madrid, Moscow, Rome, Stockholm,
Warsaw and Zurich. Theesult showd that modern triple glazirsgperformthe best and enable

netenergygains at south facades in December even in Moscovsstkholm.

Chaiyapinunt et al.,(200Q5studied differenttypes of windows with clear glass, tinted glass,
reflective glass, double pane glass, dm-e glassin the aspect of heat flowfhe analysis
indicated that the values of heat gain due to solar radiation effect were larger than the values of
heat gain du¢o conduction effect for all glass windows and glass windows with films. Adhered
film to the glass windows resulted in lowering the heat gain due to solar radiation in the amount
corresponding to the film properties. However, the film shows little effethe relative heat gain

due to conduction. The heat gain values were varied linearly with the total transmittances of the
glass windows with and without films. The relative heat gain values were also varied inversely

with the absorptance of glass windowish and without with films linearly.

Nielsen et al., (20Q0simplified the comparison of the energy performance of different glazing
because it is difficult to seleche glazings or windows in terms of energy performance in a
particular case without detailed evaluatidnnumber of diagrams were produced to provide the
net energy gain with respect to the orientation, the tiltlivalue and theolar heat gain factor

of theglazingor windows. A single diagram showing the net energy gain in daniy house
was produced according to the orientation of the windows in the buiByngsing he diagrams

the besglazings can be chosamparticular case.

Chow et al., (2010introduced the concept of watkow window and their potential areas of
application were discussed. Their research showed that this new design was able to support hot

water supply system, reduced-eonditioning load and enhanced thermal and visual comfort.

Lee, (2010 compared th&adeoff in differentfacadeslesign options by examining the impact of

typical and high performance windows on the energy performance of perimeter offices in a high
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rise commercial building located in Southern Ontario. His results showed that windoevt@®

had insignificant impact on the building energy performance of the perimeter zone with high
internal heat gain. Windows with low-talues and high solar heat gain coefficient (SHGC) were
preferred over the windows with similartilues but low SHGCLow U-values contributed to a
significant energy saving in commercial buildings with mid to low internal heat gain in all window
wall ratio. Static and dynamic shading had very little effect on energy performance of mid to low

internal heat gain offices.

Previous research focused on comparing the energy performance of different fenestration
technologies, however, the impact of the geometrical and thermophysical characteristics of
fenestration on the energy demand of buildings under different conditiensidither been
thoroughly analyzed, nor quantified. Without a quantification scheme, it is always difficult for the

facade designers to choose a fenestration product among the wide variety of technologies.
2.1.4 Optimized design dacades

In the study byThalfeldt et al., (2013 the design parameters of curtain walls influencing the
energy performance of a building, such as window type, wall insulation, window wall matio a
shading devices were optimized in the case of a generic office floor model for the lowest life cycle
cost and alternatively for the best achievable energy performance. The results show that the
window sizes resulting in the best energy performancedoblé and triple glazing we22 and

24% respectivelyas small as daylight requirements alémvFor quadruple anttypothetical
quintuple glazing,the optimal windowto-wall ratios were larger, about 40% and 60%
respectively, because of daylight utilizatiandbettersolar factor naturally provided by multi
panes. The cost optimidcadesolution was highly transparent triple low emissivity glazing with
window-to-wall ratios of about 25% and external wall insulation thickness of 200 mm (U =
0.16W/n¥K).

Kasinalis et al., (2004presents a method for quantifying the impact of seasagafleadaptatio
on building performance, based on coupled building energy and daylight simulatiicis were
conducted under mubbjective optimization scenarios with genetic algorithms with respect to

the building energy performance and the indoor environmenthtygVdindow wall ratio as well
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as thermophysical and optical material properties were determinegtinyization. The results
showedthat a south facing office zone with a monthly adaptagadein the Dutch climate can
have up to 15% energy savings aadely improve thermal comforequirementsn comparison
with the best performing neadaptive facade

Previous research shows the challenges of the optimization, which regjginesomputational

time for the facade designers to undergo iterative opéiticin process before obtaining the
direction of the design trend. The optimization approach requires comprehensive knowledge of
what needs to be optimized and what algorithm needs to be adopted. Another issue is that the
resulting optimized design solutis only work for the defined design objectives. If a design
objective is changed or more additional objectives are the subject of interest, then another vigorous

optimization process has to be performed.
2.1.5 Summary

Based on therevious research, caih wallstheoretically have high potential to act as a positive
energy source for buildings when they are integrated with photovoltaic technology. In reality, the
selection of design options that strikes the balance between energy harvesting and energy
conservation increases the complexity in decision making among a wide variety of design options.
Therefore, it is necessary to seek the design trend without undergoing the repeatgdcease

simulation or iterative optimization process.

2.2  Design suppat tools

2.2.1 Curtain wall performance simulations

With the large portion of glazing in curtain walls, the selection of assessment method of glazing
performance becomes critical. The eraluation of glazing unit designs with the help of

simulation prgrams can facilitate identifying more energy efficient options.

Most of the building energy performance simulation programs, such as EnergyPRusaid
TRNSYS provide different approaches to model glazing portion in fenestration. Those approaches

allow different ways to specify the glazing propert®lpresent different restrictions on certain
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configurations of glazing units. All approaches differ in terms of level of detail and applicability.
Detailed models require a considerable amount of detamifednation as the input parameters.
Increasing the level of detail increases the difficulty in performing the simulations. Decreasing the
level of details degrades the model fidelity, which may lead to greater uncertainty in the modelling

results.

An appopriate modelling approach should be able to reproduce predictions which fit with the
experimental data regardless of unforeseen errors and uncertaWdgreB(ren et al., 2034
however, the orm tends to steer the approach selection towards the detailed approach which fits
better with the experimental data. The approach selection strategy loses ground when the
experimental data is not available at the early design phase.

One previous study bRetkr et al., (2010compared the discrepancies in the predicted energy
consumption by using different glazing modeling approaches. They concluded that the energy
consumption predicted using the Simple Window Model, in which simplified window
performance indes including Uvalue of glazing (i), solar heat gain coefficient (SHGC), and

the optional input, visible transmittancév), are used to specify the glazing properties, agreed
well with the results from the Full Spectral Method, which is the only resemded model in
EnergyPlusDOE, 2013hDOE, 2013a Due to lack of literature support, users typically choose
the glazing modeling approach based on subjective judgement or the availability of input

parameters.

Onestudy byLam et al, (2013 discussethe advantages and limitations of each glazing modelling
approach and suggested selecting an appropriate approach based on three criteria: computational
cost, ability to reproduce consistent results and uncertaingyp@per concluded that the Average
Spectral Method, in which the transmittance and reflectance of glazing are weighted over the
spectrum, can produce consistent results as the Full Spectral Method. In this study, Simple
Window Model is found to have highgariation in predicting the cooling and the total energy

consumptions.
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It is clear that there is no specifitazing modelingapproach that is absolutely superior to others.
All methods have their own requirements in terms of the level of expertise radimguhose

programs, the key assumptions and the limitations.

2.2.2 Building performance simulation

The building energy performance simulation tools do not take into account all the complex
interactions of energy transfer such as thermal bridge wittbailding system, however, by
comparing the performance indices that the user specified, the designers can still make decision

based on the performance.

Computer simulations are also able to provide inexpensive and quick results that allow designers
and esearchers to easily make changes to the buitisgnand compare the relative differences

in performance, makinghem suitable toad for design and research. While full field tests
experimentsnay provide better results, they are often very expersid time intensive. Many of

these building simulation programs are developed with validation from laboratory measurements.
With the advancement of computer technology and further understanding of energy transfer in
buildings, building simulation progrant®ntinue to evolve and improve with greater accuracy,
making them ideal fasuch applications. In the padgsigners and researchers have used computer
programs such as EnergyPlus, BESEBndTRNSYS Crawley et al., 2008rovide a comprehensive

comparison of the features and capabilities of twenty majoribgikhergy simulation programs

EnergyPlus i s an energy analysis and ther mal
descriptionof a building from the perspective of the building construction, associated mechanical
systems, etcEnergyPlus developed from two programs BLAST (Building Loads Analysis and
System Thermodynamics) and DQEprograms in 1996 by Department of Energy (D@&in

the United Stees of America (USA). There 10 user interface in EnergyPlus. It is a simulation

engine inwhich the inputs and outputs are in simple ASCII text format. EnergyPlus allows
external GUI (graphical user interface) such as Sketchup, AROGr building geometry and

Simergy for HYAC mechanical systems.

ESRr is another building performance simulation. ES&sesa finite volume conservation

approach in which all problems with inputs (specified in terms of geometry, construction,
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operation leakage distribution, etc.) are converted into a set of conservation equations (for energy,
mass, momentum, etc.), which are then integrated at successivadjpsen response to climate,
occupant and control system influences. ES®mprises a centr&roject Manager and the
support databases, a simulator, various performance assessment tools and a variety of third party

applications for CAD, visualisation and report generation.

TRNSYS is made up of two parts. The first is an engine (called thekdvaiereads and processes

the input file, iteratively solves the system, determittes convergence, and plots system
variables. The kernel provides the functions that determine thermophysical properties of building
materials, invert matrices, perforrméiar regressions, and interpolate external data files. The
second part of TRNSYS is an extensive library of components for building systems performances.
The standard library includes approximately 150 models such as building system components,
wind turbires, weather data, basic HVAC equipment, some cutting edge emerging technologies
and also some multizone building examplédsers can modify existing components or create their

own, or extend the capabilities of the simulated scenarios.

In fact, building sinulation models can accurately quantify building energy loads, but are not
amenable to the early design stages when architects need an assessment tool that can provide rapid
feedback balteringthe design parameters.

2.2.3 Application of cloud simulation

OpenStudio is a free, open source Software Development Kit (SDK) and application suite to
conduct building energy modeling and analysis. The OpenStudio Parametric Analysis Tool (PAT)
was extended to allow clotshsed simulation for iterative parametriadst. Multiple building
parameters can be varied over multiple iterations to model simulation results, as calculated and
visualized in the GUI. Simulations are performed in parallel using the Amazon Elastic Compute
Cloud service. OpenStudio highlights modeéasuresused for parametric study and design

optimizations.

The cloud supplements the manual process with more automated, optimibzsexh processes
that are used with data visualization to help modelers have fast compafisesults whose

impacts orthe model are visualised GUI.
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2.2.4 Application of parametric study

The influence of particular parameters and their interacting effects among them is not easily
determined unless full design space exploration is investigated. The number of desigs ispti
enlarged by vast number of design parameters. Identifying the design alternatives can be achieved
by parametric studgr compamg the outcomesTypically, parametric study is performed by ene
atatime method, it can nevetover the entre design pameter range. Any design options
identified by the parametric study can be only valid for the investigated range of parameters. The
process involves high computational cost. Especially, evaluating all design options with large

number of design parametéssnot a viable approach.
2.2.5 Application of optimization

Facade design is quite a complicated task with the design team trying to counterbalance various
antagonistic parameters, which in turn are subject to various constraints and design objectives.
Simulation-optimization tool is an efficient way to seek the design options with global minima or
maxima with the help of appropriate optimal algorithm subject to a number of constraints. Design
options are sought by the building performance simulationrgnagjintegrated with optimization
methods which act as a decision aid. Summary of building design optimization methods is

conducted to explain the selection of optimization algoritiviechairas et al., 20)4

Most of the building design problems face the difficulties in decision making, which are in fact
multi-objedive optimization problems, characterized by the existence of multiple and competing
objectives. The methods for solving midthjective optimization problems are (1) enumerative
algorithms, (2) deterministic algorithms, and (3) stochastic algorithmstdtioms of different
algorithms are discussedtfia et al., 2013 Since the building simulations can sometimes be-time
consuming, abundant research are focusing on investigation of boosting rapid optimal solutions.
The best optimal design options aret always guaranteed to be found by any one of these
algorithms. The optimal solutions obtained from the optimization methods are often showed in the
decision space, which consists of a set of feasible solutions that are not predefined but are
implicitly defined by a set of parameters and constraints that should be taken into account,

however, the interdependent relationship among the parameters are not explicitly indicated. Due
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to the lack of information of interdependent relationship, it is difficutttimpare the neaptimal

design options.

Simulatiorroptimization tools identify the optimal parameter values for best performance under
the prescribed conditions, but optimal parameter values do not hold true when the prescribed
conditions changes. Reped analyses of the simulation with new prescribed conditions are
necessary for seeking new sets of optimal parameters values. The results from shnulation
optimization tools cannot provide the insight of how much the performance deterioration or
improvemem due to the ad hoc changes to the design parameters. Furthermperfdhmance

of specific improvement or deterioration due to the ad hoc changes to desigriease®t keep
consistentspecific improvement appeared to be significant under predacireditions may not
appear to be significant under other conditions. To quantify the efficacy of specific improvements,
it is necessary tensure the completdesign space exploraticuch that thempact of specific

improvementsre investigated

2.2.6 Application of sensitivity analysis

Sensitivity analysis has long been used to derive diagnostic insights from building performance
models by identifying the key input factors controlling building performai@a( 2013. It helps

to identify the influence of input parameters in relation to the outputs. It can also be used as a tool
to understand the havior of the model and can then facilitate its development. Their applications
include the following $altelli et al., 2008Spitz et al., 201

Implication of model quality- Sensitivity analysis indicates ttapropriate setting of the base
model. For example, dramatic discrepancy may occur in output variables when one influential
input is kept at fixed values in the model and the influential input is changed to another value.
Such information is important wheéhe computational cost is high.

Factor fixing - A fixed value can be assigned to the insensitive inputs for simplifying the

optimization problems.

Factor mapping The regions of the whole input space where a particular input is most sensitive
are identifed.
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Factor prioritization - The input parameters are ranked according to their importance.

Increase the robustness of the moddlhe output uncertainty is minimized when the uncertainty

of the influential parameters are reduced.

Investigation of interation between parameters Influential parameters can be attested as
important in local sensitivity analyse but it may appear to beimirential when their effect are
cancelled by the effect of other parameters. The cancellation occurs when the infiience

parameters is not superimpose together.

The methods for sensitivity analyses can be classified into screening methods, local and global

methods.

Screening methods is OAT approach (one parameter at each time) in which each design parameters
is evaluaed individually. The standard values of the design parameters are used as control. Two
extreme values on both sides of standard values of the individual design parameters are chosen
such that the different results from the control and the two extremes\akieompared. The larger

the range of difference, the more sensitive.

The local method, OAT approach, also evaluates the variability of the model output by one
changing parameter and keeping the other parameters fixed at a nominal value. Local methods
provide the sensitivity indices of parameters relative to a single point (or base case) in the
multivariate space of a model. The interaction effect between the design parameters is isolated.
Therefore local sensitivity analysis does not quantify the inflaef individual parameters under

the changing impact by other parameters. Local sensitivity analysis cannot measure the interaction

among the parameters.

Global methods can evaluate the importance of a parameter throughout the entire multivariate
spaceof a model. The global method is regarded as a more superior method. There are many
techniques in global methods, include samphbiaged methods such as Partial Correlation
Coefficients (PCC), Standardized Regression Coefficient (SRC), Reliability algerghch as
First-Order Reliability Method (FORM) and Secoefider Reliability Method (SORM), and

variancebased methods.
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The variancébased methods are the analysis of variance, known as AN@MAdr et al., 1997
such as Sobol 6, First ASgtelietal, @@®pasidatesextended i ty T
FAST. The ANOVA is tgportionthe variance of an output over the different input variables. Two
attractions of ANOVA are to provide quantitative insight of (1) the contributions of design
parameters to the variation lbfilding energy performance (&)e interacting effects among the
design parameters on the variation of output. Therefore the sensitivity of individual design

parameters can be prioritized.

Parameters are concluded to bengigant according to its ability to contribute large variation in
outputs. Parameteesealtering the variation in outputs by two ways. (1) large possible range in
which the input parameter is propagated throughout all the model evaluations; (2) esutist r

are highly correlated to the parameters so slightly alternating the input values result in major
variation in the output val ues. There is di
important parameters are always sensitive so that impop@tmeters can produce large
variations in outputs. Sensitive parameters are defined as parameters that can produce significant
variation in outputs for small alternations in inputaby, 1994, but sensitive parameters are

not always important. In the case of sensitive parameters with small possible range throughout all
model evaluations may not easily detected in the output variation. Therefore the range and
distribution patten affect the sensitivity results and they are defined with great care in order to
ensure the reliability of the resulted sensitivity index.

The first step of conducting global sensitivity analysis is sampling. There are various sampling
procedures thatre commonly used. They are (i) random sampling, (ii) stratified sampling and (iii)
guasirandom sampling. The selection of the sampling procedures is subjected to the types of
global sensitivity analysis to be implemented, nature of parameters, compaltatast and

accuracy. Table 2.1 shows the comparison of these three methods.

In random sampling, random numbers are generated. In stratified sampling, the sample space of
input parameters is partitioned into N disjoint strata. One particular stra#imagdling method,

Latin hypercube sampling, is widely used in the global sensitivity analysis. Various types of quasi
random samplings were reviewed Brdtley & Fox, 1988 The superiority ofjuasirandom
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samplings is due to its enhanced rate of convergence. Table 2.1 lists the advantages and

disadvantages of three sampling methods.

Table 21. Comparison of three sampling methods

Advantages Disadvantages

Randomsampling { produce unbiased mean and  { clumps of samples in certair
variance regions
1 suitable for large sample size  § poor representation for smal
1 easy to implement samples
1 not suitable for model with

high computational cost

Stratified 1 better coverge of samplespace f conver gent r &
sampling 1 produce unbiased means and
distribution function for LHS
1 suitable for situations that large

samples are not computational

feasible
Quastrandom 1 suitable for large samples are n
sampling computational feasible

1 Sobol' sequence are suitable fo
monotonic relationship
1 fewer simulations are

needed

2.27 Application of uncertainty analysis

As discussed in theprevious section, the sensitivity analysis can quantify the contribution of
individual parameters to the variation of the models, in other words, the sensitivity analysis

quantify the impact of individual parameters on the studied systems.
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Uncertainty anigsis can quantify the variation of outputs due to the variation of input parameter
set, in other words, the uncertainty analysis quantify the impact of whole set of input parameters

on the models. The larger the variation, the more significant the wétodd imput parameters.

The application of uncertainty analysis in this study is different from the common application in
engineering systems. Il n gener al application,
information concerning the phenona process, or the resulted data.

Uncertainty can be broadly divided into two groups, epistemic uncertainty and aleatory

uncertainty.

The word aleatory derives from the Latin alea, which means the rolling of dice. Thus, aryaleato
uncertainty is one #t is presumed to be the intrinsic randomness of a phenomenon. Interestingly,
the word is also used in the context of music, film and other arts, where a randomness or

improvisation in the performance is implied.

The word epistemic derives fromthe Grégék s 6 Ud Od (epi steme), which r
an epistemic uncertainty is one that is presumed as being caused by lack of knowledge (or data).
The reason that it is convenient to have this distinction within an engineering analysis model is

that the lak-of-knowledgepart of the uncertainty can be represented in the model by introducing
auxiliary nonphysical variables. These variables capture information obtained through the
gathering of more data or use of more advanced scientific principles. Amagteamportant point

is that these auxiliary variables define statistical dependencies (correlations) in a clear and

transparent wayK(jureghian & Ditlevsen, 2009

Epistemic uncertainty refers to lack of knowledge abounpheena and usually translates into
uncertainty about the parameters of a model used to describe random variation. Whereas epistemic
uncertainty can be reduced, aleatory uncertainty cannot be reduced and for this reason it is
sometimes called irreducible certainty Helton & Burmaster, 1996 Table 23 summarizes two

types of uncertainty, epistemic uncertainty and aleatory uncert#pts{olakis, 1990Hanna,

1993.
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Table 22. Summary of two types of uncertainty, epistemic unaetfaand aleatoryincertainty

Epistemic Aleatory
1 Subjective probability 9 Limiting relative
function frequency probability
Knowledgerelated 1 Stochastic
Reducible 1 Irreducible
Lack of knowledge about 9 \Variation of population

the phenomenon
i Lack of data

Uncertainty exists when knowled@gbout specific factors, parameters (inputs), or modeds

incomplete. Models have two fundamental types of uncertainty:

Model framework uncertaintyesults from the underlying assumptions and simplifications. Those
assumptions and simplifications origie from mitigating the laekf-knowledge for the
complicated phenomenon interaction and reducing the computational cost. Since model
formulation varies over a wide spectrum, ranging from simple empirical equation to sophisticated
partial differential equ#ons with computer simulations. A model is only an abstract of reality,
which generally involves certain degrees of simplifications and idealizations. Therefore model

uncertainty reflects the inabil it ybebaviort he mod

Two types of uncertaintyare associated with the model framework uncertainty. The first type
results from the use of an inadequate model with correct parameter values. The second type results

from the use of a perfect model with parameters stibjeuncertainty.

Parameters uncertainty results from the inability to accurately quantify model inputs and
parameters. All models involve physical or empirical parameters that cannot be quantified
accurately. In building problems, parameters uncertatotyld be caused by changes in the
operation conditions of buildings in buildimigsignproblems, the inherent variability of building

materials properties in time and spatial domain and a lack of sufficient data.
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Data uncertainty includes the measurenggrdrs, analytical imprecision, inconsistency and-non
homogeneity of data, and limited sample size during collection and treatment of the data used to

characterize the model parameters.

Operational uncertainty includes those associated with the corstruttanufacture, procedure,

deterioration, maintenance and workmanship.

Total Uncertainty : Point of
' Minimum
' Uncertainty

Uncertainty Ky
L
-
Model : Data R
Framework ! Uncertainty ,+*
Uncertainty | o
| R
! .
| o

at
an
-------“'-l.

Model Complexity

Figure 25. The relationship between the Data (Parameters) uncertainty and Model Uncertainty
(Hanna, 1998

These two types of uncertainty have a reciprocal relationship, with one increasing as the other
decreases. Thus, as illustrated in Figure 2.5,

uncet ai ntyo) exists for every model

All simulation programs are subjected to model uncertainty and parameter uncertainty
(Macdonald, 2002 Model uncertainty is the assumption and parameter uncertainty can be

physical uncertainty due to the irregularity and workmanship of building materials, can be scenario
uncertainty due to variation of outdoor climate or indoor occupancy, and candre wesertainty

due to alternations in planning phasdsife & Hensen, 2071
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2.2.8 Summary

In most building design problems, it is almost impossible for the designers to make decision based
on a single simulation result. In some cases, iterative simulationsgraceinvolved. Early design
decisions may not require a detailed simulation program to deal with mass data. It is necessary to
adopt a suite of tools integrate with the simulation programs, which would support the decision
making process.

2.3 Conclusion

Based on the previous research, curtainstaloretically have high potential to act as a positive
energy source for buildings when they are integrated with photovoltaic. In reality, the selection of
design option that strikes the balance between gmenyesting and energy conservation increases

the complexity in decision making among a wide variety of design options.

There is no single design support tool that is clearly superior to all others. Each designtsapport
hasits own key assumptions afichitations, its own demands regarding the time and effort to

apply the method and interpret the resaligl has strengths and limitations regarding the type of
insight that it can provide.

Due to the lack of systematic approach for seeking rapid deslgtiosis by changing design
parameters, it is necessary to develop an assessment methodology to identify the configurations of

Apleunser gy o curtain wall s.

I n order to derive t-dreend@gyd ganunrat aiem nwdijatee,s iotf
the impact ovaryingcurtain walls configurations on the building energy performance in perimeter
zone, the impact of individual design parameters and also the interdependency relationship among

the design parameters.

Since the uncertainty analgsprovides the insight of the impact of variations in inputs on the
variations in outputs, it is used to investigate the impact of curtain walls configurations on the
building energy performance in perimeter zoBmbal sensitivity analysis assists to qtigy the

impact of particular inputs on the variations in outplttss employed to quantify the impact of
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individual design parametersn energyperformance. Appropriatelapal sensitivity analysis

methodscan illustratehe interdependency relationskamong the design parameters.
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Chapter 3 Methodology

The energy performance of the perimeter space of buildings is heavily dependent on facade
configurations including the fenestration. In this chapter, the influence of curtain wall
configurations and thimpact of individual parameters on the energy performance of perimeter
spaces of office buildings is examined. This discussion is divided into five sections: 1) work flow
of the analysis; 2) input parameters and their range selected; 3) descriptiergeh#rnic energy

model created infergyPlus and modeling approadh sampling procedure; and 5) procedure for

sensitivity analysis.
3.1. Overview of the workflow

Figure 3.1 and Figure 3.2 show the flow chart of the analysis.

1. Simlab 2.2 (Simulation Ladratory for Uncertainty and Sensitivity Analysi8i€da, 201Dis
used to generate samples. Simlab is a software designed for Monte Carlo analysis that is based
on performing mulple model evaluations with selected model inputs.

2. A generic energy model is built in EnergyPlus. The sample files are stored as text files that are
input to the base model in EnergyPlus.

3. The outputs from EnergyPlus in terms of annual heating, codiggting, total energy
consumption and energy generation for four orientations are consolidated using Excel.

4. The dispersion of endse energy consumption, annual heating, cooling, lighting, total energy
consumption and the energy balance for four oriemtatindicate the impact of curtain walls
configurations on the endlse energy caumption and the energy balantae dispersions of
enduse energy consumpti@mequantified by the coefficient of variation (i.e. the ratio of the
standard deviation to threean) using excel.

5. An opensource statistical computing program R with a customized code is used to calculate
the firstorder and total sensitivity index of individual design parametease( 2012. The
first order sensitivity indices quantify the impact of each individual input on the variation of
outputs. The total sensitivity indices quantify the total contributions of each individual input
on the output variances, which include bottstfiorder and highesrder effects due to the
interaction among inputs. In this study, total sensitivity indices are used to quantify the impact

of parameters by taking into account of the interacting effect of design parameters.
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3.2. Parameters affecting the building energy performance

The evaluation of the impact of curtaimlconfigurations on building energy performance cannot

be directly indicated by energy consumption since curtain wallsharesnergy consumers,
however,the energy transfer processes take places through the curtainnaaligdings. As a
result,theonf i gur at ieoires gyfo RIFreswin walls can only
building energy performance due to the variation of curtain wall configurations. The building

energy performance is influencbyg thefactorsin Table 3.1

The selectiorof design parameters to be varied in the energy models is based on the subject of
interests. For example, the building despgoblems are related to enhancthg COP of HVAC
system, the user may need to select the types of sysaadthie types of refgerants as design
parametersvhich areto be varied in order to investigate the impact of those parameters on the

performance indices. In this study, the subject to be investigated is the facade curtain wall.

To run the generic energy simulation modalgatensive set of inputs such as building geometry,
internal loads, outdoor environment, equipment, and occupancy schedules are required to define.
For facade design, only a small subset of inputs related to the performance of facades are varied.
The remaning inputs can be fixed at default values. The choice of input subsets and the associated
ranges of their values determine the design space to be explored and they are summarized as in
Table 3.2.

The design parameters include window wall ratieydlueof glazing, solar heat gain coefficient,
visible transmittance, Walue of spandrel panel,-thlue of mullion, infiltration rate, types of
shadings and PV Modules efficiency. It is obvious flagadeorientation has great impact on
building performanceNielsen et al., 2031Shen & Tzempelikos, 20)2However, the orientation
is not a factor that can be fully controlled. So the analysis is performed fomaatlorientation
in this study.
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Table 31. The parameters affecting the building energy performance.

Parameters

Exterior environmental parameter:

= =/ =4 4 =

Solar radiation

Ambient temperatures
Wind direction and speed
Air humidity

Geographical locations

Building information parameters

Orientation
Building shape
Building type

Curtain walls design parameters

Window wall ratio

U-value of glazing

Solar heat gain coefficient
Visible transmittance
U-value of spandrel panel
U-value of mullion

Air tightness

Type of shading

PV Modules efficiency

Indoor environmentgarameters

Occupancy schedule

Occupancy consumption
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3.2.1 Range and justification of design parameters

The range and distribution of the ten design parameters studied are listed in Table 3.2.

Table 32. The range and ditbution of ten design parameters.

Design Variable Symbol  Unit Distribution Range
Types of glazing -

i. U-value of glazing Ugl W/m?>'H K PDF 1.10 to 2.50

ii. Solar heat gain coefficient SHGC - PDF 0.33t0 0.70

iii. Visible transmittance Tv - PDF 0.16t0 0.79
U-Value of frame Ufr W/m?'H K Uniform 0.80t0 8.80
U-Value of spandrel Usp W/m?'H K Uniform 0.15t0 0.28
Window wall ratio WWR - Uniform 0.10to 0.90
Infiltration Infil L/m?2'H s Uniform 0.01to0 0.22
Depth of overhang Dn - Uniform 0.10to 1.00
Inclination of overhang Da degree Uniform 0.00 t0 90.0
Efficiency of modules PV - Uniform 0.091t0 0.19

The three primary therah and optic properties of glazing-V&lue of glazing, solar heat gain
coefficient and visible transmittance are often correlated. For example, glazing with a high solar
heat gain coefficient might also have a highvdue (Figure 2.1.) Such propertiese anot
completely independent and they cannot be combined together randomly. Given the fact that these
three properties are interrelated, to assign a realistic distribution for their ranges, curtain wall

products that are available in the commercial maakeinvestigated.

In the website of National Fenestration Rating Council (NFRC), there is a certified products
directory. The properties of the certified curtain walls products can be found in this directory. A
database is formed baken 40 manufacturesnd 2858 certified curtain walls. The rasgé U-
value of glazing, solar heat gain coefficient (SHGC) and visible transmittanyeard set

according tahe distribution of these certified curtain walls.
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Figure 3.3 shows the scattered plot of solar gaat coefficient against Walue of glazing. The

graph shows that the solar heatrgcoefficient ranges from 0.1 @5 when the Walue of glazing

is under 2 W/rAK, while the solar heat gain coefficientshalarge range (0.10.7) when the U

value ofglazing is over 2 W/AK. Figure 3.4 shows the scattered plot of visible transmittance
against Uvalue of glazing. The graph shows that the vestithnsmittance ranges from 0.10t@

when the Wvalue of glazing ranges from 1 805 W/nfK. Figure 3.5 shass the scattered plot of
visible transmittance against solar heat gain coefficient. The graph shows that in general the visible

transmittance increases with the increasing solar heat gain coefficient.

Scattered plot of SHGC vs Wvalue
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Figure 33. The scatteed plot of solar heat gain coefficient against&Jue of glazing

Page B4



Scattered plot of Tv vs UValue
0.8

st . 1.13 % .
;* £ :3 ifs iff 181§ g4
0.6 ‘izfiiifi dz il ;;*%?
T f;i§+.fi t3 f ffi ;;; ;ff*
N SO | [ L
04 SISt | 3 *:z%*é*;, :
e i 4
HITHIH T
fasss 3

. L 1F
0.2 S TATIITRTssassse tape
toiEE il
0 1 2 3 4
U-Value of glazing (W/mK)

Figure 34. The scattered plot of visible transmittance againstlue of glazing
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Figure 35. The scattered plot of vidi transmittance against solar heat gain coefficient
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The probability distribution functions of -\alue, solar heat gain coefficient and visible

transmittance should be sought to better reflect their distribution.

Probability density function of Walue
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Probabilty densityi gli(x)
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x=U-Value (W/n?.K)

Figure 36. The probability density function of Malue of glazingf certified products in NFRC
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Figure 37. The probability density functionf@olar heat gain coefficient aertified products in
NFRC.
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Probability density function of Tv
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Figure 38. The probability density furion of visible transmittance afertified products in
NFRC.

Figure 3.61 3.8 show theprobability density functiomof U-value, solar heat gain coefficient and
visible transmittance. Both-Malue and solar heggtin coefficient follow a lognormal distribution
(Equation 31). The distribution of visible transmittance follows a normal distribution (Equation
3.2).

Lognormal distribution

f(x)= ! expfj_ Lelnx -m g Equation 31

e 0y e

xs@Q2p 128 s U

where & = 097 ®9vauaaighrameterfor glazihgyalue

wher ellOandg G = 0.32, , x=value of parameter f
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Normal distribution

S — Equaton 32

Wh er e 4%a n=d 007, x=valQe.oflparameter
The other seven parameters are assumed with a uniform distribution as follows:

Uniform Distribution (rectangular distributipis

f(x)= e s Equation 33
n

Where n is the sample size

The uniform distribution or rectangular distributions a family of symmetric probability
distributionssuch that for each member of the family, iatlervals of the same length on the
distribution's support are equally probable.

The range of Walue for curtain wall mullion is determined as 0.8 \k@nfor a framing
configuraton made of woodJglle et al., 2012and 8.8 W/ri& for a standard aluminum mullion
with themal break Ge, 2002. The range for tspandrel panel is determined as 0.15 Wnior
vacuum insulation panels as insulatiddam et al., 201)1and 0.28 W/rfiK for mineral wool as
insulation Ge, 2002. The efficiency of commercially available niutrystalline silicon solar cells

is around 1419% (Parida et al., 2091 The range of photovoltaic modules effective efficiency is
set from 9% to represent amorphous (uncrystallized) silietla to 19% representing crystalline

siliconcells Parida et al., 20)1

Retaining solar heat in heating season can be achieved by measures sucheall@dldlazing,

U-value of spandrel panel and the mullion and high SHGC. Filtering unwanted solar heat gain in
cooling seasons can be achieved by internal shading or exterior overhang. The operation of internal
shading is stochastic in nature and it is notfteais in this paper. The width and the inclination

of overhang are two controlling factors that affect the performance of overhang for cooling energy
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reduction, so these two parameters are included in the analysis. An overhang above the vision
panel of thecurtain wall is added as a fixed shading device. The range of depth is sefLds.1
to represent a practical depth and the ramfgieclination is set betweeni @horizontal) to 90

(vertical).

In order to convert a known leakage rate at a fixettlimg pressure to a corresponding input for
the Energy Plus windriven infiltration model, it is necessary to figure out the baseline infiltration

rate range.

The actual winedriven infiltration rates at different floors of the building calculdigdEnegyPlus

should sum to equal that calculated using a surface average pressure coefficient and the building
roof height. For infiltration models, where the infiltration rate varies linearly with the wind speed,

it is possible to apply an adjustment factath® winddriven infiltration component in EnergyPlus

equal to the ratio of the wind speednjUat building roof height to the average wind speed
impinging on the building face @J). The latter can be found by integrating the wind profile with
respect tdeight (up to the building roof height) and then dividing by the building roof height.

The base wind profile used by EnergyPlus is of a power law form

met building

U =Umeaq_|— &
" t(; met gdbuilding 8

é_ aﬁet é H aﬁnldmg )
a, S S S — Equation 34

U, =4.9ms*(Climate, 201%

4.9 m/s anemometer wind speed for a heighd:éf 10 m at a nearby airport, so the wind speed

Un at roof level H = 36 m for a 1@loor building located in a large city centers

d

met

=270M, d} 0 =370M

uilding
H = 10m ' H building = 36rn

met

amet = 014’ abuilding = 022
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3270 8" B "“5 4
U, =49 ~4.655ns
TR S

To get the average wind speed, integrate the equation (Equdijoandl. divide the height of

building
U 1 1 Apitding +1 é- d aae‘ é 1 ’361“'”9 .

2 = Hoviging ) aq_|—me‘ 3 W + Dt Equation 35
Umet H building (abuilding +1)( e g) (;‘, met — 9 building 8

While EnergyPlus calculates the wind speed at the centroidchf eederior surface, use of the

average wind speed across the building height top to bottom is a simplifying assumption.

U 1

avg _

- Equation 36
U H (abuilding +1)

Unis greater than the average wind speed impinging on the surface. The infiltration rate referenced
to the wind speed at roof height is multiplied by (Ia@ui,dmg +1) for use

o 2 N
a0.C,ru,° «

Idesign:(a building ﬂ) 18 PE e (T e Equation 37
(; =

WhereU,, =4.655ns*
r =1.1&gm"
C,=0.1617

n=0.65

abuilding = 022
| g7epa =0.1L /Mm? &
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All building heightrelated impacts on wind speed and subsequent-grindn infiltration in the
building are handled within EnergyPlus simulation software based on the linear wind velocity
coefficient.

Therefore the range of infiltration is set from 0.01EBn(75Pa) to 0.22 L/#B (300Pa) due to
curtain wallsbeingnormally tested under 300Pa for high rise buildings,(2002.

3.3.  Modeling objectives and modelling approach
3.31 Modeling objectives

In order to fully assess the impact of curtain walls configurations on energy consumption in highly
energy efficient building, building simulation models were developed and their results were
analyzed.

The objective of the buildingimulations is to quantify and understand the influence of curtain
wall design parameters on building energy performance, such as annual heating, cooling, and
artificial lighting consumption. The impact of these different curtain wall design parameters was

evaluated for the four cardinal orientations.

The results of these simulations should provide reference to designers for creating an energy
efficient building enclosure for thdface buildings in heating dominated regisach as Montreal.
These resultsra only used for quantifying the influence\arying curtain walls configurations

and the influence of individual curtain wall design parameters, since the actual energy
consumption will greatly depend on the mechanical and electrical systems in thegbalitohg

with the different occupancy schedules anepsents.

3.3.2 Generic energy model description

A hypothetical office unit in Figure 3.9 represents a typical office space in the perimeter zone of a

multi-storey office building in Montreal is set EnergyPlus as a case study. Figure 3.10 shows
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the layout of an office unit on a typical flodr'he hypothetical office unis 4m deep, 4m wide

and 3.6 m tgh (floor to ceiling).

One exterior facade is completed with the curtain walls with various coafigns. The other

three walls are regarded as internal walls. The adjacent spaces are all conditioned to the same
temperature, therefore, the adiabatic boundary conditions are assumed at the three internal walls,
floor and ceiling to ensure there is nealh exchange across these partitions. Gypsum board,
acoustic tile and carpeted concrete are assigned as the interior finishing of internal walls, ceiling
and floor, respectively. Realistic thermal, solar and optic properties are assigned for thesgsurfacin
materials so that radiative and convective heat transfer among surfaces and between the surface
and indoor air can be taken into account properly. Thisget the building model facilitates the

comparison of potential energy saving due to differertaguwall system configurations.

Curtain wall

e °
7 2
8 8
° o
g g

Adiabatic

Corezone

Figure 310. Thelayoutof office unit in one ofntermediatdevelfloors.
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The fagcadeis constructed by curtain wall with the building integrated photovoltaic conversion
system (photovoltaic panel with crystalline silicon solar cells) mounted on the spandrel panels for
the energy gesrating, as shown in Figure 3.40d Figure 3.11The curtain walls are popular in

the office buildings but curtain walls integrated with photovoltaic panels on spandrel panels are

still not commorfacadesAn overhang is installed above the vision pasdaha shading device.

SEALED _ -
CLAZING MULLION
UNIT = —

=i - @ &

- :_".51 ==
SPANDREL . 'F‘,'ﬂ‘""— BACK
PANEL
WITH PV . SEMI-REGID
MODULES INSULATION

Figure 311 The configuration of curtain wall integrated with photovoltaic panels.

The hypothetical office unit is constructed for a single occupant according to common building
practices for commerdiaffices (ASHRAE, 2010. The internal loads in the office room is
assumed as highly energy efficieshesign usage which consists of the heat generated by the
occupant (90 W), one desktop computer (54W) and monitor (24A8HRAE, 20113 The

occupancy schedule listed in Table 3.3. The plug load consumption schedule is listed in Table
3.4.
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Table 33. Theoffice occupancy schedule

Start End Number of Internal heat gains

(hour)  (hour) occupants  from the occupant[W]
Weekdays O 8 0 0
8 18 1 90
18 24 0 0
Saturdays 0 10 0 0
10 16 1 90
16 24 0 0
Sunday 0 8 0 0
18 0 0
18 24 0 0
Holidays 0 8 0 0
18 0 0
18 24 0 0

Table 34. Theplug load consumption schedule

Start End Diversity Plug load
(hour) (hour) factor  consumption[W]
Weekdays 0 8 0.4 0
8 18 0.9 70
18 24 0.5
Saturdays 0 10 0.4
10 16 0.5 39
16 24 0.3 0
Sunday 0 8 0.2 0
18 0.2 0
18 24 0.2 0
Holidays 0 8 0.2 0
18 0.2 0
18 24 0.2 0
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The artificial lightirg is provided by four 32W TBuorescent tubes with a total load of 120W and
a lighting power densitf. PD) of 7.5 W/nt (ASHRAE, 20113 All of the lighting is seto operate
on thelighting schedule as Table 3.5.

Table 35. Thelighting schedule

Start End Diversity Lighting
(hour) (hour) factor  consumption[W]
Weekdays 0 8 0.05 6
8 18 0.90 108
18 24 0.50 60
Saturdays 0 10 0.05 6
10 16 0.50 60
16 24 0.30 36
Sunday 0 8 0.05 6
18 0.20 24
18 24 0.05 6
Holidays 0 8 0.05 6
18 0.20 24
18 24 0.05 6

The occupancy, plug load and lighting load schedule represent an internal heat gain level that is
comparable to common offes with normabccupant patternOffices with higher internal heat

gain levels are typically older offices that uses less energy efficient equipment and lighting
systems, or higldensity offices which up to four occupants would occupy the same spaee in th
office considered. In both cases the energy consumption intensity is higher. As technology
improves, the energy consumption intensity is expected to decrease with more efficient office

equipment and lightingyhich gears to lower internal heat gains.

Daylighting controls are also incorporated into the model. The continuous dimming of the
auxiliary lighting is assumed to maintain an illuminance level of 500 lux at the centre of the room

at a work plane height of 0.8 m (2.5 ft).
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Discomfort glare is also ctrolled with interior drapes, which are deployed once a glare index
rating of 22 is reached in the model. The glare index is calculated from the centre of the room, at

a 90 angle from the window, facing the glazed facade.

Since the annual heating and kg energy consumption are used as performance indicator for
the analysis, a simplified packaged heat pump is specified to provide heating and cooling for this
office unit. The COP for heating is set at 2.75 and the COP for heating is set at 3, tcekaiep th

temperature between its heating and cooling set points.

The thermostat settings are 20°C for heating and 25°C for cooling during working hours of 08:00
to 18:00, with a night setback temperature of 13°C in the winter and 30°C in the summer
(ASHRAE, 2011bh. The heating and cooling set points schedule are listed in Table 3.6.

Table 36. TheDesign values of building information

Building information Design value (SI units)

Dimension of office unit 4m, 4m and 3.6m (D x W x H)
Heat gain from occupant Single 90W
Plug load One desktop computer and monit@s (V)
Lighting power density 7.5W/nt
Dimming control setpoint 500 lux setpoint by sensor located at ro
centre
Package type Heat pump
HVAC Type Heating COP=2.75
CoolingCOP=3
08:0018:00 (weeksdays)
09:0013:00 (weekends)

Heating 20°C (set back teemature 13°C)

Operating hours

HVAC setpoints )
Cooling 25°C (seback temperature 30°C)

Photovoltavaic panels with insulation a
Spandrel panel
backpan
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The building is located in Montreal, and weather data of the same location from W¥ HE:2)

as created by WATSUN Simulation baratory, which contains hourly weather observations
representing an artificial ongear period specifically designed for building energy calculations.
Montreal is chosen as a typical cold climate zone with temperatures ranging from approximately
-25°C to+35°C. Table 3.6 shows the summary of the details of building and syst#img & the

base case model.

Exterior shading is designed to control the unwanted solar heat from the glazing. Two types of
exterior shading@re includedn the energy model, iheding satic external fixed overhanand
dynamic interior shading. Static shading took the form of overhangs. The projecting depth and the
inclination of the overhang is assigned as variables. The transparent portion composes two glazing

panes whose widtbf the glazing is 1.95m, total 3.9m.

Spandrel Panels

Glazing

Spandrel Panels

Figure 312. The plan view of the curtain wall section

Dynamic interior shading is in the form of internal drapes, and has been programmed to block

incident solar radiatiowhen deployed once a glare index rating of 22 is reached.
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3.3.3 Modeling approach

Modeling approaching for glazing

EnergyPlus provides six approaches to model glazing portion in fenestration, including the Full
Spectral Method (FSM), the Avaige Spectll Method (ASM), the WINDOW 5 Report Method
(WRM), the Bidirectional Scattering Distribution Functions Method (BSDF), the Refraction
Extinction Method (REM), and the Simple Window Model (SWNQE, 2013z2DOE, 2013b.

The six approaches allow different ways to specify the glazing properties but present different
restrictions on certain configurations of glazing units. The six approaches differ in terms of level
of detail and applicability. Detailed models require astderable amount of detailed information

as the input parameters. Increasing the level of detail increases the difficulty in performing the
simulations. Decreasing the level of details degrades the model fidelity, which may lead to greater

uncertainty inthe modelling results.

The FSM requires the wavelengtlg-wavelength spectral data (transmittance, front reflectance,
and back reflectance) covering the solar spectrum from about 0.25 to 2.5 microns as inputs. The
ASM requires the inputs of transmittanfrent and back reflectance of solar spectrum and visible
light, infrared transmittance, front and back emissivity and conductivity of each layer of glazing.
The WRM includes the Walue, the SHGCand thecalculated values of optical properties such

as tle transmittance, the absorptance, the front and back reflectance for the glazing unit at different
incidence angles. BSDF, which consists ofdBectional Reflectance Distribution Function or
BRDF and Bidirectional Transmittance Distribution Function BTDF, describes how light
coming from a certain direction is transmitted and reflected in different directions. In REM, the
index of refraction and extinction coefficient are used to specify glazing properties. In SWM,
simplified window performance indicescluding Uvalue of glazing (Ugl), solar heat gain
coefficient (SHGC), and the optional input, visible transmittaricg, (are used to specify the

glazing properties.

An appropriate modelling approach should be able to reproduce predictions whichn fihevit
experimental dataVian Buren et al., 2034 however, this norm tends to steer the approach

Page A8



selection towards the detailed approach. The approach selection strategy loses ground when the

experimental data is not available in early design phase.

Although an appropriate approach should be selected based on three criteria: computational cost,
ability to reproduce consistent results and uncertainty, simple window mode is used in this study
becaus this is the only one modeling approach to vary thealle, solar heat gain and visible
transmittance in order to investigate the impact of these three design parameterssmenmatgy
consumption. Howevethe SWM has the largest variation in preutigtcooling and the total

energy consumptiorLam et al., 2011

Modeling approaching for spandrel panel

To estimate the overall Malue of the curtain wall, the area and its correspondivglUe for
mullion, centetof glass, and edgef-glass (based on a 65 mm band around the perimeter of each
glazing unit as shown in Figure 3.11) are determined. Theveeignted Uvalue is the overall U

value of the curtain wall assembly.

The change of Walue of spandrel panel is due to the range of insulation products that can be used
in the spandrel panel$he Uvalue of spandrel panel @sljusted byhanging the thickness of the

insulation instead of changing the type of insulationnp#fy the simulation process.
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Modeling approach for photovoltaic panel

In EnergyPlus, there are three PV performance models to evaluate the generation bythgsPV a

Simple Model, Equivalent Ondiode and Sandia models.

The simple model to calculate the electrical power produced by a photovoltaic surface in
EnergyPlus is as followinddOE, 2013aDOE, 2013M.

In the Simgre PV performance model, a constant efficiency assumed during whole range of solar
irradiation and cell temperature effect is not taken into account. Here the constant efficiency is an

effective efficiency.

P= A%urf Qctiv G‘ph cell(.j/?nven TTTTTTTTTTTTTT - TS SmSmmsmmms s mssmms e Equation 3B

Where
P Electrical power produced by photovoltaics [W]

A.. Netarea of surface [th

Fraction of sirfface area with active solar cef] [

activ

G, Total solar radiation incident on PV array [Wm

Module conversion efficiency [%]

cell

DC to AC conversion efficiency [%]

invert

The equivalent OstDiode model is known as four or five parameters TRNSYS (TRaNsient
SYstem Simulation Program, an energy simulation program) model for photovoltaics in which
modules are modeled using an equivalentdinée circuit. The list of parameters in equivalent
one-diode model of PV module includes short circuit current, open circuit voltage, voltage at

maximum power, current at maximum power, temperature coefficient of short circuit current,
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temperature coefficient of open circuit voltage, number of cells inssgre module, cell

temperature at NOCT (Nominal Operating Cell Temperature) condition, and module area.

Sandia conducts detailed outdoor performance tests on about 500 commercially available modules,
and a database of the associated module performanaeetars is maintained on the Sandia
website. The Sandia model incorporated in EnergyPlus is based on empirical coefficients
assembled by Sandia National Laboratory for each specific type and brand of PV modules.

The results of equivalent ommBode and Satia models in EnergyPlus are validated with

experimental data.

To justify the application of simple PV model in this study, an investigation is performed. The
same generic energy model and eleven types of photovoltaic (PV) modules on thiagameh
aresimulated in EnergyPlus. Each PV modules are modelled repeatedly for seven WWR ranged
from 0.1 to 0.7 with interval 0.1. Table 3.7 lists the eleven PV modules selected. The products
chosen are all crystalline modules. It is confirmed to have good agrebetamenonediode

model andSandiamodels when the crystalline modules are the subjects of interest.

The annual energy yield of modules are predicted with three PV performance models and the
annual solar radiation received by the modules is predicatdgénangyPlus. The effective
efficiency obtained by the Simple PV model is compared to the other two validated PV

performance models, the Gdede model and the Sandia model.

The effective efficiency is calculated as follows:

_ Generation (W/rh
efleee " Radiation (W/m )

D foctive = o Equation 3

The variation of simple PV model from the accredit approaches-d{@de and Sandia models)
is quantified by the Coefficient of Variation of the Root Mean $gu&ror (CVRMSE) and
Normalized Mean Bias Error (NMBE). The required values are dependent of data sampling

frequency as listed in Table83
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Table 37. Specifications of the eleven PV modules selected.

_ Peakefficiency Area of modules Number of cells in
Photovoltaic panels

[%] [m?] series
Photowatt PW1000 9 0.898 36
AstroPower AP100 10 0.974 36
Solarex MSX110 11 1.098 72
AstroPower AP120 12 0.974 36
AstroPower AP130 13 1.121 42
BP Solar SX3140 14 1.018 36
BP Solar BP250S 15 1.260 72
Kyocera Solar KC158G 16 1.277 48
Sharp ND167U1F 17 1.310 48
Sanyo HIRHO97 18 1.148 96
BP Solar SX3190 19 1.406 50

ASHRAE Guideline 14ASHRAE, 2002 is intended to be a guideline that provides a minimum
acceptable level of performance in the measurement of energy and demand savings from energy
management projects applied to residential, commercial or industrial buildings. In section 5.3.2.1
requires that the calibration data such as energy consumption of baseline model shall meet the
Coefficient of Variation of the Root Mean Square Error (CVRMSE) and Normalized Mean Bias

Error (NMBE) requirement.

The Normalized Mean B&Error (NMBE) is computkfrom

&';’ 3.00---mmmmmmmmmm e mmmmmmmeeeeeneee --- Equation 310

NMBE =
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The Coefficient of Variation of the Root Mean Square Error (CVRMSE) indicates the uncertainty

inherent in tle model, vihich is computed from

CVRI\/ISE=% a'nzl(y—'-j" 0 — S — Equation 311
y\ (n-p

Y, is the current value

n is estimated value

y is mean value

n is number of observations

p is number of parameters in the regression model

Table3.8. Required value for baseline model from ASHRAE Guideline 14.

Hourly
Coefficient of Variation of the Root Mean Square Error 30%
Normalized Mean Bias Error 10%

In Table 39, it lists the effective efficiency calculated by three PV models. The results shows that

the effective efficiency is consistent in seven WWR.

Since the oneliode model and the Sandia model are the validated PV modelling approach in
EnergyPlus, the effective efficieies obtained by Simple PV modedsecompared with respect

to those obtained bthe onediode model and the Sandia model. TablE3sts the Coefficient

of Variation of the Root Mean Square Error (CVRMSE) and Normalized Mean Bias Error
(NMBE) of Simple PV model compared to Odsde model. Table 3.1lists the CVRMSE and

Page b4



NMBE of Simple PV model compared to Sandia model. The geshtiws that Simple PV model
fulfil sthe requirements of ASHRAE Guideline 14.

Table 39. Comparison of effective efficiency obtained by simple model tedioge model

Calculated effective efficiency [%]

Photovoltaic panels Peak Efficiency [%] Simple PV One diode  Sandia
Photowatt PW1000 9 9.8 9.6 10.0
AstroPower AP100 10 10.5 10.7 10.3
Solarex MSx110 11 10.1 10.2 10.1
AstroPower AP120 12 12.3 11.9 12.7
AstroPower AP130 13 11.8 11.8 11.8
BP Solar SX3140 14 13.7 13.4 13.7
BP Solar BP2150S 15 11.7 11.3 12.1
Kyocera Solar KC158G 16 12.3 11.8 12.8
Sharp ND167U1F 17 12.8 12.5 13.0
Sanyo HIPHO97 18 15.6 15.9 15.3
BP Solar SX3190 19 135 13.2 13.7

Table 310. Comparison of effective aiency obtained by simple model to ed®de model

WWR  CVRMSE [%] NMBE [%]

0.1 2.50 -1.41
0.2 2.50 -1.40
0.3 2.49 -1.39
0.4 2.49 -1.39
0.5 2.49 -1.38
0.6 2.48 -1.38
0.7 2.48 -1.37
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Table 311. Comparison of effectivefficiency obtained by simple model to Sandia model

WWR  CVRMSE [%] NMBE [%)]

0.1 2.50 141
0.2 2.50 1.40
0.3 2.49 1.39
0.4 2.49 1.39
0.5 2.49 1.38
0.6 2.48 1.38
0.7 2.48 1.37

3.4. Sampling

3.4.1 Sampling of glazing parameters

As discussed in sectid3.2.1, the glazing properties cannot be combined randomly in sampling, it

iS necessary to investigate the relationship among thvalle of glazing, solar heat gain
coefficient and visible transmittance. The relationship is quantified by the corredagditient r

which is a measure of the strength of the strdigletor linear relationship between two variables.
Correlation is a statistical measure that indicates the extent to which two or more variables change
together. If the relationship is knowmbe linear, or the observed pattern between the two variables
appears to be linear, then the correlation coefficient provides a reliable measure of the strength of
the linear relationship. If the relationship is known to be nonlinear, or the obserierd papears

to be nonlinear, then the correlation coefficient is not useful.

a(z°z)
r===2 oo oo Equation 312
n-1
where n is the sample size;
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z, = A —— ~--nmmmmmm--- Equation 313

where m  is the mean o$ample sex;

S, is the standard deviation shmple sex

S R R — S S — Equation 314

where m is the mean a$ample y

S is the standard deviation sample sey

The correlation coefficient takes on values ranging between +1lafthe following points are
for interpreting the correlation coefficient.
r =0 indicates no linear relationship.
r = +1 indicates a perfect positive linear relationship: as one variable increases in its values,
the other variable also increases in its values via an exact linear rule.

1 r=-1indicates a perfect negative linear relationship: as one variable incre#isegines,
the other variable decreases in its values via an exact linear rule.
Values between 0 and 0.3 (0 a@d3) indicate a weak positive (negative) linear relationship.
Values between 0.3 and 0.7 (0.3 a0d7) indicate a moderate positive (negafiVinear
relationship.

1 Values between 0.7 and 1.60(/ and-1.0) indicate a strong positive (negative) linear

relationship via a firm linear rule.

Theresulsin Table 3.12 showhat the correlation betweenVlue and solar heat gain coefficient
is modeate positive linear relationship while the correlation betweewalde and visible

transmitance is no linear relationship.
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Table 312. The correlation among the-\hlue of glazing, solar heat gain coefficient and visible

transmittance

Correlation
U-value and solar heat gain coefficient 0.406
U-value and visible transmittance -0.015

Solar heat gain coefficient and visij 0.5486

transmittance

In Simlab, there are three methods to induce correlations .(i) the depetid@icepula method
(Meewissen & Cooke, 199Morris, 1987, (ii) the Iman and Conover methokingn, Ronald L.,
1982, and(iii) the Stein methodStein, 1987.

The dependeneiee method is used for modelling the correlation between factors. The Simlab
user can specify correlations among input factors that form a tree structure. Whatever correlation
values are imposed by the ugsethis way, it is guaranteed that a joRIDF exists. The joinPDF

has minimum information amongst all those joint distributions which satisfy the criteria given by

the users.

The ImanConover method is used to induce a desired rank correlation oropaiit factors.

Its characteristics are:

rank correlations can be set independently on marginal distributions,
the original form of the marginal distributions is preserved,

may be used with many sample schemes,

= =2 4

if the correlations imposed are too strotigen the correlation matrix is not positive definite,

and a message is displayed.

Stein method is used in this study to sample the glazing properties because it allows the user to
generate a correlated Latin Hypercube Sampling (LHS). The users musiepaovASCI! file that

contains a correlated sample (such as a random sample, or even an empirical sample generated by
an experiment). The method generates an LHS sample with the same correlation of the sample

provided by the user.
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The database of avail@bcurtain wall products, which is formed based on 40 manufactures and
2858 certified curtain walls in National Fenestration Rating Council (NFRC), is used to from the
ASCII file for the Stein Method. Therefore, the correlated sample ameraduég of glazng, solar

heat gain coefficient (SHGC) and visible transmittance (Tv) is the same as the database formed by

2858 certain walls in National Fenestration Rating Council (NFRC).

Figure 3.13 and Figure 3.14 show the scattered plots of the sampled solaiheatficient v.s.
U-value, and sampled visible transmittance v.svallie. The samples generally have a good
representation of the manufacturer dateigure 3.15 to Figure 3.17 shatlie comparison in

di stribution functi on dthesampkedcdata, mtach aé gemetallygoed s 6
agreements.

Figure 314. The scattered plots of the sampled solar heat gain coefficientwedu®.
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