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ABSTRACT

AN EXPLORATION OF THE IMPACT OF FIXED SHADING DEVICE GEOMETRY
ON BUILDING ENERGY PERFORMANCE.

By
Alessandro Orsi
Building systems account for 71% of energy used in buildings (USGBC). Researchers
have explored solutions for reducing energy use in buildings. One way to minimize
energy use is by reducing cooling loads through use of shading devices. This research
explored the impact of fixed shading device geometry on energy. The research examined
the role of shading device geometry including projection, width and height above
window in reducing energy use. Researchers used Carrier HAP software, applied to a
case study project in Northern Italy to conduct energy analyses. Researchers developed a
single space model studying 376 shading device geometries on four different window
configurations. A total of 1504 simulations were run in order to select an optimum for the
case study. The optimum shading device was applied to a whole building analysis to
determine impact on an entire building against a baseline case without shading devices.
In order to help test the results researchers ran simulations in three additional locations
including Spain, Italy and Germany. The study showed that fixed shading devices have a
positive impact on improving building energy performance, particularly on reducing
cooling loads. Negative impacts that shading devices may have on energy use in heating
months can be more than offset by cooling season savings. Effectiveness of shading
devices is closely related to window configuration and building thermal mass.

Recommendations are made regarding use and geometry of shading devices.
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1.1 Overview

As the world energy crisis becomes apparent it is increasingly important to consider
energy use in buildings. According to the US Department of Energy, buildings account
for 40% of total energy consumed in the U.S. 72% of total U.S. electrical consumption,
55% of natural gas and 8% of oil is consumed by or in buildings (Buildings Energy Data
Book — 02/03/2008). Building systems including space heating, lighting, space cooling,
water heating, building electronics and refrigeration account for 71% of building energy
consumption. Nearly 63% of carbon dioxide emissions caused by building end use are
attributable to space heating, lighting, cooling and water heating (Buildings Energy Data

Book — 02/03/2008).

Because of the impact of buildings on energy consumption, a number of researchers have
explored a variety of solutions for reducing energy consumption in buildings. Recently
designers have placed emphasis on sustainability and specifically on the LEED®
(Leadership in Energy and Environmental Design) standards developed by the U.S.
Green Building Council (USGBC) which encourage energy reduction, as well as, indoor
environmental quality for building occupants. LEED® has had a significant impact on
changing the construction environment as evidenced by its rapid growth throughout the
United States and world. Technical requirements of LEED® impacting this research are
described in section 2.5. LEED® standards encourage the use of daylight within spaces to
create a connection from inside to outside for building occupants (Refer to Appendix A

for discussion of LEED)®. Expanding day-lighting is a two sided sword however, as
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expanding unprotected glass areas can also allow for solar heat gain and increased

cooling loads, as well as winter heat loss.

One way to minimize cooling loads from expanded areas of glass is through the use of
shading to shield glass which is exposed to direct sunlight. Shading devices are rooted in
architectural history and many traditional building archetypes have used shading as an
environmental response to solar gain. Shading devices impact building energy and day-
lighting by reducing solar gain and cooling loads. There are a number of shading
solutions including simple fixed shading devices, to more sophisticated solutions such as,
between-glass, behind-blinds, high performance glass and moveable shades. This
research thesis is focused on fixed shading devices and explores the impact or their

geometry on total building energy.

Some previous research has addressed shading devices. A study by Olbina entitled
“Decision-making Framework for the Selection and Design of Shading Devices” (Olbina
— 2005) explored a number of shading device options. Other researchers have explored
related issues, for example Tzempelikos developed “A Methodology for Integrated
Daylight and Thermal Analysis of Buildings” (Tzempelikos — 2005) where the researcher
identified parameters that influence daylight and thermal comfort. The Green building
Journal has published a model for evaluating the performance of fagades. Additionally
proprietary literature and software for assessing energy performance and daylighting are

available.
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This research was targeted at exploring the impact of fixed shading device geometry on
building energy performance. The research examined the role of shading device geometry
including projection, width and height above the window on energy performance from

this traditional shading solution.

Previous research addressed in the literature examined the impact of a single shading
device on energy and lighting performance using single-room analysis. However,
literature review to date revealed no recent research using computer simulation for fixed
projecting shading devices. Most prior research focused on energy performance resulting
from the presence and/or absence of the shading device. Literature review uncovered
some prior research using simulation of innovative shading devices such as between-
glass, behind-blinds, photovoltaic and movable systems. No research considering the
impact of fixed-projecting shading device geometry on whole building performance was
found. This research studied the effect of fixed shading device geometry on building

energy performance through single space and whole-building simulation.

1.2 Research rationale

Despite the potential of fixed shading devices to impact energy use in buildings and their
historic presence, the researcher was not able to find definitive research that analyzed the
impact of shading device geometries on whole building performance using simulation

methods.
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Olbina reported in her research that, “there are no specific guidelines for architects in the
selection of a shading device for a specific building” (Olbina - 2005). This gap in
research provided an opportunity for this thesis research to add to the body of knowledge
.surrounding shading devices by exploring the impact of their geometry and developing

guidelines for optimum implementation of fixed shading device solutions.

The researcher chose fixed shading devices because, as concluded in The First Solar
Energy Catalog for Michigan, “The most effective shading devices will be those that are
inexpensive, easy to operate and maintain and those that block only minimal amounts of
heating season radiation” (Fridgen et al, 1982). Fixed shading devices fit well with these
parameters and this research helps to address them through simulation to asses their

impact.

1.3 Research goals and objectives

The long range goal of this researcher is to reduce energy consumption in the built
environment. This research was targeted toward partial fulfillment of this long range goal
and has two primary objectives. The first was to identify the optimum shading device
geometries that could lead to the best annual energy performance on a single-space
energy model basis. The secondary objective was to explore the impact of fixed shading
devices on the total annual energy consumption based on a whole-building energy
simulation. The following primary activities were planned in fulfilling the objectives

presented above.
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Exploration of the shading device concepts

The research began by first investigating existing literature addressing shading device
technologies, implementation strategies and availability of products on the market.
The main goal of the literature review was to identify information currently available

which addressed both the theoretical and applied aspects of shading devices.

Choice of a single shading device system

From the literature, a fixed projecting shading device system was chosen for the
following characteristics: simplicity of geometry; feasibility of direct performances
calculation without the use of proprietary manufacturer’s data; ease of configuration

to a specific site and wide range of applicability.

Analysis of the shading device performance on the whole-building design

An hourly simulation program, HAP EII software developed by Carrier, was used to
quantify the effects of shading device geometry on energy performance using whole
building analysis. As a base step, shading device geometry was first modeled and
analyzed using a single-space model in order to identify optimum geometries.
Optimums identified from the single space analysis were then incorporated into a
whole building analysis of a case study building. The objective of the whole building

analysis was to determine their impact on a complete building.

A baseline case-study building, the ARCO School, Arco TN, Italy was used for the

simulation. The building had already been designed and its detailed technical
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information was available. In order to help generalize and test the conclusions, the
analysis was also conducted in several climate and latitudinal zones in southern

Europe.

e Impact of shading device geometry on LEED® energy performance compliance
Because of the recent interest in LEED® throughout the construction industry the
researcher was interested in considering the results in the context of how shading
device geometry influences compliance with LEED® energy performance and
daylighting criteria. Therefore, in addition to reporting general conclusions on impact
of geometry and development of geometry guidelines, results were also reported

relative to their impact on LEED® compliance.

1.4 Scope of the research

The research focuses on shading device geometry in the context of commercial buildings
with fixed rectangular windows. Reporting was done on an annual basis considering both
heating and cooling seasons and integrated data collected from both the singe-space and

whole-building simulations.

In order to test the ability of the conclusions to be generalized, the researcher conducted a
limited number of whole-building analysis using several climate zones in southern

Europe.
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The research led to conclusions about the impact of shading device geometry on energy
performance and developed conclusions and guidelines for sizing these devices. Because
of the researchers interest in LEED®, results were reported in the context of impact on

LEED® NC 2.2 credits EA1 Optimize Energy Performance.

1.5 Limitations
A primary limitation of the research was the use of a single case-study building. Other
building conditions and configurations could have led to other possible results and

conclusions.

The study was limited to fixed shading devices, it may have been possible that other
devices, such as, movable or behind-glass systems could have been more effective or less
effective. It was not the objective of the research determining which device is most

effective.

1.6 Methodology

Following a literature review targeted toward identifying shading device systems and
factors impacting their performance, a single fixed shading device was selected, and a
case-study approach was used for energy simulation modeling. Carrier HAP EII software

was used for simulation and related analysis.




Parameters consid
wizdow borders as

ad west) and. to 3

Vaous shading ¢
deemune optimu;
Tuss. This pr
reldemmine ope;;
5

:¥ems found 1

e whole bu!

;dm‘:
STements up 1y

0 ang 12 inch

b mﬂductcd o



Parameters considered for the analysis were: geometry (depth, extension beyond lateral
window borders and distance from upper window border), fagade orientation (south, east

and west) and, to a lesser extent, the geographical location of the building.

Various shading device geometries were first tested using single-space simulations to
determine optimum solutions which were later incorporated into the whole-building
analysis. This preliminary step of developing the single-space analysis was to
predetermine optimum geometries prior to data entry in the whole building analysis.
Systems found to be most effective using the single space analysis were explored using
the whole building analysis approach. Geometry was differentiated generally in 4 inch
increments up to a total of 60 inch projection (depth), 12 inch extension from window
ends and 12 inch from the top of the window. A total of 385 single space simulations

were conducted to draw conclusions about optimum shading device dimensions.

The case-study building was previously modeled with HAP software without fixed
shading devices. This research recreated the whole-building model using fixed shading
devices. Resulting energy and daylight performance of the original and modified building

were considered in drawing conclusions.
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1.7 Deliverables and benefits of the research
The research accomplished the following:

e Development of performance reference lists showing the relationship between
shading device geometry and energy performances (based on single-space
analysis).

e Determination of optimum geometries.

e Development of conclusions regarding the impact of the optimum solutions on a

complete building using whole-building analysis.

Upon completion of the analysis the researcher as a secondary effort was also able to
consider and draw some conclusions on how fixed shading devices impact ability to

obtain LEED Credits EAcl.

1.8 Chapter Summary

This section provides an overview of the scope of the research, its objectives and overall
approach. Limitations and potential benefits are also reported. Section Two describes
background literature and Section Three provides discussion of the research

methodology.
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— CHAPTER 2 -
LITERATURE REVIEW
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2.1 Introduction.

Section Two presents the literature review to date and is divided into the following
subsections:2.1 Introduction, 2.2 Background on energy performance in buildings, 2.3
Shading and Screening Devices in Buildings Related to Energy Simulation Methods, 2.4
Existing Research and Projects and 2.5 Background on LEED®.

The purpose of the literature review was to identify existing published work related to
shading device impact on energy and daylighting building performance and to discover

previous work that could be helpful to this research.

Practical applications of shading devices are based on theoretical and formally codified
principles such as thermodynamic laws, energy codes and legislation. Some discussion of
these principles and standards is included as reference for considering measurement

approaches, tests and computer modeling situations.

2.2 Background on energy performance in buildings.

This section addresses some of the background literature on energy issues and how they
relate to LEED® requirements. The complexity of the LEED® NC 2.2 “Energy and
Atmosphere” chapter necessarily involves a large number of codes, protocols and
reference standards that constitute the basis of building energy performance assessment.

The primary reference standards are identified and briefly described below.

The need for saving energy in buildings is becoming increasingly important in building

design. Project teams and architects are moving in this direction. Energy performance

12
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requirements are increasingly being defined through standards and codes. The following
are important documents that have significant influence on energy performance in
buildings: ASHRAE/IESNA Standards 90.1 — 2004, ASHRAE Advanced Energy Design
Guide for Small Office Buildings — 2004, Advanced Buildings Benchmark - Version 1.1,
Energy Policy Act (EPA) — 1992, International Performance Measurement & Verification
Protocol (IPMVP), Center for Resource Solution’s Green-e Product Certification
Requirements. For example the ASHRAE 90.1 2004 is referenced by LEED® as the
required energy standard that must be followed in order to obtain LEED® certification.
Additionally, ASHRAE 90.1 is one of the energy codes that HAP EII Carrier program is
based on. Standards directly related to this research are briefly described below. More
detailed discussion of other documents affecting and related to energy performance in

buildings can be found in Appendix B.

ASHRAE/IESNA Standards 90.1 (2004) is important especially for mechanical
equipment features and minimum standard requirements. The American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) is an important
association that influences this field along with the American National Standard Institute
(ANSI). ASHRAE publishes a well recognized series of standards and guidelines relating
to HVAC systems and issues. These standards are often referenced in building codes.
This thesis research was based on the ASHRAE 90.1 “Energy Standard for Buildings
Except Low-Rise Residential Buildings”. Although ASHRAE doesn’t specifically
address daylighting requirements it does have requirements for how computer simulation

shall be conducted. ASHRAE 90.1 Chapter eleven “Energy Cost Budget Method” and

13
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appendix G “Performance Rating Method” were used for this thesis research. (ASHRAE

01 - 03/20/2008).

Advanced Buildings Benchmark - Version 1.1.- is the nationally recognized source that
explains how to deliver best-in-class energy efficiency and indoor environmental quality
in high-performance commercial buildings. The Benchmark brings together over 30
criteria defining high performance in building envelopes, lighting, HVAC, power systems
and controls. Its main use concerns building design and construction fields and helps the
project teams gain access to quantitative and descriptive specifications for exceeding
state and national minimum standards such as ASHRAE/IESNA Standard 90.1 — 2001
(Advanced Building Benchmark — 03/20/2008). Information contained in this document

helped the researcher to optimize the choice of building features and shading devices.

Energy Policy Act — 1992 is a key document related to the core reference standard of this
research, the ASHRAE 90.1. The Energy Policy Act (109th Congress H.R.776.ENR,
abbreviated as EPACT92) is a United States act. It was passed by Congress to reduce
U.S. dependence on imported petroleum by requiring certain fleets to acquire alternative
fuel vehicles, which are capable of operating on non-petroleum fuels (Energy Policy Act
- 03/20/2008). The provisions developed for improving energy efficiency are summarized
as follows:

e Buildings: requires states to establish minimum commercial building energy

codes and to consider minimum residential codes based on current voluntary

14
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codes. This gave impetus to the creation and modification of ASHRAE 90.1/1999,
2001, ASHRAE 90.2, the Model Energy Code etc.

e Ulilities: requires states to consider new regulatory standards that would require
utilities to undertake integrated resource planning; allow the energy efficiency -
programs to be at least as profitable as new supply options; and encourage
improvements in supply system efficiency.

e Equipment Standards: establishes efficiency standards for: Commercial heating
and air-conditioning equipment; electric motors; and lamps.

e Renewable Energy: establishes a program for providing federal support on a
competitive basis for renewable energy technologies.

e Alternative Fuels, Electric Vehicles, Electricity: removes obstacles to wholesale

power competition in the Public Utilities Holding Company Act (PUHCA).

International Performance Measurement & Verification Protocol (IPMVP) - Volume III
of 2003 — was used to set the measurement parameters of the HAP software in order to
execute the whole building analysis and define the research process. Originally funded by
the U.S. Department of Energy, IPMVP consists of three volumes. Volume I defines
terminology and establishes procedures for determining the savings resulting from
retrofits. Volume II focuses on maintaining or improving indoor environmental quality
during the implementation of energy-conservation measures. Volume III provides
guidance on specific Measurement and Verification (M&V) issues, including applying
M&YV to renewable-energy systems and to new construction. Additionally, volume III

lays out four compliance paths - Options A through D - for different situations assuming

15
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a preexisting building or system against which performance can be measured. Moreover
it introduces ways to establish baseline performance in the absence of a preexisting
system or building. Inside the document, Options A and B focus on subsystems, while C

and D address whole buildings (Architect International Association — 03/20/2008).

“Center for Resource Solution’s Green-e Product Certification Requirements” can be
used by project teams that decide to introduce alternative energy sources such as
photovoltaic systems. Green-e is defined as the “nation's leading independent consumer
protection program for the sale of renewable energy and greenhouse gas reductions in the
retail market. Green-e offers certification and verification of renewable energy and
greenhouse gas mitigation products” (Green-e — 03/20/2008). Inside this field the Green-e
Program defines a certification and verification process for green electricity products that
have to meet the following main requirements:

o Exploitation of renewable resources like solar electric, wind, geothermal, biomass

and relative source qualification.

e Absence of nuclear power involved in the process.

¢ Emission criteria for the non-renewable portion of energy supplied.

These criteria provide basic guidelines that can be slightly modified depending on the

State or Province of application and, as highlighted for the EPA paragraph,

understanding these standards w;s important in order to have a general view of all

credentials related to the LEED® Energy and Atmosphere chapter (LEED NC v. 2.2).

16
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2.3 Shading & Screening Devices in Buildings.

Shading devices constitute the core of this research work. Architectural solutions and
special design strategies for screening and shading devices have been previously studied
from many points of view. This research drew from this previous work and applied it to

the current thesis.

2.3.1 Engineering articles and technical publications.

A variety of documents were used as reference manuals for the practical aspects of
shading devices. Additionally, the literature was used to identify possible benefits and
disadvantages. An understanding of how shading devices are used in actual building

contexts surfaced from these sources.

“Mechanical and Electrical Equipment for Buildings” (Stein & All — 2006) is a design
reference manual that, in section III, reports the main applications of the Illuminating
Engineering Society of North America (IESNA) research studies for architectural design
and building performance optimization. The lighting chapter is divided into the following
subsections which were considered for a preliminary evaluation of the research
feasibility:
.o Lighting Fundamentals: terminology, definitions, basic characteristics and
measurements.
o Light Sources (Daylight and Electric Light): operating characteristics, design

features, luminous efficacy.

17
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e Lighting Design Process: costs issues, power budgets, energy considerations,
appropriate illumination provision.

e Daylight Design: passive design solutions, design and analysis.

e Electric Lighting Design: fixture characteristics, calculation techniques, control
strategies.

e Electric Lighting Applications: building occupancy, exterior and special lightings.

The “Journal of Green Buildings” published an article in 2006 where the research team
developed analysis of Advanced Integrated Fagades (AIF) and Double Skin Fagades
(DSF) in order to validate their high efficiency and to establish performance criteria that
could support the design of sustainable fagades (Haase & Amato — 2006). In order to
achieve this objective, fagade performance was characterized into three categories
including energy, thermal and visual. The work was based on the simulation analysis of a
typical office room, characterized by ';hree different fagade-design types. The baseline
case consisted of a curtain wall, the second case by an external air curtain and the last one

by an internal air curtain, all three cases are graphically represented in figure 2.1 below.

18
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Figure 2.1: Fagade details of curtain wall (left), external air curtain (right).
(Haase M, Amato A. — 2006)
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Figure 2.2: Fagade details of internal air curtain.
(Haase M, Amato A. —2006).
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The thermal performance was defined by the following parameters:
¢ Dry Bulb Temperature
e Mean Radiant Temperature
e Relative Humidity
e Air Velocity
e Metabolic Rate (of occupants)

e Clothing Level (of occupants)

Daylight performance was evaluated using the following parameters, (also implemented
in other research articles and dissertations):

e Daylight Factor

e Daylight Coefficient

e Daylight Autonomy

The simulation results showed that optimized window systems using double skin fagades
(DSF) help to reduce annual energy consumption and improves thermal comfort in the
work space. Annual cooling saving for the application of DSF turned out to vary from
11% up to 20% against an average annual cooling energy loss of 5% in the case of
normal Air Flow Window without any control strategy. Also daylight analysis results
confirmed that implementation of double skin fagades improves lighting performance and

savings.

20
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HAP EII software doesn’t allow consideration of a double skin-fagade as a separate and
specific item. All effects of its implementation would have to be input as solar radiation
variation, which would had to be calculated separately making the approach used by

Haase and Amato unfeasible for this thesis research.

2.3.2 KExisting architectural solutions using shading devices.

This subsection identifies available operable systems for shading and screening purposes
that could affect the building environment and energy performance. Some investigation
of recent work was completed; however, a study of all existing applicable architectural
solutions concerning shading and screening devices was not feasible. To reduce the scope
of this step an empirical approach based on the existing research work was used, and
focused on the primary shading devices where quantitative research had been conducted,
and already identified in the literature. Background on shading device solutions are

reported and briefly summarized below.

2.3.2.1 Between-glass blinds.

Several products are available on the market under this topic .

e Unicel Vision Control: (Vision Control - 04/08/2008). Hollow chambered louvers
are sealed between double insulated glass. A primary seal is polyisobutylene that has high
resistance to ultraviolet radiation, and the secondary seal was made of polysulfide. The
air space between the two panels of glass was dehydrated by desiccant. The air space is

2” wide and louvers are 1 3/8” wide, made of extruded aluminum. Louvers can be
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installed either horizontally or vertically. If louvers are wider than 48”, a vertical spacer
is needed. Blades can rotate 180° and be operated as follows:
— Manually: by a hand crank or thumbwheel.
— Automatically: by the motor, which can be operated electrically by a
programmable logic controller. The timer and sun-sensors can be incorporated in
this system.

This particular shading device system is represented in figures 2.3 - 2.4 - 2.5 below.

Figure 2.3: Isometric view of horizontal blinds (Vision Control - 04/08/2008)

22



Figure 2.4: Vertical blinds, vertical section (Vision Control - 08/04/2008)

e Hunter Douglas: this manufacturer offers two types of between-glass blinds: 5/8.
wide and 0.008. thick and 1. wide and 0.006. thick made of aluminum. Blinds can be
installed horizontally or vertically. Vertical blinds can be rotated 180°. They can be
operated magnetically, using a permanent magnet to move the shading device from a
closed position in one direction to a closed position in the opposite direction. This system
does not require holes in glass panels (Hunter Douglas — 04/08/2008). Figure 2.6 below

o

device.

P this type of st
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Figure 2.5: Hunter Douglas horizontal blinds standard dimensions.
(Hunter Douglas — 04/08/2008).

e Concord Shading Systems: it also offered either motorized horizontal or vertical
blinds. Horizontal blinds can be 1” or 2” wide made of wood or aluminum. Vertical
blinds are made of PVC or aluminum. The automatic operation of louvers is possible by
using a comfort control system that monitors sun radiation intensity by using sunlight-
intensity sensor. The control system also moves the shading device depending on sun

conditions (Olbina — 2005). Figures 2.6 and 2.7 below shows shading device components.
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Figure 2.6: Concord vertical blinds device operating scheme, horizontal section
(Concord - 04/08/2008).

Figure 2.7: Concord horizontal blinds device operating scheme, vertical section
(Concord — 04/08/2008).
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e Ph Itaic shading devices provide solar control and capture sun energy at the

same time. The blinds are fixed between two panes of glass. Adjustable solar blinds are
also available. The photovoltaic slats consisted of tandem amorphous silicon cells
deposited on glass. Syglam, a German manufacturer, produced two systems, one for roof
implementation and the other for vertical fagades. A voltage of 24 V was used for stand-
alone systems and a voltage of 60 V for the grid-connected system. Nominal power of
photovoltaic slats was about 40 W/m?. Figure 2.8 below provides an example of
photovoltaic shading device application (Syglas — 04/08/2008).

Figure 2.8: Syglas photovoltaic shading device example (Syglas — 04/08/2008).

* Okasolar systems use reflective louvers installed between insulating glass units. The
louvers protected the interior from sun radiation in summer but provided diffused natural
light. In winter, radiation was reflected by the louvers to the ceiling so that a large
amount of sun energy and daylight could enter in the building. Okasolar units are made of

clear float glass, but louvers with a concave and convex shape are made of a highly
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reflective, light gauge steel strip with a high performance Trial coating. Louvers are fixed
at a predetermined angle and spacing to respond to different seasonal conditions. Since
louvers absorb a certain amount of sun radiation, increased thermal stress can occur. The
outside glass pane therefore needs to be toughened or heat-strengthened, and it can have a
sun control coating to reduce transmittance. The unique shape and position of the louvers
permitted transmission. Reflection of light can also occur between adjacent louvers so
some light is reflected to the outside and some will be transmitted into the interior. Direct
light transmission varies from 3% to 58% and diffused light transmission from 13% to
28%. The louvers have a reflective surface coating so that most of the sun radiation is
reflected, on the other hand absorption of sun radiation and its conversion to long wave
heat radiation is minimized. The thermal insulation of Okasolar glass panels was U= 2.7
W/m? K (= 0.067 BTU/hr.f2.°F). By using a low-e coating and an argon filling in the air
space, the U-value could decrease to 1.8 W/m? K (= 0.1 BTU/hr.f2.°F). In summer, all
sun radiation is reflected. In transition seasons (fall and spring), radiation is partially
reflected into the interior; and in winter, solar radiation is entirely reflected into the

interior space. Figure 2.9 below shows Okasolar’s operating system (Olbina — 2005).
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Figure 2.9: Okasolar shading device operating system (Olbina — 2005).

e Transparent blinds, consist of 2 wide slats made of polycarbonate. They have an L
-shape with one side completely transparent and the other side frosted or translucent. The
three available blind positions are:
— Tinted view: the transparent side of the slats is in the vertical and closed position,
providing a view and reducing glare and UV rays transmission.
— Open: the slats are in the semi-open position allowing a higher percentage of
direct natural light transmission and providing a view.
—  Privacy: the slats were tilted in the opposite direction to the tinted view position;
the frosted part of the slat was in the vertical and closed position, providing

privacy and obstructing a view to the outside.
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Figure 2.10 below shows a particular type of transparent blind, the Optix model,
produced by Graber. Completely transparent blinds 17 or 2™ wide are also available if
privacy is not necessary and a view is desired. Transparent blinds can be installed
horizontally and vertically. They reduce 30% to 50% of light and glare and eliminate
almost 100% of the sun’s ultraviolet rays. This shading device could be operated

manually or automatically (Olbina — 2005).

Figure 2.10: Graber transparent blind “Optix” model (Olbina — 2005).
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2.3.2.2 Patented shading device systems.

The patented shading devices made of transparent materials, such as glass or plastics, are
especially interesting for application since they provide a possibility for complete
transparency of windows or glass fagades. The patented systems were investigated to get
an understanding of their performance and the application of the principles of optical
physics in the design of blinds. This is important because on important objective for
designers is to improve the daylight level in the space by using shading devices. Several
patented shading device systems are explained in this section and they can be divided in

to moveable devices (dynamic) and fixed devices (stationary).

Moveable shading devices.

Components of moveable shading devices usually rotate around either a horizontal or
vertical axis, depending on the position of the slats. Venetian blinds assemblies with
rotatable horizontal slats consist of an array of rectangular symmetric prisms. These
prisms are made of dielectric transparent material and are arranged on a rotatable slat.
Because of refraction, the slats are not transparent, that is, the view will be distorted, but
it is possible to have a view between adjacent slats. Different types of patented shading
devices were studied for the scope of the research. Additional information on the use of

patented movable shading devices can be found in Appendix F.

Fixed shading devices.

Fixed shading devices can be used to provide protection from direct sun rays and

overheating for several hours per day. They provide protection for several months for
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seasonal overheating protection, such as in the summer, or the whole year for complete
solar control. The shape and position of the shading element must be carefully designed
and calculated to meet these goals. The correct slat tilt angle must be chosen in
accordance with the latitude and altitude angle, as well as the index of refraction of the
slat material. The slope of the slat is designed to meet the requirements of total internal
reflection. An example of use of fixed shading devices was given by Wirth et al. (1998)
who proposed the design of a slat that consisted of concentric cylindrical shell segments
because two reflections are not enough to achieve the desired efficiency of the shading
device. The shading element with a cylindrical shell array provided multiple, successive,
total internal reflections. The number of shell segments in the slat is limited by
production capabilities. The remaining part of the slat could be left transparent or covered
with a reflecting layer. This invention can be used seasonally or as an all-year solar
control for orientations that provide a normal incidence angle, such as tilted, south-facing
roofs or vertical east/west facing windows. Optical properties of the shading element can
be changed by adding a complementary structure and by establishing optical contact
between adjacent shells. A switching mechanism can be used to turn a mirror of a wide
shading element into a transparent slab. One such mechanism is a thermally induced
phase change of a substance from a liquid to a gas with an index of refraction
approximately 1.0. This solution leads to thermally self-regulating overheating protection

(Olbina — 2005).
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Figure 2.11: Graphic representation of cylindrical shell array and transparent slab
(Olbina - 2005).

2.4 Existing research and projects.
Part of the literature review was based on existing research related to shading devices.
The following were helpful in understanding the current status of research identifying

gaps and what additional work still needs to be done.

“A methodology for integrated daylight and thermal analysis of buildings” —
Athanassios Tzempelikos — Ph. D. Thesis 2005 — Concordia University — Montreal.
Tzempelikos analyzed the issues of lighting and thermal features in buildings caused by
daylight effect. During his work he defined criteria to select, evaluate and calculate the
consequence of different sources, fagade features and internal building conditions. Some
methods he identified and used were specific and, in some cases, their applicability to
general building conditions in not predictable. For instance, some of the parameters he
considered were so detailed that they could not be included in a simulation program.
However, some general methods that Tzempelikos used were applicable to this thesis

research.
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Parameters identified by Tzempelikos influencing daylight and thermal comfort were as

relevant to the research. Tzempelikos identified that a key was to determine a set of

linking parameters that had an impact on both daylight and thermal performance of the

space. These parameters were classified as primary and secondary, depending on their

role and importance inside the user’s process. The primary items were: Window Size —

Window Properties — Shading Device and Properties — Shading Device Control. Electric

lighting controls were considered then, as a consequence of the primary parameters

selection for a given set of luminance and/or heat situations. Figure 2.12 shows the

schematic organization of these concepts, as applied in Tzempelikos’s research.

DIRECT LINK

———s
!

SHADING CONTROL

]

Y

DAYLIGHTING |
PERFORMANCE |

THERMAL
PERFORMANCE

SECONDARY LINK

i
>  LIGHTING CONTROL ‘

INTERNAL GAINS

THERMAL
| PERFORMANCE

Figure 2.12: Schematic representation of primary and secondary links relations
(Tzempelikos — 2005).

Another concept useful for this thesis was the distinction of the linking parameters in two

categories, continuous and discreet. The first items were characterized by properties that

could not be modified over time, and those that could be modified any time. An example
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for both of these elements is a window, whose dimensions, position and orientation can

not be changed, and a shading device that can be moved.

Another idea that surfaced from Tzempelikos’s considerations was the concept of the
“three-section fagade”. The implementation of shading elements directly influences
lighting and thermal performance, but can also have secondary effects. One of the most
important as well as problematic effects is the presence of glare inside the building. As
Tzempelikos reported, “recent studies have shown that for transmittance values higher
than 5% - 10%, part of direct sunlight could penetrate and create glare problems for
office workers” (Source: “A methodology for integrated daylight and thermal analysis of
buildings” — 2005 — pg. 91). Therefore it was convenient to take into account a new
concept of fagade design, developed by Concordia University in 2003, that considered the
fagade to be divided in three parts (for each floor). The bottom part was opaque and
should satisfy thermal insulation requirements for every considered location. The upper
part was then separated in a top section, which represented the non-viewing part, and a
middle section that allowed direct view to the outside and should protect the occupants
from direct sunlight glares. The shading properties of the middle part should have
allowed only the transmission of diffuse light into the room. On the contrary, the top part
of the window, could allow beam daylight since it would not create glare problems while

it maximize daylight availability.
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Figure 2.13: Schematic representation of the three-section fagade (Tzempelikos — 2005).

This concept is graphically explained in figure 2.13 above and represents an important
aspect of Tzempelikos’s work. However, for this present research some modifications of
the concept was necessary in considering LEED® “Indoor and Environmental Quality”
chapter, EQ Credit 8.2 “90% view of spaces”, requires a direct line of sight for building
occupants between 2°6’° and 7°6”’ for external views. An opaque surface, even if very
useful for some aspects, wouldn’t allow the designer to achieve that LEED® point.
Therefore, researchers considered the possibility to introduce another type of fagade
solution, always divided in three bands but with the two upper parts fixed on a sliding
system. Operable windows could have been considered not just for natural ventilation
rates but also for daylight level regulations, always directly controlled by occupants. The
design of a building, especially for elements that affect indoor spaces, is a process in
which the project team should always leave some allowance because basic conditions

such as weather, occupant perception and disposition of interior elements can not always
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be the same. Also for control glare, it’s important to insert, in the design, some elements
that could be directly and easily adjusted by users in order to adapt the envelope features

to their needs.

“Decision-Making Framework for the Selection and Design of Shading Devices” —
Svetlana Olbina — Ph. D. Thesis 2005 — Virginia Polytechnic Institute and State
University — Virginia. After developing a general decision-making framework, this
research focused on analysis of daylighting performance of shading devices and
developed a specific decision-making model for selection, based on their daylight
performance only. In her dissertation, Olbina first analyzed existing standards related to
shading devices, windows and luminance features. Beside this topic and in relationship
with it, she developed a list of all main shading devices respectively divided in existing
devices, patented and a new type, developed by herself. The work was mostly qualitative
in nature and reported the device features with limited technical and numeric information.
Each shading device was matched with a real manufacturer and with an existing model
on the market. The list included information for each device including drawings,

luminance, thermal effects and applicability in LEED® projects.

As Olbina reported in the conclusion, her work left open research issues not completely
developed that could constitute a core element for other research projects. One of them
was the development of specific decision-making frameworks for all the of performance
and building conditions not considered. The éxamples reported were those listed in the

main framework such as thermal, acoustic, cost, control system, but there were many
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other aspects that could have been improved, not necessarily in relationship with these
ones. Between Olbina’s limitations there was the issue of considering just a single-space
analysis and not a whole-building environment where choices of shading devices could
be influenced by other factors. The model shown below in figure 2.22 represents the first
attempt of Olbina to complete a decision-making model. The research was based on four
main concepts, that represent key variables in the decision-making process. These can be

summarized as:

' j —  Independent Variables (weather conditions, location, site, ...)
:T_-:: —  Dependent Variables (heat transfer, HVAC equipment, fagade type, ...)

| + -  Shading Device Variables

—  Performance Parameters (thermal, acoustic, aesthetic, ...)

As the author herself said: “the specific decision-making model developed by this
research is designed as a part of a more complex decision-making model for the
section/design of the shading device” (Olbina — 2005). Although the model focused only
on the daylight performance of the shading device, variables used in this decision-making
model can also be implemented in different situations. Olbina’s research and statements
were used for reference during the current research. Her identification of understanding
dependent and independent shading device variables was helpful for this thesis research.
Levels of energy and daylighting performance in buildings could be measured in different
ways and HAP software provided different performance values. Figure 2.14 below

reports the specific decision-making framework developed by Olbina.
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Figure 2.14: General decision-making framework.
(Olbina - 2005).

One of the points was the identification of system properties and that help determining
the best solution. Different shading devices had different lighting and thermal effects on
the internal environment; the use of a specific one instead of another can affect the

building performance.

Within the scope of the literature review researchers also addressed the study of other
existing research. However, not all findings could be implemented during the
experimental sections because of software limitations. One example is the use of light
pipes for whole-building analysis in order to transmit natural daylight into buildings with
deep plans and increase energy savings related to electrical consumption. Additional

information can be found in Appendix F.
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2.5 LEED® Background.

The research also addresses the impact of fixed shading device geometry on achievement
of certain LEED® requirements. Therefore, the researcher reviewed literature on LEED®
which were related to use of shading devices. The researcher was interested in identifying
which solutions could be considered in order to meet LEED® Credits EA1 “Optimize
Energy Performance” on a whole-building design scale. Some of the notions related to
this interest are reported below and address aspects of LEED® buildings that could be

implemented in order to optimize building energy performance.

The intent of LEED® EA Credit 1 (“Optimize Energy Performance™) is to achieve
increasing levels of energy performance above the baseline case of the prerequisite
standard to reduce environmental and economic impacts associated with excessive energy
use. Three different paths could be chosen in order to comply with that requisite.

e Whole building energy simulation: that could demonstrate a percentage improvement

in the proposed building performance rating compared to the baseline building
performance rating per ASHRAE/IESNA Standard 90.1-2004 by a whole building
project simulation. All calculations have to be based on the energy costs savings
percentage (dissimilar for New Buildings and Existing Building Renovations) and
depending on the achieved results, will be assigned at least 1 point, at most 10.

e Prescriptive compliance path (4 points): was developed for office buildings under
20.000 square feet and are projected to meet all applicable requisites as established in
the Advanced Energy Design Guide for the climate zone in which the building is

located.
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e Prescriptive compliance path (1 point): requires compliance with the basic criteria

and prescriptive measures of the Advanced Building Benchmark Version 1.1 design

according to the climate zone where the building is located.

Implementation of on-site renewable energy sources is also considered in EA Credit 2
(“On-Site Renewable Energy”) as an applicable solution with the intent of encouraging
and recognizing increasing levels of on-site renewable energy and to reduce
environmental and economic impacts associated with fossil fuel energy use. The main
instruction leads to an on-site use of renewable energy system to offset building energy
costs. The number of points are assigned according to the percentage of the building
annual energy cost supported by on-site renewable energy (from 1 to 3 points). These
rates can be included in the energy modeling used in EA Credit 1 or by the Department of
Energy (DOE) Commercial Buildings Energy Consumption Survey (CBECS) database

(LEED NC v. 2.2).

Another feasible way to improve renewable energy supply is presented in EA Credit 6
(“Green Power”) which has the intent of encouraging the development and use of grid-
source, renewable energy technologies on a net zero pollution basis. That target can be
reached by providing at least 35% of the building’s electricity from renewable sources by
engaging in at least a two-year renewable energy contract subsequent to a determination
of the baseline electricity use calculated as in the EA Credit 1 or according to the
Department of Energy (DOE) Commercial Buildings Energy Consumption Survey

(CBECS) database.
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Other research analyzing LEED® requirements and building energy performance in
buildings were previously conducted by several research teams. The Journal of Green
Buildings published in fall 2007 published an article entitled “Analysis of Variation in
the Energy-Related Environmental Impact of LEED® Certified Buildings” (Wedding &
Brown — 2007). The related research analyzed the variability of environmental impacts
due to LEED® building energy use. The whole work was based on implementation of
probabilistic models that measure the energy-related environmental impact of LEED®
buildings in relationship with the number of credits achieved. “Monte Carlo” methods
consisting of stochastic analysis were used where each variable could be input with a
certain range of values. Various models have been developed to consider several LEED®
building elements, such as, building category (office, residential, ...), average intensity of
energy use [EUI), percentage of electric-energy used (of the total energy consumption),
KWh of based plug loads, BTU of base plug loads, energy efficiency compared with EUI
of existing buildings, LEED® certification level, frequency of achievement for EA Credit
1;2;6.
In addition, models are based on the following assumptions.
e EUI values considered as a starting point for the analysis and calculations
e “Energy Star” values implemented as reference for the percentage of electricity used
e Other data coming from the CBECS had to be adapted to ASHRAE standards by
subtracting a percentage between 2,4 and 14,8 to the average electricity consumption
values
e Consideration of the “Green-e” purchase with 50 % of impact reduction instead of

100 % due to secondary effects not considered (Green-e — 03/20/2008)
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Finally the results were rendered as impact reduction values in function of the impact

features, building type and certification level achieved (Wedding & Brown — 2007).

2.6 Chapter summary
This second chapter summarizes the main literature which helped to form the basis of the
present research. The literature review was intended as a tool to investigate, as much as
possible, existing research, articles and documentation related to shading devices. Some
of the information was for the development of the research methodology. Literature
review had two main scopes:

¢ Avoid useless repetition of existing research works

o Identify eventual gaps of knowledge on which the present research could be

focused.
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3.1 Introduction.

This Section provides an overview of the methodology proposed for the research and is
divided into the following subsections: 3.1 Introduction, 3.2 Shading device features, 3.3
Single-space simulation analysis, 3.4 Case-study, 3.5 Whole-building simulation, 3.6
Climate comparison, 3.7 Impact on LEED. 3.8 Development of guidelines and
recommendations and 3.9 Chapter summary. Figure 3.1 below shows a graphic overview

of the research methodology.
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IDENTIFY SHADING DEVICE
OPTIONS AND LEED
BACKGROUND

11

DETERMINE FACTORS
IMPACTING THE CHOICE OF
DEVICE FROM THE LITERAUTRE

I

SELECT SHADING DEVICE
SYSTEM AND IDENTIFY
VARIABLES FOR ANALYSIS

I

CONDUCT SINGLE-SPACE
PERFORMANCE ANALYSIS TO
DETERMINE OPTIMUM
SOLUTIONS

I

SELECT CASE-STUDY

g

Industry articles

Product manuals and company websites

Previous research

Technical journals

Geometry
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Range of applicability

| Adaptability to building conditions |

Geometric features

Fagade orientation

Building characteristics

Creation of the single-space simulation model

Creation of shading device simulation models

Creation of simulation window models

1 1 1 1 R

Result reports and identify optimum solutions

¢—® | Create baseline building simulation model
CONDUCT WHOLE-BUILDING
ANALYSIS — Implement the optimum shading device models
&= | Incorporate various location conditions
ﬂ &3 | Report results and final considerations
CLIMATE COMPARISON
DETERMINE IMPACT OF SHADING &= | Identify average values of impact.
DEVICE ON WHOLE-BUILDING - -
ENERGY ACONSUMPTION ANDON | < [ \dentify LEED credits affected
LEED REQUIREMENTS <=3 | Quantify impact on LEED requirements
—> REPORT LIMITATIONS AND RECOMANDATIONS FOR FUTURE RESEARCH

Figure 3.1: Flow model summarizing methodology and research process.
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3.2 Shading device features.

The research focused on evaluation of fixed shading devices because of their simplicity
and traditional use. Specific advantages of fixed shading device were perceived by the
researcher to be as follows:

° The simplicity of its geometry could allow for direct calculation of performance
without depending on manufacturer’s data.

o Geometry could be precisely and incrementally adjusted which allowed for a
determination of their impact.

. Its ease of implementation and wide range of applicability could support its use
and application to various building types.

. Being a simple and fixed device, the results of performance analysis could be

adaptable to other latitudinal and climate conditions.

Analysis examined shading device geometries in order to determine their impact on
energy performance. Specific features and their parameters addressed by this research are
indicated below:
° Shading device geometric features (shape, inclination, dimensions).

Dimensions (depth, width, extension beyond window lateral borders).

Shape (dimension variation by 4 inch increment).

Horizontal inclination.
° Device location on the building fagade in respect to windows position.

Distance from the window rim.

Facade orientation.
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Location on the fagade.

3.3 Single-space simulation analysis.

This research studied the effect of fixed shading device geometry on building energy use
and day-lighting using the Hourly Analysis Program (HAP E-20 II v. 4.34) developed by
Carrier. This software was selected because it was one of the few software tools which
met the software requirements of ASHRAE 90.1 and LEED® NC. ASHRAE 90.1 places
a number of specific conditions on simulation software and they are laid out in detail in
ASHRAE 90.1. Chapter 11 “Energy Cost Budget Method” and Appendix G. LEED®
mandates that energy performance be evaluated in conjunction with ASHRAE 90.1

Chapter 11 and Appendix G.

The software can be used for simulation analysis, either on an hourly, monthly or annual
basis. HAP E-20 II v 4.34 can be used to analyze projected energy use of single spaces or
multi-space buildings. The software allows for detailed building characteristics to be
incorporated, and each calendar date is related to a certain consumption level, which
depends on estimated occupancy. Space models consider wall features, window area and
glass characteristics. The software also incorporates building occupancy, HVAC systems,
including heating, cooling and ventilation, as well as, lighting, sources of energy,

occupant schedules and climate.

As cited in the literature review in section Two, virtual simulation processes have been

previously used by other researchers for various types of shading devices, but not for
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fixed projecting elements on a whole-building-model scale, which was targeted by this
current research. Prior to the whole building analysis, shading device geometries were
first tested using single-space simulation in order to determine optimum solutions which
were incorporated later into the whole-building analysis. The choice of a single-space
model as a basis for preliminary simulations provided for quick assessment of a number
of variables and allowed the researcher to narrow the range of solutions and data entry
necessary with the whole building simulation. Data entry in the whole building
simulation was cumbersome requiring each space to be modeled individually and
assembled as part of the whole. This prior single space simulation approach reduced data
entry considerably. The single-space analysis followed the steps reported below.

o Creation of shading device simulation models: various shading device geometries
were tested on the single-space simulations to determine optimum solutions which were
incorporated later into the whole-building analysis. Geometry shapes were differentiated
by 4 inch iricrements up to a total value of 60 inch in depth, 16 inch in projection from
lateral borders and 16 inch in distance from the top of the window. A total number of 375
models were created and set up, in order to determine optimum shading device geometry.

o Creation of the single-space simulation model: a single-space model was created on
the basis of a case-study building that was also used for the whole-building analysis.
- HAP software required a different space for each shading device which had to be linked
to a specific heating and cooling system in order to perform the analysis and so 376
single-space models were created and set up. The 376 simulations represent the sum of
the 375 cases created for each shading device plus the “zero” case, for which no shading

device was considered.
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o Creation of simulation window model: a single-window model was created on the
basis of the case-study building features.

e Result reports and identify optimum solutions: the single-space analysis was run
considering the 376 shading devices respectively linked to 376 single-spaces and 376
heat/cooling systems. Results were reported in Microsoft Excel® sheets and represented
through curves and diagrams. Graphs were used to illustrate the influence of shading
device geometry on energy performance as predicted by the single-space model analysis.
Figure 3.2 reported below shows a plan view of the space and window configuration

which was used as a basis for the single-space analysis.
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Figure 3.2: Plan view of the single-space design used for the single-space analysis.
Source: “KREG Engineering — ATA Group”
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3.4 Case-study.

A case-study approach was chosen for energy simulation modeling. Carrier HAP EII
software was used for simulation and related analysis. The case-study building selected
was previously modeled with HAP software without fixed shading device. This research
recreated the whole-building model using the optimum fixed shading device solutions
obtained from the single-space simulation. Resulting energy and daylight performance of

the baseline and modified buildings were compared.

In this case the results of such shading device performance were applied to a whole
building analysis to determine the impact on whole-building energy use and daylighting

performance.

NOTE: an actual building was selected as the case study building in order to investigate
the impact of shading devices in a real-world setting. However, the original building
didn’t use a complete cooling system and air-conditioning was designed only for limited
portions of the building used for administrative offices. Because, many buildings are
cooled and because shading devices significantly impact cooling loads, the researcher
opted to extend the air conditioning systems to all spaces. This modification to the
modeling of the actual building conditions was felt by the research to be more
representative of most typical new buildings. Therefore, the simulation model was
slightly modified from the original one by introducing an air-conditioning system serving

all occupied spaces.
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3.5 Whole-building analysis.

Upon completion of the single space analyses and determination of optimum shading
device geometries the researcher incorporated these optimum solutions into the whole
building analyses. The structure and parameters of the whole building analysis are.

e Create baseline building simulation model. The virtual model was created on the
basis of the case-study project and considered building design (shape, footprint area,
.volume and interior spaces organization), materials, occupancy rates and schedules.
Implement the optimum shading device models. The single-space simulation showed
which specific shading device geometries had the most impact and should be considered
for the whole building analysis. Optimum geometries were incorporated in the whole-
building model during this part of the research. The simulation placed shading devices on
each window which were also be to orientation and location on the fagade. The analysis
showed the effect of these solutions based on the whole-building analysis. Figures 3.3
below shows the second floor plan design of the case-study building.

o Results report and final considerations. The results were discussed, summarized and
conclusions drawn in the body of the report. Results were also reported using curve
diagrams to illustrate the impact of shading device geometry and are listed below:

- Impacts of shading device geometry on single-space energy performance with
identification of optimum geometries.

- Impact of shading device geometry features on whole-building energy
performance, highlighting variance between the baseline and design buildings on the

case-study features.
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- Impact of varying latitudinal and climate zone. A limited number of analyses were

proposed in order to test the validity of the results for other climates in southern Europe.
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Figure 3.3: Plan view of the second floor of the case-study building.

Source: “KREG Engineering — ATA Group”
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3.6 Climate comparison.

~ The original case study building used as a basis for this study is located in a northem city
in Italy. The researcher was interested in testing to see if the conclusions about optimum
geometry were valid for other climate and latitudinal zones, therefore a limited number of
analyses were conducted using other building locations. HAP software has extensive
geographic specific climate data and it is relatively easy to change building location once
the building has been modeled. However, given that this issue didn’t represent the core of
the research only a few analyses were conducted. Several locations were selected from
those available in the HAP software and primarily addressed southern European cities. A
whole-building simulation was run for each location, based on a standard whole-building
model embodying the optimum shading device features shown in the whole-building
analysis. The main objective of this subpart of the research was to explore possible
effects of geographical location on how shading geometries impact on energy building
performance. At the start of the research, researchers could not state if such dependency
exists and, if it did, how it could affect the final results. The comparisons were used by

the researcher to estimate eventual limitations of this research.

3.7 Impact on LEED®.

Shading device geometry impacts building energy and daylighting performance, both of
which in turn impact the level of LEED® credits a building may achieve. LEED®
represents a current practical set of industry standards and encourages whole building
thinking and analysis. Therefore, the researcher was interested in considering how

shading device geometry would influence the ability to achieve LEED® credits. The
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work was based on the comparison between the potential improvements obtained through
the use of optimum shading device solutions and the performance required by LEED®
credit EA 1. The values obtained from the analysis of the different whole-building
models gave the researcher an idea of how helpful such improvements could be in
pursuing LEED®. The research first tried to determine if the use of shading devices could

help designers in the achievement of LEED® requirements and, if yes, which ones.

3.8 Develop guidelines and recommendations.

At the completion of the analyses, the research reported the results and conclusions.
Values, diagrams and concepts were translated into guidelines which could be useful to
designers and professionals who want to improve building energy performance through
the use of appropriate shading devices. Guidelines were divided into several sections,

which addressed a specific solution.

The first guideline reported the results of the impact of shading device geometry features
on single-space energy performance. This section was followed by a short report about
the choice of the best geometries to optimize the impact of shading devices on single-
space energy performance.

The second guideline reported the impact of shading device geometry on whole-building
energy performance, including differences between the baseline and design buildings as
well as climate zone variation.

The third guideline presented considerations raised from the comparison between design-

case performance improvement and achievement of LEED requirements.

54



39 Chapter summa
This chapter preser.
objectives laid out 1r.
used to complete eac

the way the results ar




3.9 Chapter summary.

This chapter presented the methods used by the researcher in order to address the
objectives laid out in Section One of the proposal. Each section described the operations
used to complete each part of the research, Descriptions included both the methods and

the way the results are reported and illustrated.
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SINGLE-SPACE ANALYSIS
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4.1 Introduction

An important thesis objective was to study the impact of fixed shading device geometry
on energy consumption on a whole-building model basis. However, as a preliminary step
the researcher studied the effects of shading device geometry on a single-space model to
determine optimum geometries for use in a whole-building analysis. This section reports
the single space analysis approach and its results. The whole building analysis is

reported in Section 5.

As indicated earlier the Arco School Project in northern Italy was used as a case study,
and because of its complexity, number of spaces and functions it proved too difficult to
model each of the shading device configurations directly using whole building analysis.
Therefore, all calculation were developed on a smaller scale using a representative space.
This allowed the researcher to enter and manage data in an efficient manor. The
researcher selected a representative classroom to model the fixed shading devices along
its exterior wall. Procedures and methods used for the single space analysis are reported

and summarized below.

4.2 Single-Space Features.

Sample space selection.

The researcher selected a typical classroom representative of most spaces. Room 4-04
was selected. It is a regular classroom, designed for 26 students. The space is located on
the second floor above an unconditioned storage space. It has a rectangular plan and is

approximately 697 square fee in area. The room has one exterior wall and other three
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interior walls. The fagade is south oriented with a gross wall area of 369 square feet, a
length of 28.8 ft., a height of 11.5 ft. and has window area of approximately 248 square
feet. All data related to this sample-space are indicated below and, except for the
orientation, are the same for all the full-time occupied classrooms of the building. Room
4-04 can be seen below in figure 4.1.

The main reasons why this classroom was chosen as reference are summarized below as
follows:

e The Arco school project building is mainly formed of identical classrooms, such
as this one. Other spaces (for example labs and music room) also had similar
square footages and occupancy rates.

e The classrooms are regularly occupied and therefore their energy and lighting use

impact whole building energy consumption heavily.

Figure 4.1: plant drawing representing the sample-space room 4-04.
Adapted from: Arco School Project — “Progetto esecutivo” — Studio AVI Associates.
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Creation of the single-space virtual model

The characteristics of the representative classroom were entered into the HAP program
for simulation. The HAP program doesn’t support importation of drawing files, so each
space parameter must be described and entered individually, which is time consuming.
.However, after initial data was entered it was it is relatively easy to incorporate changes
such as fagade orientation and weather conditions. Listed below are the main space and

construction data for the representative single space model entered into the HAP

program:

General Details:

FIOOT AT€Q oo 697.1 fi2
Avg. Ceiling Height ............ccoeueee 115 ft
Building Weight ..........ccccoeeinennnene 130.0 Ib/ft2
OA Ventilation Requirements:
Space Usage User-Defined
OA Requirement 1 10.6 CFM/person
OA Requirement 2 0.00 CFM/ft2
Space Usage Defaults ASHRAE Std 62-2001
Internals:
Overhead Lighting:
Fixture TYPe ...ccccovevevecceeneeccnnne Free Hanging
Wattage .......ccccceeverereeeenenieneeeenseenas 0.83W/ft2
Ballast Multiplier .........cccocevciinivcniinninnne 1.00
People:
OCCUPANCY ...oconririnireiiieniinecineenenns 26.0 People
Activity Level ........ccccooevueeuenne. Office Work
Sensible Heat .................. 245.0 BTU/hr/person
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Latent Heat ............c.ccu.e. 205.0 BTU/hr/person

Facade:
Facade features
Wall Gross Area 369 ft 2
Wall U-value 0.028 BTU/hr/ft2/F
Overall Shade Coef. 0.28
Window and glass features
Window U-value 0.194 BTU/hr/ft2/F
Window Height 6 ft
Window Width 5 ft

Table 4.1: external fagade features required by the HAP program.

Green Roof:

Green Roof Gross Area  697.1 ft 2
Absorptivity 0.55
LW Concrete Layer
Thickness 6 in
Density 440 1b/ft 3
Specific Heat 0,2 BTU/Ib/F
R-Value (Thermal R.) 5 hr-ft2-F/BTU
Weight 33 1b/ft 2
Bat Insulation R-25
Thickness 83 in
Density 0.5 Ib/ft 3
Specific Heat 0.2 BTU/Ib/F
R-Value (Thermal R.) 26.6 hr-ft2-F/BTU
Weight 0.3 1b/ft 2
Built-up Roofing
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Thickness
Specific Heat
R-Value (Thermal R.)
Weight

0.376
0.35
0.33

22

BTU/Ib/F
hr-ft2-F/BTU
b/ft 2

in

Table 4.2: construction information and green-roof parameters.

Wall Details:
Outside Surface Colour ..........ccceeueuenue. Dark
ADSOIPLIVILY ..oocverreeieirieieerieeeeieerennens 0.900
Overall U-Value .........cccevevvecereerrceruennn. 0.028 BTU/(hr-t2-°F)
Partition U-value ........c.cccceevvrvuriveenrennnens 0.500 BTU/(hr-ft2-°F)
Thickness | Density |Specific Ht., R-Value | Weight
Layers inch Ib/fe3 BTEF’,)“" - ,,(]"3)’/';% Ib/6e3
Inside surface resistance 0.000 0.0 0.00 0.68500 0.0
2:;:::}1 Weight 10.000 140.0 0.20 0.83333 116.7
R-30 batt insulation 9.400 0.5 0.20 30.12820 0.4
Air space 0.000 0.0 0.00 0.91000 0.0
4-in LW concrete 4.000 40.0 0.20 3.33333 133
Outside surface
] 0.000 0.0 0.00 0.33300 0.0
resistance
Totals 23.400 - 36.22286 | 1304

Table 4.3: external walls construction details required by the HAP program.
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Floors:

Type .ccoeeeeee Floor Above Unconditioned Space
FloOT AT€a ......ccoovuiiiiiiirecceceeeeceeeeeaene 697.1 ft2
Total Floor U-Value ........ccocoerceeeveeeeecreeieene. 0.100 BTU/(hr-ft2-°F)
Unconditioned Space Max Temp. ...........ccceenee.. 75.0 °F
Ambient at Space Max Temp. .......cccovvvnrinnnnn. 95.0 °F
Unconditioned Space Min Temp. .........ccceccrueuene 75.0 °F

. Ambient at Space Min Temp. ......c.ccoceevevueveennene §5.0 °F

4.3 Shading Device Features.

In order to determine optimum shading device geometries, the researcher modeled a
number of fixed shading devices with varying projection from the building fagade, height
above the window and length beyond the window edge. Data for each geometry set was
entered and assigned to the single space model described above. Dimensions of each
shading device were changed progressively and performance variations caused by such
adjustments were calculated and collected with a sample-space analysis of the energy

consumption.

After completion of all single space models, energy performance of each variation was
compared to determine optimum solutions, which reduced overall annual energy
consumption. Because data entry would have been overwhelming to do as many
variations in the whole building analysis, the researcher selected this preliminary single

space analysis approach in order to more efficiently identify optimum geometries.
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Shading device virtual models and spaces setup.

The shadi Y P that were incorporated into the study for the fixed
shading device are indicated below and in Figure 4.2.

* Projection From Surface

e Height Above Window

e Extension Past Right and Left-Hand Side of Window

e Reveal depth of the wall

<[ Overhang -
| projection

| from building

surface

i NN =L
[Height above | -
__window , 1

Figure 4.2: overhang shading device g yp
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The reveal depth was held constant for all simulations, however, the other three
parameters were incrementally changed and their energy impact recorded and is
described below.

Shading devices projection was increased incrementally from 0 to 60 inches by 4 inches
increments. In all, 15 projection lengths (4, 8, 12, 16 ... in) were considered and for each
of them the other two parameters of extension past the window and height above the
window were set. These features were also increased in 4 inches increments up to a total
length of 16 inches beyond the window and to 16 inches above the window. The whole
process lead to the creation of 375 shading device virtual models (15 projection lengths *
5 lateral extensions * 5 border distances) so that every projection length could be related
to a specific extension and height beyond the window borders. A big advantage of such
this approach was that all input data and results could be treated as mathematical
functions. At the end of the research each specific combination of input data and shading
device geometry was related to a precise result in terms of energy consumption. The next
step was the creation of a specific space, always equivalent to the sample-space 4-04, for
each shading device geometry. The HAP simulations were based on whole-building
virtual models intended as a body of spaces, systems and equipment. Therefore, each
shading device and its geometry had to be related to a single space with precise
characteristics. That led to the specific creation of 375 spaces, equivalents for geometry,
orientation and internal characteristics but each of them provided with a different pre-

modeled shading device.
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NOTE: Unfortunately the HAP program doesn’t have any automation option to create a
set of items with some common elements. For example, in this case each shading device
had to be created manually and attached to a space. This characteristic of the program
required a careful systematic approach to data entry. Moreover the potential level of
failure turns out to be very high because the unassisted management of a large number of

~ elements introduces many risks of input mistakes, not always easy to discover.

4.4 Mechanical System Settings

In order to consider a realistic virtual model a specific heating, ventilation and air
conditioning system (HVAC) had to be provided for every virtual space created. HVAC
systems were patterned after the Arco school project, data and utility features which fit
perfectly with the scope of the research. In fact, the Arco school was originally modeled
following a single-space system concept. The need to create a series of spaces with an
independent system that could be individually simulated inside a virtual model retraced
the same conditions of the original project. This approach allowed for direct comparison
of original simulated systems with the results of the the new single-space energy
performances, providing for evaluation of the energy improvements caused by the
shading device geometry variations. HVAC equipment consisted of a common
ventilation system with terminal units connected to several packaged DX fan coils and

return air ducts.
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All systems and spaces previously defined in respect of the 4-04 Room characteristics
and dimensions had to be organized by mechanical system groups before creating the
final model. Such groups would have been used during the next step for the creation of a
fictitious plant that would have formed the first building simulation. The HAP program
also requires the single space and system set-up information about their location,
grouping characteristics and systems, be input. In order to achieve this point the model
had to include individual systems with identical features for every previously-created
single space. That implied the progressive set-up of 375 different systems, each of them
addressed to a single space equivalent to the room 2-06 but characterized by different

shading device geometries.

The HAP program allows analysis either at a system, building or plant level. Loads and
energy input can be calculated in relationship to all systems such as HVAC and lighting.
Setting up one single building and one plant model for each system was not necessary for
the single-space model analysis. Unfortunately, the HAP program can support only up to
200 systems per file, so the 375 single-room systems had to be split into two different
files and the analyses run separately. The results were later collected in a single

spreadsheet which allowed the researchers to evaluate all configurations together.

Additional data about the ventilation equipment assigned to each single-space system are

provided below.
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Ventilation System Components:

Ventilation Air Data:
Airflow Control ..........cccceveeveenn. Constant Ventilation
Airflow.........cociviiviniriinieineen,
Ventilation Sizing Method ........... Sum of Space Airflows
Unocc. Damper Position ............... Closed
Damper Leak Rate ........................ 0 %
Outdoor Air CO2 Level ................ 400 ppm g

Ventilation Reclaim Data: ;
Reclaim Type .....cccccceevuvecvennnenee. Sensible Heat F
Thermal Efficiency ..........ccccouc.n. 95 %
Schedule .......ccoeveeviineriiiieiienne January - December

Ventilation Fan Data:
Fan Type ..cooooveeiieieieieieene Forward Curved
Configuration ..........ccccceeeereeeenenne Draw-thru
Overall Efficiency ....................... 54 %

% Airflow | 100 [ 90 80 70 60 50 40 30 20 0
% kW 100 | 91 81 72 61 54 46 40 33 21

Table 4.4: proportion ratios between airflow rates and the energy use percentages.

Thermostats and Zone Data:

Cooling T-stat: Occ. .....ccceeveeneennnne. 75.0 F°
Cooling T-stat: Unocc. .................. 85.0 F°
Heating T-stat: Occ. .........cccveeuunnnen. 70.0 F°
Heating T-stat: Unocc. ..................... 60.0 F°
T-stat Throttling Range ................... 3.00 F°

NOTE: cooling system was considered enable also for unoccupied spaces.
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Common Terminal Unit Data:

Cooling Coil:
Design Supply Temperature .................. 58.0 °F
Coil Bypass Factor ........ccccoeveeeeenveinnens 0.100
Cooling Source .........ccceveverceeecerceeecrennnn. Air-Cooled DX
Schedule ........ccocveiviiiiirieiicieceeceee, January - December
Heating Coil:
Design Supply Temperature .................. 110.0 °F
Heating Source ......c..ccocceeveviceevcecinncnnne Hot Water
Schedule .......cccoeireiintieeeeeereeeen. January - December
Terminal Units Data:
ZOMNE ...uunneiriiniiniiniintisicett et sae b sat e saasene All
Terminal TYPE ....coveieviiiieieeeeciercreceecveesne e caeecaeeene Fan Coil
Minimum Airflow ......cccceeirviiniinicnieniereeceeene 0.00 CFM/person
..... Fan Performance ...............ccocevecvrvncinccnviencccccrceneenee. 0.6 kKW

Sizing Data (Computer-Generated):

System Sizing Data:
Cooling Supply Temperature ............ccceeeevreerrerereecnenne. 58.0 °F
Heating Supply Temperature ...........cccoceevveveeennreencnnes 110.0 °F
Hydronic Sizing Specifications:
Chilled Water Delta-T ..........cccoceevieveeenenenenicienersenneenens 10.0 °F
Hot Water Delta-T .........cccccceiivinniininineceeeeeeneceeeeens 20.0 °F
Safety Factors:
Cooling Sensible .........cccooiriiiiniiniiinieccrreceeeeeee 0 %
Cooling Latent .........c.coceeervirvieieniienieeneetcceeee e 0 %
Heating  0......cc.oooviiiiiiiiiiicetctccne e %
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Zone Sizing Data:

..........................

...........

.........................

Space Airflow Sizing Method ...........

Sum of space airflow

Individual peak space

loads
Supply Airflow Zone Htg Unit Reheat Coil Ventilation
(CFM) (MBH) (MBH) (CFM)
501.7 - - 275.6
Table 4.5: zone sizing data parameters.
Equipment Data
Estimated Gross Compressor
Design Cutoff
Maximum Cooling & OD Fan
OAT OAT
Load Capacity Power
D) CF)
(MBH) (MBH) kW)
18.6 95.0 239 243 55.0

Table 4.6: list of parameters set up for each single-space equipment.

4.5 Window Features Settings and Optimum Solution Selection.

The researcher originally modeled the window proportions as it was in the original

building. The original plans of the selected room called for continuous band windows

on the south fagade. The specified window dimensions were 31 feet in length and

7.89 feet in height. After preliminary study it was easy to determine that projection

beyond the window length would have relatively little proportional impact.

69



Additionall;
the impact
following cc
o Shading
VETy Sm
* The heig
tangible -
* The area
the half o
total 467
therma] iy
any other
B order ¢, clear ¢
Mt affecteq by s,

device impact on



Additionally, the overall height of the window and overall area would tend to mitigate
the impact on any shading devices. Consequently, the researchers identified the
following concerns about the original windows:

e Shading device projection from the edges ranged between 4 and 12 inches, were
very small relative to the 31-feet length of the continuous-band windows.

e The height of the original window could have been excessive in order to have
tangible values of shading device impact on single-space energy performance.

e The area of the window, as shown in the original project, would cover more than
the half of the whole fagade surface. 244 square feet (31 x 7.89 sq. ft.) out of the
total 467 fagade square feet were designed as glass surface. Therefore, the average
thermal inertia of the single-space would have been much lower than the ones of
any other internal or semi-internal spaces of the building.

In order to clear these issues researchers had to make sure that single-space analysis were
not affected by such exceptional window areas which could distort or hide the shading
device impact on energy consumption. Therefore, four different analyses with different
window areas were developed and analyses run. All analyses were based on the same
single-space, fagade and shading device features. For the four analyses all 375 shading
devices were considered and U-values for glass and walls were not modified. Researchers
chose the single 5 ft. x 6ft. window as the basic modular unit for exterior openings
because it reflects an average window size for this type of buildings. At the same time,
the regularity of its dimensions allows for multiple windows and separation between
windows along the single-space fagade. The Analyses are classified as follows:

e ANALYSIS A: one window of 5 by 6 feet.
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e ANALYSIS B: one window of 10 by 6 feet.
e ANALYSIS C: five windows of 5 by 6 feet.

e ANALYSIS D: one window of 31 by 7.89 feet (original design).

NOTE: HAP software considers windows as “holes in the exterior walls”, not as
“additional glass area”. In other words, operators always have to input all data of various
walls, as if each space didn’t have any exterior opening. Each wall is characterized by an
orientation, an average U-value and other features. Then, windows are assigned to each
wall and by doing that, the program subtracts the window areas from the original wall
areas previously input. Therefore, for this set of analyses, the parameters the researchers
had to change were the height, width and number of windows on the fagade. No other

parameter of the single-space model was modified.

At the end of each analysis every combination of shading device variables corresponded
to a specific value indicating the annual energy consumption of the single-space model.
The annual energy consumption value (“total load” value) was calculated as the sum of
three different factors, Central Cooling Coil Load, Central Cooling Equipment Load and
Central Heating Coil Load respectively related to cooling and heating loads. After a
sorting process done through a specifically designed spread sheet, all shading device
geometry combinations were ranked on the basis of the annual energy consumption
values, as shown in tables 4.6 and 4.8 below. Optimum solutions were identified on the
basis of minimum gaps between total energy load results. The tolerance for total load

variation was taken as 0.1%.
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Depth, length, Central Cooling Central Cooling Central Unit Cig Central Heating Central Heating TOTALLOAD
edge ext. Coil Load Eqpt Load Input Coil Load Coil Input

(inch.) (kBTU) (kBTU) (kWh) _(kBTU) (kWh) (kBTU)
4,0,00 1729 1729 122 15787 4501 19244
4,4.8-8 1752 1752 122 15787 4512 19291
4,16,16-16 1755 1755 122 15787 4506 19296
16,0,00 1632 1632 121 15744 4509 19007
16,4,8-8 1658 1658 121 15744 4517 19060
16,16,16-16 1726 1726 121 15744 4513 19196

Table 4.7: snapshot of the analysis result list before the sorting process.

Depth, length, Central Cooling Central Cooling Central Unit Cig Central Heating Central Heating _ . \ 1\
edge ext. Coil Load Eqpt Load Input Coil Load Coil Input

(inch.) (kBTU) (kBTU) (kWh) (kBTU) {kWh) (kBTU)
4,16,16-16 1755 1755 122 15787 4506 19296
4488 1752 1752 122 15787 4512 19291
4,0,00 1729 1729 122 15787 4501 19244
16,16,16-16 1726 1726 121 15744 4513 19196
16,4,8-8 1658 1658 121 15744 4517 19060
16,0,00 1632 1632 121 15744 4509 19007

Table 4.8: snapshot of the analysis result list after the sorting process.

Each analysis led to the identification of an optimum solution, intended as the
combination of shading device variables that implies the lower amount of annual energy
consumption. At the end of the process, total load values from the analyses A, B, C and D
were different, even for the same combination of geometrical variables. However, the list
of total load values, each of them associated with a specific variable combination, had the
same ranking order for both cases C and D. This was one of the main reasons that made
the researcher choose the optimum solution identified by analysis C and D. Other causes
and elements that lead to such conclusions are explained below in the discussion of the

conclusions for each window-type analysis.
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For each analysis 376 combinations of shading device geometries were considered, the
original 375 resulted from the three variable increment in addition to the case “0”, for
which no shading device was considered. 1504 values were determined for the four cases.
Besides analyzing the four optimum combinations of variables resulting from the four
different analyses, researchers also drew some general conclusion related to groups of
values, in order to reach a general understanding of the results. The key element that led
the data sorting process was depth from wall which proved to be the most impacting
variable on single-space energy consumption. The main conclusions about optimum
solutions that the researchers drew for each run of the single-space analysis are reported

below.

ANALYSIS A — one single “5 by 6 feet” window.

In this case, all resulting values related to the annual total energy load varied by a range
of 1%. In all cases the impact of shading devices could be considered irrelevant because
gaps between different load values were smaller than 0.1%. Researchers determined
several factors led to the smaller than expected improvement which are identified below.
e The optimum combination of variable turned out to be the “36 inch depth, 0 inch
height above window, 0-0 inch projection from the edges” (36 depth,0 height,0-0
extensions), with a total load of 18325 kBTU.
e The worst combination of variable, which was the 8 depth,0 height,12-12

extension, indicated a total annual load of 18528 kBTU.
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e This 203 kBTU range between best and worst combination represented
approximately the 1% increment of the total load value, contained all results of
the 376 combinations of variables.

e The sorting process done through the annual load values ranking operations
apparently didn’t show any rational connection between variable increments and
total load variation. Long and short projections, wide and narrow edges, big and

small distances from the border appeared in a sequence didn’t reflect any

correlation between variables and total energy load values.

Shading Height above Extension from Space energy
device depth _window range sides (range) load (range) |
(inch.) (inch.) {inch.) (kBTU)
0 \ \ 18326
4 0-16 0-12 18388 - 18337
8 0-16 0-12 18528 - 18341
12 0-16 0-12 18508 - 18353
16 0-16 0-12 18459- 18341
20 0-16 0-12 18484 - 18337
24 0-16 0-12 18419- 18335
28 0-16 0-12 18393 - 18439
32 0-16 0-12 18347 - 18432
36 0-16 0-12 18325 - 18416
40 0-16 0-12 18382 - 18433
44 0-16 0-12 18327 - 18427
48 0-16 0-12 18369 - 18497
52 0-16 0-12 18387 - 18469
56 0-16 0-12 18386 - 18501
60 0-16 0-12 18399- 18518

Table 4.9: summary table showing ranges of result values for analysis A, related to the 5-

by-6 single window configuration.

The main causes of this inconclusive set of results were related to the smallness of the

window area and can be summarized as follows:
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Low solar impact on heating and cooling loads caused by the small glass area.
High average U-value for exterior and interior partitions, made mostly of solid
wall and little glass.

High value of thermal capacity. Exterior walls, as well as the entire building
partitions, were classified in HAP software as “heavy structure”. This input has
direct consequences on the thermal mass of the space. In other words, it affects
the capability of the structure of retaining heat (or cold, depending on the outside
temperature) when no air conditioning equipment is running. This factor
homogenizes the temperature throughout the whole day and night time reducing
energy needs and solar impact on heat gains. Other aspects of thermal capacity

effects in buildings are explained more specifically at the end of chapter 4.

ANALYSIS B one window of 10 by 6 feet:

This case partially reflects the results obtained for the previous analysis:

The optimum combination of variable was identified as the “32 inch depth 16
inch height above window, 0-0 inches projection from the edges” (32,16,0-0),
with a total load of 18,536 kBTU.

The worst combination of variable, corresponding to the 56 depth,4 height,4-4

extension, indicated a total annual load of 18,943 kBTU.

Once again the range of values showed a total increment of 407 kBTU for all the 376

analyzed combinations. The causes are the same as the ones listed above for analysis A

and therefore researchers decided not to consider these values for the scope of the

research. However, in this case at the end of the ranking operations the list of values
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appeared more organized than the one obtained for analysis A. The sorting process lined
out some criteria, based on the depth, that characterized the whole set of values and are
summarized below:
e Shading devices with projection length between 20 and 40 inches, regardless of
the other two variables, were the best-ranked solutions.
e Shading devices with projection length below the 20 inches occupied the average
band of values.
¢ Shading devices with projection length above the 40 inches constituted the bottom

of the pool in terms of energy performance values.

Shading device Heightabove  Extensionfrom  Space energy
depth (range) window range sides (range) load (range)

(inch.) (inch.) (inch.) (kBTU)
0 \ \ 19025

4 0-16 0-12 18732- 18761

8 0-16 0-12 18697 - 18750

12 0-16 0-12 18656 - 18700

16 0-16 0-12 18634 - 18700

20 0-16 0-12 18559 - 18590

24 0-16 0-12 18563 - 18665

28 0-16 0-12 18588- 18731

32 0-16 0-12 18544 - 18677

36 0-16 0-12 18567 - 18817

40 0-16 0-12 18664 - 18849

44 0-16 0-12 18600 - 18864

48 0-16 0-12 18787 - 18914

52 0-16 0-12 18659 - 18904

56 0-16 0-12 18659 - 18855

60 0-16 0-12 18754 - 18885

Table 4.10: summary table showing ranges of result values for analysis B, related to the

10-by-6 window configuration.
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The differentiation between categories was gradual and the intent of this brief description
is to give a sense of how total load vales were ranked throughout the result list. Complete

lists of values are reported in appendix C.

ANALYSIS C (five 5 ft. x 6 ft. windows) and ANALYSIS D (one 7 ft. x 31ft. window):

These cases reflected the results that researchers expected. Both sets of results had the
same optimum combination of variable, as well as, the whole ranking order based on
annual energy consumption and the listing sequence didn’t present any random element
such as with analyses A and B. Projection length appeared to be, once again, the most
important variable governing the ranking list of energy consumption values. The main

data collected from the two analyses is summarized here below:

e The optimum solution appeared to be the “56 depth, 12 height, 4-4 extension”
with an annual energy consumption of 20019 kBTU for analysis C and 21520
kBTU for analysis D.

e The worst combination was identified as the “4 depth, 12 height, 0-0 extension”,
with an annual energy consumption of 20511 kBTU for analysis C and 23584

kBTU for analysis D.

Especially for analysis D, shading device impact is clearly identifiable because the range

of values obtained constitutes 9.5% of total annual energy consumption. The results

based on the projection length suggested the following:
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e Projection lengths between 40 and 60 inches induced the best energy consumption
values.

e Projection lengths between 20 and 40 inches induced average energy consumption
values.

e Projection lengths between 4 and 20 inches induced low energy consumption

values.

Shading device Height above Extension from Space energy
depth (range) window range sides (range) load (range)

(inch.) (inch.) (inch.) (kBTU)
0 \ \ 21784

4 0-16 0-12 20478 - 20511

8 0-16 0-12 20451 - 20511

12 0-16 0-12 20376 - 20481

16 0-16 0-12 20330- 20396

20 0-16 0-12 20234 - 20353

24 0-16 0-12 20217 - 20327

28 0-16 0-12 20198 - 20286

32 0-16 0-12 20304 - 20138

36 0-16 0-12 20079 - 20241

40 0-16 0-12 20051 - 20241

44 0-16 0-12 20082 - 20214

48 0-16 0-12 20102 - 20243

52 0-16 0-12 20118 - 20353

56 0-16 0-12 20019 - 20357

60 0-16 0-12 20070 - 20355

Table 4.11: summary table showing ranges of result values for analysis C, related to the

five 5-by-6 windows configuration.

NOTE: In each analysis the worst energy performance was given by the “0” case, which
had a 0 inch depth, 0 inch height and 0 inch edges shading device, equivalent to not using

any shading device.
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Shading device Height above Extension from Space energy
depth (range) window range sides (range) load (range)

(inch.) (inch.) (inch.) (kBTU)
0 \ \ 24943

4 ’ 0-16 0-12 23437 - 23583

8 0-16 0-12 23294 - 23429

12 0-16 0-12 23043 - 23279

16 - 0-16 0-12 22916 - 23187

20 0-16 0-12 22371- 22992

24 0-16 0-12 22034 - 22904

28 0-16 0-12 22173- 22748

32 0-16 0-12 21827 - 22797

36 0-16 0-12 21832- 22727

40 0-16 0-12 20051 - 20241

44 0-16 0-12 20082 - 20214

48 0-16 0-12 20102 - 20243

52 0-16 0-12 20118- 20353

56 0-16 0-12 20019 - 20357

60 0-16 0-12 20070 - 20355

Table 4.12: summary table showing ranges of result values for analysis D, related to the

31-by-6 window configuration.

Single-space analysis results are graphically summarized in figures 4.3 and 4.4 below. In
figure 4.3 values indicating single-space annual energy consumption are shown as a
function of the fixed shading device projection length. Figure 4.4 shows the energy
" consumption improvement caused by shading device implementation as a function of the

projection length.
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Figure 4.3: graphical representation of analysis A, B, C and D results.
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In order to display the impact of secondary variables (height and lateral extension) on

total energy consumption researchers focused on the range of values obtained for a

specific projection length. The projection length chosen for this type of investigation was
the optimum one. Results related to energy consumption for the 56 inches projecting
shading device are reported below. Figure 4.5 shows that the closer the shading device is
to the top of the window and the farther the extension, less energy will be used In the
building. However, these effects are very small in relation to the impact of projection on

energy use.

19800-19950 ™ 19950-20100 ™ 20100-20250 * 20250-20400

Energy
Consumption
[KBTU)]

20400 -
20250 +
20100 -
19950 -
19800 +

Height=16 v v 12

Lateral
extension
linch]

Heightabove

ioht=0
window [inch] Height 0

Figure 4.5: graphical rep ion of energy ption range for 56-inch
projection shading devices.

4.6 Single-Space Result Validation.
The unpredictability of values obtained for analysis A and B raised some concerns about

the accuracy of results. Two main issues were highlighted. First of all the sequence of

81



values proceeded from the sorting process based on total annual energy load didn’t show
any apparent correlation with shading device variables. Moreover, the gap between best
and worst energy performance was almost undetectable. Upon advice of mechanical
engineer, the researchers focused their attention on the possible side effect of high
thermal mass values related to concrete walls. The whole school building was simulated
in HAP program as a “heavy structure”, with an average density value of 130 pounds per
square foot, typical of concrete structure buildings in Italy. This specific characteristic is
the main factor that influences thermal mass effects causing discrepancies in energy load

balance.

The concept of thermal mass is strictly bound to the concept of thermal capacity, which is
defined by Stein and Reynolds as “indicator of the ability of a fixed volume of material to
store heat” (Ben Stein, John S. Reynolds — 2006). In reality this definition is not precise
but it gives an intuitive idea of the main concept. In fact, the principles the_lt govern
thermodynamic laws are based on temperature and thermal gradients, not on heat
quantities. More specifically the thermal capacity is related to the speed at which a
certain body characterized by a specific temperature reaches the thermal equilibrium with
the environment it’s dipped in under specific convection, conduction and irradiation

conditions (Kalema T. et al. — 2008).
A study about thermal capacity and mass effects on residential construction systems was

recently developed by Katerine Gregory and other Australian researchers. The work

focused on a single-space model and analyzed the impact of varying thermal mass
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features on energy performance, by simulating four different construction systems.
Analysis results showed that “thermal mass has the ability to significantly reduce energy
usage in residential buildings by maintaining a comfortable internal temperature”
(Gregory et al. — 2007). However, in order to have result consistency between different
single-space simulations, increasing window area requires thermal mass to be increased
proportionally (Gregory et al. — 2007). According to Gregory, thermal mass strongly
impacts building energy performance especially in systems like the Arco school, in which
the schedule of use and the exterior temperature varies completely from night to day
periods. The whole concept could be briefly explained as follows. If the whole heating
and cooling systems are shut down during part of the day the internal environment
temperature tends to reach the equilibrium with the external one. However, if the time
needed by the internal environment to reach such equilibrium is longer than the period in
which systems are shut down due to the presence of big thermal mass, then the quantity
of energy needed to bring internal spaces to the previous temperature would be lower

than the one of a low-thermal mass building.

With respect to the present research, results of Gregory’s study were considered as
guidelines for the choice of the optimum shading device solution. Researchers decided to
choose, for the single-space simulation, a window configuration for which the proportion
between gross wall and glass area of the single-space could match with that of the whole-
building. Bearing in mind that all exterior walls of the structure had the same U-value and
thermal capacity, the total exterior wall area of the building was divided by the total

window area. The ratio between overall wall and window area of the building turned out
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to be approximately 2.55. While considering the single-space simulation the total gross
area of the exterior wall was 369 square feet. Researchers applied the same proportion to
the single-space model finding a fictitious window area of 145 square feet. Such area
value resulted very close to the one given by the five-by-six-feet windows case, in which
5 punctured windows were considered with a total glass area of 150 square feet and a
ratio between single-space wall and window area of 2.45. This particular consideration
led researchers to the choice of the 5-by-6-feet window simulation as the case to select
the shading device optimum solution which would be modeled in the whole building
simulation addressed in Chapter 5. The optimum solution coincided with the following
shading device variables combination: 56 inches projection, 12 inches height above

window and 4 inches projection from both sides.
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Figure 4.6: overhang shading device yp for the optimum solution.

84



4.7 Chapter Summary.

This chapter describes the process followed by researchers to define the single-space
features for the single-space analysis. Reasons for supporting researcher’s choices are
reported and explained. Variables used to consider different shading devices and window
configurations on the single-space analysis are explained, as well as, reasons and
processes that led researchers to their choice. Finally the combination of shading device
variables and window configuration which were selected as the “optimum solution” in

terms of single-space energy performance is identified.

85



— CHAPTER S -
WHOLE-BUILDING ANALYSIS
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5.1 Introduction.

The single-space analysis discussed in chapter 4 was used to establish the optimum
shading device solution for use in a whole building analysis. The optimum solution was
one which yielded the lowest energy consumption from all the analyses and dimensions
of 56 inch projection from the wall, 12 inch height above window and 4 inches projection
from the lateral edges.

After studying the single space analyses the researcher used the optimum solution to
study its impact in a whole building solution, again using the Arco School case study as a
basis for analysis. The whole building simulation named “whole-building optimum
solution” (WBOS) considered one optimum shading device installed over each of the
school windows. Annual energy consumption values resulting from the WBOS analysis
(design case) were compared to the original building annual energy consumption values
and design configuration (baseline case). The difference between baseline and design
cases energy consumption gave the potential energy savings for the whole building on an
annual basis.

In order to.test the results for varying climate conditions, the same process of comparison
between design and baseline case was repeated for four geographical locations of the
building related to an equal number of weather conditions, sun exposures, longitude and
latitude values. All<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>