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The Texas Allergy, Indoor Environment, and Energy Institute (TxAIRE) was developed
with an original vision of research capabilities that spread across five broad but cohesive areas:
understanding and improving indoor environmental quality, developing unique methods of air
filtration, developing indoor air quality sensor technology, reducing residential electrical power
requirements, and developing technically based design guidelines. Increased understanding and
development of data and technologies in these five areas can make a significant impact on the
way residential structures are built and designed in the future.
This comprehensive review of TxAIRE and its relationship to Indoor Air Quality, Energy,
and Occupant Comfort places the project in historical and topical context. Discussing the topics
and how the TxAIRE structures aim to address and achieve superior performance in these areas
is the focus of this thesis.

ix

Chapter 1
1.1 Introduction
With over half of an occupant's lifetime spent in their home, it is important to create a
safe, comfortable, and healthy living space for themselves and their families. A building that
provides this type of space must follow or surpass standards related to indoor air quality, have
energy reducing technology or practices built in, and overall, the occupant's comfort must be
completely accounted for. The TxAIRE Institute and houses were built to study and improve in
these three areas.
Indoor air quality is a function of an occupant's health. When energy use and indoor air
quality combine, they are a function of the occupant's comfort; an increase in comfort requires an
improvement in indoor air quality and increase in energy use. The goal of studying the effect of
indoor air quality and energy use on comfort is to translate the collected information and use that
to develop cheaper methods to improve indoor air quality and reduce energy use in order to
provide optimal occupant comfort at reduced costs.

1.1.1 Indoor Air Improvement
The largest contributing factor to improving indoor air quality is the use of ventilation and
filtration. High quality filtration systems can remove most allergens, biological contaminants, and
chemical contaminants. A ventilation system with a controllable high flow rate can pull more air
through the system to be filtered, thereby filtering out more contaminants and bringing fresh air
into the house. Prevention is another key factor to improving indoor air quality; proper
construction practices such as vapor barriers for the foundation, safer insulation choices, prefinishing pest control installation, and overall tightness of the structure are all important
improvements to prevent things such as mold development and pest infiltration. Chemical
contaminants are another component in poor indoor air quality. Chemical contaminants can either
be introduced directly by the occupants (e.g. cleaning chemicals), or gassed off of materials
around the house (e.g. cabinet stain). Removal of these contaminants can be accomplished
through new volatile organic compound (VOC) removing wall board technology, and using low
VOC finishes as paints and stains.

1.1.2 Energy Use Reduction
A huge contributing factor to energy use starts with the roof; during the summer, the sun
is high in the sky and radiates directly onto the roof. The first line of defense against excess
radiative heat are the shingles. Modern shingle technology includes highly reflective coatings to
block as much heat transfer and absorption to the attic as possible. Less heat buildup in the attic
space means less energy use for the Heating, ventilation, and air conditioning (HVAC) system (if
located in the attic) and less energy use to cool the house below the attic, due to further heat
1

transfer. Another source of radiative heat transfer into the house is through the windows. Large
window space provides ample natural lighting, but it can also be a source of excessive heat. The
heat transfer can be reduced significantly without hindering the lighting much through the use of
glass coatings, appropriate frame insulation and sealing, and glass layers. Insulation is the key to
blocking a majority of the heat transfer through external walls. Through using various insulation
technologies and thicknesses, the heat transfer through walls can be reduced greatly.
HVAC systems exist to improve the indoor environmental quality (IEQ); IEQ is a
combination of indoor air quality, visual comfort, and thermal comfort. Indoor air quality is
quantifiable, and equipment can be designed to test the air and adjust to the needs of the
occupants. Thermal and visual comfort are subjective perceptions that an occupant has for their
thermal and visual environment, and equipment can't be easily designed for the needs
requirements. With the increasing needs surrounding IEQ, the energy consumption of the HVAC
equipment must be considered (Song, Wu, & Yan, 2013).
Energy use for HVAC can be reduced in a number of ways. Aside from building more
energy efficient equipment, companies can also design adaptive or predictive control systems for
the HVAC system. One study compared various control strategies and found that (as of 2015),
they are unsatisfactory in controlling anything but temperature. Given thermal comfort also
requires consideration for air movement and relative humidity, it is important for the adaptive
technology to be able to handle these extra parameters in order to reduce energy usage (Song et
al., 2013). Other HVAC energy reduction methods include using heat pumps in place of traditional
air conditioners and using an energy recovery ventilator (ERV).
Understanding water heater technology another way to reduce energy usage in a house.
Many tradition water heaters use a lot of energy, and it's mostly wasted on water just sitting in the
tanks and cooling off over time. More modern technology is available to alleviate these issues,
such as tankless water heaters, and heat pump water heaters. Tankless water heaters produce
hot water on an as needed basis; these water heaters don't require near the energy that a water
heater with a tank requires due to the fact it is not constantly reheating stagnant water in order to
be ready for an unknown delivery time. Heat pump water heaters are a newer technology that use
the concepts developed from heat pump HVAC systems, and translated that to transferring heat
to water, instead of generating the heat from electricity only.
The best, but potentially most costly source of energy use reduction is through using onsite renewable resources. This can include technology such as geothermal wells for an HVAC
system and photovoltaic panels for electricity generation. The geothermal wells reduce the cost of
heating and cooling due to the ground being a constant temperature year-around; the heat is
transferred to or from the ground and creates a >100% energy efficiency with the heat pump
2

system in the house. The photovoltaic panels take the solar energy and transfer it to the house as
usable electricity; if the photovoltaic panels overproduce, some systems are even set up to feed
back to the grid for other consumers to use. Renewable energy not only reduces energy use of
the on-site house, it can even net positive for energy production.

1.1.3 Occupant Comfort Improvement
Only a few people are willing to buy into potentially expensive technology for the sake of
energy renewability or improvement on health. The rest of the consumers find the investment
costs take too long to recoup through energy savings. In order to get the rest of the consumers
into the technology, the technology must appeal to their desires for an improvement in occupant
comfort. In order to improve occupant comfort, there are four categories to look at: indoor air
quality, thermal comfort, acoustical comfort, and visual comfort. Comfort due to indoor air quality
can be improved through the use of proper air ventilation and filtering. Cleaning and refreshing
the air will lead to the occupants feeling less sick and stifled. Thermal comfort can be improved
through the use of a properly sized HVAC system. Cooling or heating the air to agreeable
temperatures and humidities will leave the occupants feeling more comfortable with their
environment. Acoustical comfort can be improved through quieter equipment, and sound control
materials throughout the house. Lowering the noise inside the house, regardless of its origin, will
leave the occupants less likely to suffer from hearing damage from straining to deal with long
term noise. Visual comfort can be improved by allowing more natural light in and creating a
landscaping environment outside of the building. With large amounts of window space built into a
house, the occupants can both enjoy the benefits of the natural lighting, and the beauty of the
landscaping and external environment.

3

1.2 History
1.2.1 Original White Paper
The Texas Allergy, Indoor Environment, and Energy Institute (TxAIRE) was developed
with an original vision of research capabilities that spread across five broad but cohesive areas:
understanding and improving indoor environmental quality, developing unique methods of air
filtration, developing indoor air quality sensor technology, reducing residential electrical power
requirements, and developing technically based design guidelines. Increased understanding and
development of data and technologies in these five areas can make a significant impact on the
way residential structures are built and designed in the future (Sundell & Shenefelt, 2007).
The first research capability for the TxAIRE institute was to understand and improve
indoor environmental quality. In the original vision, three live-in houses were purposed to study
how residential health was affected by variances of indoor environmental quality. The houses,
which were technically considered laboratories, were to be designed to functionally evaluate
contributors to indoor environmental quality such as flooring systems, air distribution, and
filtration; these contributors would require the uses of specialized sensors for temperature,
pressure, humidity, air flow, particles, and chemicals. These facilities would be used to foster
collaborations between researchers in the medical and engineering fields and conduct research
in a real-world environment (Sundell & Shenefelt, 2007).
The next research capability involved developing unique methods for air filtration. With
the overall goal in mind of designing and commercializing a new electrostatic filter system, the
TxAIRE laboratories were to be used for modeling and testing the prototypes. The testing was to
be able to test for charge neutralization, charge screening, electrode surface oxidation,
characteristics of filtration, and ozone emission (Sundell & Shenefelt, 2007).
The HVAC system can't properly control an indoor air quality device without having
quality sensors, which are very expensive to include. One of the research capabilities was to
develop technology for indoor air quality sensors that would be more affordable and monitor
components such as carbon dioxide, biological particles, and chemical particles. Through the
availability of the testing facilities, and the knowledge of the staff, this would be designed not only
to improve overall indoor air quality, but to also be sold on the residential market for HVAC
controlling (Sundell & Shenefelt, 2007).
The previous research capabilities deal with indoor air quality, but the next one dealt with
the energy usage of a residential structure. With energy usage constantly increasing, the TxAIRE
institute wanted to develop and study methods of electrical power reduction. One major
technology that the institute wanted to research was combined heating and power (CHP);
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emerging CHP technology such as solar panels, fuel cells, and Sterling engine generators were
to be studied for their applicability for use in residential structures (Sundell & Shenefelt, 2007).
The final research capability designed into the TxAIRE mission was to develop design
guidelines that had some basis in medical research, which was not regularly used in most indoor
air quality standards. The goal was to correlate the effects on human health and the data
acquired from the TxAIRE laboratories such as temperature, humidity, pressure, air flow, filtration,
biological particles, and chemical particles. This correlated information was to be used to develop
more appropriate and accurate standards as a basis for indoor air quality levels and design
(Sundell & Shenefelt, 2007).
The TxAIRE Institute was to have four laboratory facilities available for the purpose of
designing and testing all equipment associated with the project. The facilities would include a
component evaluation laboratory, a high voltage laboratory, live-in laboratories, and analytical
chemistry laboratories. The availability of these laboratories can allow researchers the ability to
adequately study the previously mentioned research capabilities (Sundell & Shenefelt, 2007).
The component evaluation laboratory was a 2,000 square foot space located on campus
in Ratliff Building North that was set aside for studying various elements of indoor air quality with
appropriate equipment and sensors. This laboratory was to include mass spectrometers, airflow
control devices, combined heat and power systems, and equipment to test filters. The sensors
available could measure particles, organic/inorganic compounds, and particle aerodynamic
dynamics. Finally, there was an inclusion of a data acquisition system to control and monitor all of
the equipment and sensors in the lab (Sundell & Shenefelt, 2007).
The high voltage laboratory was a 1,300 square foot space located on campus in Ratliff
Building North that was set aside for studying and designing equipment that require high voltage.
This laboratory was to include the ability incorporate a large grounding grid while conducting high
voltage tests. The equipment included was pulse generators, spectrum analyzers, comb
generators, high voltage test sets, EMI/EMC antennas, and a line impedance stabilization
network. There was also a data acquisition system in the lab for monitoring equipment. This lab
would be used more specifically for things such as the modeling, testing, and characterizing
electrostatic air filters and purifiers. Other items included research for overcoming the weakening
of a collection field due to the blocking, neutralization, and charge screening of fibrous media;
furthermore, the laboratories would be able to investigate and minimize electrostatic filter ozone
emissions, carbonation flaking and surface oxidation of discharge electrodes, corona effects, and
material degradation (Sundell & Shenefelt, 2007).
The live-in residential laboratories were to be three residential structures, built like a
standard US home and located on campus. These laboratories would bring engineering and
5

health professionals together to study indoor air quality and energy usage in a real-world
environment. The ultimate goal was to have actual occupants engaging in daily activities for
months at a time to understand how the environment changes under varying circumstances.
These laboratories were designed to be easily retrofitable to add new equipment or rearrange the
existing equipment. The data acquisition system built into this lab would have the ability to
measure temperature, humidity, pressure, particle concentration, organic/inorganic compounds,
air velocity, and energy use. Health research could include weather related effects such as
internal temperature, internal humidity, internal pressure, external temperature, external humidity,
and external pressure. The research could also include HVAC related effects such as filtration
techniques, particles (type, size, mass), air movement within the occupied and unoccupied
spaces within the structure, and ventilation requirements. Also, the effects of chosen materials
such as cleaning products and construction materials can be tested for their effects on human
health (Sundell & Shenefelt, 2007).
The analytical chemistry laboratories were to be two 2,000 square foot spaces located on
campus in Ratliff Building North that was set aside for chemical analysis of air produced in
residential structures. The analysis instrumentation was to include mass spectrometry, atomic
absorption spectroscopy, gas chromatography, and high-performance liquid chromatography.
This instrumentation can be used to evaluate chemical contaminants in the air, contaminants in
water, organic/inorganic compound origins, pesticides analysis, and dust analysis (Sundell &
Shenefelt, 2007).
The laboratories were to have various equipment available to measure various levels and
assist in product development for areas including indoor air quality, high voltage equipment study,
and analytical chemistry. This equipment would all be able to be monitored through using a
National Instruments data acquisition system which included multiplexers and sensors for
temperature, humidity, pressure, and air velocity (Sundell & Shenefelt, 2007).
Equipment that was to be available for the study of indoor air quality included the
following: a TSI 3936L75 particle sensor, TSI 3550 with Aerotrak 9000 nanoparticle surface area
monitors, TSI 3007 with TSI 3775 particle counters, a Climet Cl-105t optical laser particle counter,
a TSI 3079 particle generator, a TSI 3012A particle neutralizer, a TSI 3074B filter air supply, an
AMCA 210-99 airflow test chamber, an ASHRAE 52.2 filter tester, and ozone/CO2/pollen
measuring equipment. The TSI 3939L75 was a condensation based bench top particle sensor
that could detect a diameter range of 0.01 to 1.0 um. The TSI 3550 and the Aerotrak 9000 were
bench top surface area monitors (range: 0.01 to 1.0 um) used to determine particle deposition in
the human lung. The TSI 3007 and the TSI 3775 were condensation based portable and bench
top particle counters that had detection ranges of 0.01 to 1.0 um and 0.004 to 3.0 um
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respectively. The Climet Cl-105t was a portable optical laser particle counter that could measure
the 0.3, 0.5, 1.0, and 5.0 um size bands. The TSI 3079 was a portable device used to generate
particles through atomization of solutions, and had a range of 0.2 to 0.3 um. The TSI 3012A was
a device that would electrically neutralized particles for further study. The TSI 3074B was a
device used to supply filtered air where required in the studies for particles. An AMCA 210-99
airflow test chamber was a testing device that could supply airflows of 3.5 to 4,500 cfm. An
ASHRAE 52.2 filter tester was a device designed by American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) to apply a Minimum efficiency reporting value (MERV)
rating to filter systems. The ozone/CO 2/pollen measuring equipment was used to measure the
indicated pollutants in the live-in laboratories (Sundell & Shenefelt, 2007).
The high voltage equipment used for development of IAQ sensing technology included
the following: high voltage DC and pulsed high voltage generation equipment, spectrum analyzer
equipment, and comb generation and pre-amplifying equipment. The high voltage equipment was
used to generate and measure voltage for the purpose of high voltage testing. Equipment
associated with spectrum analysis was used for electromagnetic interference and compatibility
measurements. Comb generation and pre-amplifying equipment was used for the testing of
electromagnetic interference and compatibility (Sundell & Shenefelt, 2007).
Equipment that was to be available for chemical analysis included the following: a TSI
Series 3800 aerosol time-of-flight mass spectrometer, nuclear magnetic resonance (NMR)
equipment, gas chromatographs, mass spectrometers, a Fourier transform infrared (FTIR)
spectrometer, and an atomic absorption spectrometer. The time-of-flight mass spectrometer was
a portable particle analyzer with a range of 20 to 3,000 nm for particle size classification. The
NMR equipment was to be used to determine what a sample consisted of in terms of chemical
elements and compounds. Gas chromatographs were to be available for organic compound
identification. Mass spectrometers and a Fourier-transform infrared spectroscopy (FTIR)
spectrometer were to be available for both organic and inorganic compound identification. An
atomic absorption spectrometer was to be used to determine elemental concentrations in
samples (Sundell & Shenefelt, 2007).
The iteration of the TxAIRE Institute described in the original white pages was the
foundation that the final TxAIRE project was built on. The outlined goals set out in this document
were largely carried through into the final TxAIRE project, but were modified to more closely study
the energy use rather than the indoor air quality. Generally during the granting process, goals are
modified to better fit the requirements of the granting agency in order have a higher likelihood of
receiving the funding. In the case of the TxAIRE Institute, in order to receive the $2 million
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emerging technology fund (ETF) grant, shifting research goals closer to energy use was
determined to be more likely to receive the grant.

1.2.2 Texas Emerging Technology Fund (ETF) Grant
The goal of the Texas Emerging Technology Fund (TETF or ETF) was to increase
economic growth in Texas though commercialization and innovation of research. The original
ETF application for TxAIRE was submitted on 08/31/2006; the funds request was for $4,991,000.
At the point of the application, Trane had already made a commitment of $2,500,000 over a fiveyear period. The University of Texas at Tyler had also made a commitment of $2,500,000 over a
five-year period. The mission of TxAIRE was stated best in the application and is as follows:
"The mission of TxAIRE will be to provide the infrastructure and critical mass of
first-rate authorities for its academic, health, and industrial partners to identify
and understand indoor air pollutants, assess their health effects, develop new
technologies for improving residential air quality and controlling associated
energy costs, and bring those products to commercialization. TxAIRE will focus
on applied technologies that will lead to viable products that can be taken to
market quickly either by new start-up firms or by expansions within existing
manufacturers in the region. The ultimate purpose of TxAIRE is to generate
significant expansions and new business ventures for manufacture of IEQ and
micro-CHP products in Northeast Texas. The economic impact on Texas of these
products is likely to exceed $1 billion per year within the next ten years, providing
an excellent return on the State’s nearly $5 million investment (Shenefelt &
Nelson, 2006)."
With the University of Texas at Tyler as the lead, there were planned collaborations with
the University of Texas Health Science Center at Tyler, the University of Texas at Dallas, and the
University of Texas at Austin. Industrial partners included Air Rover (Tyler, Tx), Estes McClure
and Associates (Tyler, Tx), Lennox Corporation (Carrolton, Tx), Rheem Air Conditioning Division
(Atlanta, Ga), and Trane Division of American Standard (Tyler, Tx). The international collaborator
for TxAIRE was the International Center for Indoor Environment and Energy (ICEE) at the
Technical University of Denmark.
The plan for establishing TxAIRE consisted of three tasks. Task 1 included recruiting
leading authorities and support staff for the indoor environmental quality (IEQ) and micro
combined heat and power (micro-CHP) technology development and commercialization. Task 2
included purchasing necessary equipment, establishing laboratory infrastructure and facilities,
and constructing three full size purpose built houses to study IEQ and micro-CHP technology.
Task 3 included finding funding sources publicly, as well as from industry.
According to the application, the HVAC industry in the Tyler region was worth $4 billion in
2005. The increase of sales from research advances made by TxAIRE were expected to be $400
million. In the US, the micro-CHP market was non-existent in 2005; the sale of viable micro-CHP
products could mean $1.8 billion in increased sales.
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The ETF grant agreement became effective on 06/14/2007 for a total amount of
$3,750,000. The grant was to be used to establish the Texas Allergy, Indoor Environment, and
Energy Institute (TxAIRE) and employ Dr. Jan Sundell to provide research support. The grant
was also to be used for salaries, benefits, travel, consumables, operating expenses, capital
equipment, and renovation or construction.
The application for the ETF grant included several tables. Table 1 listed the expenditure
allocations for the first five years. Table 2 listed the expenditure allocations for the funds from the
UT Tyler commitment, corporate commitments, and the requested ETF commitment.
Table 1: TxAIRE Budget for ETF
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Table 2: TxAIRE Commitment

The TxAIRE homes were two 1600 square foot houses located at the west entrance of
the University of Texas at Tyler campus. The construction of the houses was supervised by John
Vasselli, Executive Director of TxAIRE, and Dr. Roy Crawford, Director of Research and
Technology. John Vasselli had a background with the Carrier Corporation and Dr. Roy Crawford
had a background with Trane. Construction began in January 2011, and the ribbon cutting took
place in November 2011.
The houses were setup to both be all electric, mirror images of each other with a central
driveway. The original designs had the garage doors on the north facing wall, but the doors were
moved to the respective garage walls facing the driveway, and replaced with two windows on the
north wall. The roof pitches for both houses were increased to 10:12 for more headroom around
the mechanical equipment in the attic.
House 1 (aka Tyler House), was setup as a control house. It was meant to provide a
research baseline for a conventional residential construction build, with the ability to install
retrofits for future research. There was an aim to incorporate 2x4 wood studs 16” o.c wall
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construction, Oriented Strand Board (OSB) sheathing, air and water barrier home wrap, R-13
insulation in the walls, R-30 insulation in the ceilings, a vented attic, compact fluorescent lighting,
stained concrete floors, standard skylights, a central ducted two capacity forced air system with
zone dampers and communicating thermostats, a multi-split ductless system, a whole house
dehumidifier, one heat pump water heater in attic and one in conditioned mechanical room,
condensate management, Oncor

Smart meter, uninsulated garage with roof ridge vent, semi-

transparent Sanyo photovoltaic system, gutters and downspouts to surface drainage, boric acid
applications for termite protection, and brick veneer exterior with cement board for siding.
House 2 (aka Patriot House), was setup as an advanced house. It was meant as a
starting point for new residential construction with many green technologies available in 20102011 installed, and with the ability to install retrofits for future research. There was an aim to
incorporate 2x6 wood studs at 24” o.c. wall construction, Oriented Strand Board (OSB) sheathing,
air and water barrier, R-23 blown fiberglass insulation in the walls, R-30 insulation on the roof, an
unvented attic and tighter envelope with no air leakage, LED lighting, stained concrete floors,
solar tubes, higher performance windows, a central ducted two capacity forced air system better
than 16 seasonal energy efficiency Ratio (SEER) with zone dampers and communicating
thermostats, Oncor Smart meter, uninsulated garage with roof ridge vent, ground mounted solar
photovoltaic system, gutters and downspouts to rainwater tanks, metal perimeter strips for termite
protection, and brick veneer exterior with cement board for siding. There was also an aim to
incorporate two types of ground source heat pump systems. The first system was a hydronic
system of tubes installed in concrete slab for radiant heat from water circulated from ground
source heat pump and it would likely need more than one 300’ deep well drilled to pull heat out of
the ground. The second system was a hydronic system with fan coil units in each room and a
chiller outside to cool the water; the fan coil units could get hot water for heating from ground
source heat pump.
House 1 included two types of HVAC systems, ducted and ductless. The ducted system
included an air-to air heat pump, which was a 3-ton system from Lennox (XP21). The XP21
system had a horizontal-flow air handler and Humiditrol dehumidification option. The ducted
system also included a conventional u-tube condensate trap. The air cleaner was a Lennox
PureAir. The ductwork was located in the attic with duct sizing so that all the air can return from a
single air grill in the living room, as well as return air grills in each bedroom. The supply ductwork
had R8 insulation, while the return ductwork had R6 insulation. The ducted system had a zoning
system that included a thermostat mounted in each of the four zones. The ductless system in
house 1 was supposed to be a 3-ton Daikin VrVIII-S ductless multi-split system. There was
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supposed to have been one to two ductless ceiling cassettes in the living room, as well as one
ductless ceiling cassette per bedroom.
House 2 was to include four types of HVAC systems, two forced air and two hydronic
systems. Forced air system 1 included an air-to air heat pump, which was a 2-ton system from
TRANE (XL20). The XL20 system had a horizontal-flow air handler. This forced air system also
included a Trent Technologies condensate trap. The air cleaner was a Trane Clean Effects. The
ductwork was located in the attic with duct sizing so that all the air can return from a single air grill
in the living room, as well as return air grills in each bedroom. The supply ductwork was R8
insulation, while the return ductwork was R6 insulation. This forced air system had a zoning
system that included a thermostat mounted in each of the four zones. There was also an
economizer included that would have the ability to supply 100% outside air from the air handler
and 100% exhaust air from the return duct. This forced air system also included 3 mechanical
ventilation systems. The first system was an outdoor air supply connected to the return air duct
with a damper and controller; the air was supplied from the nearest soffit. The second system
was a continuous service exhaust fan located in the living room; the air was ducted to the nearest
soffit. The third system was a Trane

Energy Recovery Ventilator (ERV) with supply air ducted to

each room and exhaust air coming from near the main bathroom; the air was supplied and ducted
to the nearest soffit, but not within ten feet of each other.
Forced air system 2 included a water-to-air ground source heat pump, supplied by
AAON, and was connected in parallel to forced air system 1. This forced air system was to
include an Airtec EZT-150 waterless condensate trap. Hydronic system 1 was to include fan coil
units in the living area, as well as each bedroom. All water lines were to run to a single manifold
located in the garage. Hydronic system 2 was to include the hydronic tubing installed in the slab,
which required insulation, with separate zoning for each room. All water lines were to run to a
single manifold located in the garage. There was to be a dehumidification system ducted to the
living space installed in house 2. Both hydronic systems were ultimately not included in the
house.
There was a condensate system installed in house 1 and 2 that drained from all HVAC
systems. It was drained into a 50 gallon tank in the garage, and include both a drain plug and
overflow valve. The overflow drained directly to the sewer system.
The garage for house 1 was not insulated, but the walls and ceiling were sheetrock and
tape finished. The garage for house 2 was to be insulated with R13 walls and R30 in the ceiling,
but the space was not conditioned; the attic above was vented.
The bathroom exhaust fans for house 1 included a humidity controlled fan in the master
bathroom near the shower, as well as manually controlled fans in the master bathroom toilet room
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and the main bathroom. The bathroom exhaust fans for house 2 included manually controlled
fans in the master bathroom shower area, master bathroom toilet room and the main bathroom.
The fans for both houses exhausted outdoors with a flowrate of 50 cfm. The exhaust fan in the
kitchens for house 1 and 2 were an exhaust hood over the range; the fans exhausted outdoors
through the wall with a flowrate of 100 cfm.
The electrical in house 1 and 2 was setup with 240 volts AC, single phase, and an Oncor
provided SmartMeters. The 200-amp service breaker panels were located in the garages. There
were appropriate appliance outlets provided in the kitchens and laundry rooms. There was a
network connection provided by campus IT located in the utility rooms. The lighting layout was
provided by Bill Andreason and include compact fluorescent lights as well as standard quality
ceiling fans in the living room and each bedroom for house 1; house 2 included LED fixtures as
well as Energy Star ceiling fans in the living room and each bedroom. The fixtures were recessed
in the kitchens and living rooms, while the ceiling fans had light kits included.
The plumbing in house 1 included the main water lines with branched service lines. The
plumbing in house 2 included a crosslinked polyethylene tubing (PEX) system with individual lines
that all lead to a central manifold. House 1 included two water heaters, both GE

GeoSpring

Hybrid heat pump water heaters. One was located in the utility room and the other was located
above the utility room in the attic. They were plumbed in parallel and setup to allow only one to
serve the house at a time with isolation valves. House 2 included a standard electric resistance
50 gallon water heater, located in the attic.
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Chapter 2
INDOOR AIR QUALITY
2.1 Introduction of Indoor Air Quality Principles
On average, the EPA estimates that 72% of chemical exposure for an individual
originates in their homes. Many chemicals located inside a building’s envelope are associated
with negative health outcomes such as neurological disorders, childhood leukemia, and nonHodgkin’s lymphoma. More noticeable and frequent symptoms of illnesses that are associated
with poor Indoor Environmental Quality (IEQ) are dizziness, headaches, fatigue, skin irritation,
eye irritation, throat irritation, and nose irritation; this is commonly referred to as “Sick Building
Syndrome” (SBS) (Hernandez-Ramirez, 2013).
Indoor air quality (IAQ) is defined as the interaction between the external and internal
building environment; IAQ also includes interactions in the spaces throughout the internal building
environment. Poor IAQ can result from both the external environment contamination, as well as
emission from internal components of a building; these internal components include appliances,
materials, or furnishings (Hernandez-Ramirez, 2013).
Another major component of poor IAQ involves moisture infiltration and buildup from a
foundation due to improper construction or curing time allowance. When moisture is allowed to
seep up through the slab, it becomes trapped under floor coverings and allows for the growth of
microorganisms such as mold. Mold has been attributed to the development of respiratory
diseases by the occupants of a building. Moisture may also become trapped through the use of
vapor barriers, and an improper evaporation time allowance, or can seep up from the ground due
to a lack of vapor barrier protection.
Contaminants can be emitted through diffusion, sorption, or evaporation. These modes of
emission are complex due to convolution of their reactions; there can be emission, adsorption,
desorption, and secondary emission of the contaminants. These secondary emission behaviors
may not react the same twice, depending on the type of contaminant (Hernandez-Ramirez,
2013).
Indoor air pollutants can be controlled through the use of dilution through ventilation,
extraction through filtration, or removal of the source contaminant. The contaminant can be
removed or eliminated through the use of safer, low VOC compounds such as sealants for
household materials and products (Hernandez-Ramirez, 2013).
IAQ can improve through the use of ventilation, which can be properly designed and
studied through the use of mathematical and computational models. Computational simulation
models that are mainly used for the study of IAQ/IEQ are computational fluid dynamics (CFD) and
14

multi-zone simulations. With CFD, models take into account air velocity, air temperature, air
pressure, air turbulence, and contaminants both spatially and temporally. The main issue
surrounding CFD is the requirement of powerful computers to run the simulations quickly enough
to not be a construction constraint. Multi-zone modeling concentrates more on the larger scale,
and is used heavily for simulating the transport of contaminants due to the HVAC system. In this
simulation, rooms are treated as uniform zones with connecting airflow paths. CFD is used for
areas of uneven contaminant concentrations to help predict their transport flow in the
environment. Multi-zone simulations are used for the larger area of the building envelope
(Hernandez-Ramirez, 2013).
Air that is unintentionally introduced into or out of the building envelope is known as
infiltration, whereas the intentional introduction of air into or out of the envelope is ventilation.
These air transport mechanisms are guided by differences in pressure and air density, which can
be natural (wind) or induced (HVAC). One major component is a difference in pressure from stack
pressure; this type of pressure comes from an element, such as a chimney or ventilation duct,
that causes a column of air to enter or exit the building envelope. Air buoyancy due to varying
temperature throughout zones is another component to air transport in a building (HernandezRamirez, 2013).
Environmental exposure illnesses likely have a root in indoor air, as over half of the
lifetime intake of air comes from a home environment. Indoor moisture, plasticizers, and a low
rate of ventilation are associated with illnesses such as allergies, irritation, and infections of the
airway. Concerns in the developed world include radon, volatile organic compounds (VOCs),
allergens, particles, and microbial agents. There are high rates of allergies associated with newer
construction and low ventilation, while there are high rates of other diseases of the airways
associated with newer construction and high ventilation rates (Sundell, 2004).
There are two types of emissions from building materials, primary and secondary.
Primary emissions are emitted directly from the material, and are highest immediately following
their manufacture; they are mostly gone within the first year. Secondary emissions are emitted as
a result of acting on the material; these actions include cleaning or painting. These emissions are
known to increase over time, and can last much longer than a year. Although the focus has been
on primary emissions, the greatest health concerns come from secondary emissions (Sundell,
2004).
There are two main sources of indoor air pollutants, indoor emissions and outdoor
infiltration; items such as carpet and fresh paint contain VOCs, while outdoor pollutants can also
make their way inside the home and degrade the air quality. It’s generally not feasible to develop
a building that is perfectly air tight and resistant to VOCs due to expense. Ventilation systems are
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the key to solving the issue of indoor air pollutants; without proper ventilation, a building can
contain poor air quality due to a lack of clean air and higher humidity (Bower, 2000).
The removal of VOCs during the installation process (along with proper ventilation) can
help reduce the poor air quality attributed to new construction. Outgassing is the term used to
describe the primary emission of pollutants from household materials. Humidity and temperature
can affect the time required to allow outgassing to complete; both higher temperatures and
humidity shorten the required wait period for outgassing to be safely completed. The process of a
“bake-out” is also suggested for air contaminant removal; this process includes heating the
structure to 90°F and providing extra ventilation during the heating period. This process is also
not very well studied and doesn’t work well in all conditions. A “bake-out” of a material during
manufacture seems to have better reliability (Bower, 2000).
There are two aspects of IAQ; the first side is the emittance of pollutants, and the other
side is the removal of pollutants. Pollutants can come from many materials in a home with
insulation, paint, finishes, and foundation moisture being the main culprits. Insulation in nonairtight buildings allow for airflow through the walls, which place the toxic chemical emissions
from the insulation into the living space. Paint or finishes that are solvent based can have up to a
60% VOC content, but if they are water based, they are usually less than 10% VOC content.
Either way, they are heavy producers of indoor air and environmental pollution (Bower, 2000).
If there are pollutants in the air, they must be removed. The main way is through proper
ventilation of the building. This will lead to proper air flow that removes many of the pollutants that
cause human illness. A newer alternative method of removing pollutants is through using VOC
absorbing wall board. This wall board absorbs VOCs, renders them inert, and stores the inert
VOCs for up to 75 years (Bower, 2000).

2.2 Foundation Types & Strategies for Indoor Air Quality
A foundation is one of the most important components of a building; without a properly
built foundation, the structure could fail. The function of a foundation is not only to act as a base
for a building, but it is important for other items such as moisture control, radon control, and pest
control. Managing these items depended heavily on the foundation type (Bower, 2000).
There are a few types of foundations that can be used for a building, depending on the
location of the structure. The most commonly used one in Texas is a slab-on-grade foundation;
this is generally used due to the high water tables. Improper installation of a slab can lead to
moisture seepage, radon seepage, pest issues, or heat transfer to the ground below. Another
common type is a pier foundation which creates an air gap between the building and the ground.
Moisture control and pest control only need to be applied at where the piers meet the ground.
Radon and conductive heat transfer are not an issue with these foundations. Crawl spaces and
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basement foundations are commonly used in more northern regions, due to the frost line being
deeper. Crawl spaces are similar to pier foundations, aside from being enclosed; moisture control
is more of an issue and can be remediated with ground cover and proper ventilation. Radon is
more of an issue that with a pier foundation, but can be controlled the same way moisture is
controlled. Basements are used when a homeowner wants more space included in the house.
They require the most investment in construction, as well as control of external elements.
Moisture must be kept to a minimum so anything stored in the basement won’t be consumed with
mold. Radon shouldn’t be an issue if properly constructed, but tubes can be installed to remove
any that may find its way in. Due to the direct connection to the house and usage for living space,
insulating the basement is extremely important; this includes constructing wood framed, insulation
filled walls against the exterior concrete walls (Bower, 2000).
A slab-on-grade foundation type is one that is usually poured in place at the site of
construction. The concrete is poured directly onto the prepared ground, potentially with a vapor
barrier and a capillary break separating the soil and the slab. When choosing the best foundation
system for a building, one must consider multiple components; these components include slab
type, tensioning type, necessity of a vapor barrier, and a capillary break.

2.2.1 Types of Slab Construction
A flat plate slab is a type of slab made of concrete that has reinforcement, typically steel
bars, in at least two directions. A beam slab is similar to a flat plate slab, but also includes
concrete grade beams in one, if not multiple directions. The grade beams are usually placed at
ground level, and they are used to stiffen or support the rest of the construction. Most slabs are
cast in a monolithic style, which means it is a single piece with no joints (ACI Concrete
Terminology, 2013).
Two of the main types of slabs with reinforcement are reinforced concrete (RC) and post
tension (PT). Reinforced concrete uses a system where the steel reinforcement bars are placed
before the concrete is poured. In post tensioning, reinforcement cables are tensioned after the
concrete has set and attained a minimum strength; the tensioned reinforcement cables are known
as tendons (ACI Concrete Terminology, 2013).
Embodied energy is the amount of energy consumed in the production of construction
materials, which in this case is for the foundation. From the literature, it is observed that post
tension slabs are more efficient to produce due to a reduction in use of materials. Table 3 shows
the values for embodied energy, steel and concrete content, as well as the percent reduction in
product used (Miller, Doh, & Mulvey, 2015).
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Table 3: Embodied Energy (EE) of Various Slab Types (Miller et al., 2015)

2.2.2 Moisture Mitigation through the use of Vapor Barriers
Vapor barriers are installed to prevent the transfer of moisture from the ground, up
through the slab. The moisture isn’t an issue for the concrete slab itself, but for floor coverings
that may be installed directly above; moisture could seep up through the concrete and ruin floors
or electronics. It is recommended that after pouring the slab, time be given for it to thoroughly dry
before installing any floor coverings. The problems that would arise from moisture passing
through the concrete to the floor coverings include buckling of wood floors or tile, molding of
carpet, and degradation of adhesives (Brewer, 1965; Suprenant, 1992). Vapor barriers are also
being used to prevent radon seepage. There are suggestions that the vapor barrier may not be
necessary or useful in arid climates and other climates where drainage isn’t an issue; these are
suggested by Committee 302 of the American Concrete Institute’s (ACI 302) “Guide for Concrete
Floor and Slab Construction.” Regardless of the suggestion, some installers still use a vapor
barrier due to the limited cost to install, and the ability to prevent future moisture related damage
(Suprenant, 1992).
A common vapor barrier used is polyethylene sheeting that is 4 mil to 6 mil thick and
placed on a compacted subgrade; the vapor barrier can either have the slab poured directly over
it, or have a sand layer between the two. Although ACI 302 suggests a sand layer between the
vapor barrier and the slab, some installers place the concrete directly on the barrier. If placing the
vapor barrier under a crushed rock base instead of a sand layer, the polyethylene sheeting is
generally 50 mil thick (Suprenant, 1992).
One problem that arises through using a vapor barrier includes an extended finishing
time. With standard curing, the moisture in the concrete drops to the soil below, but with a vapor
barrier the moisture rises to the top surface of the slab; installers must then wait for the moisture
to evaporate for final finishing. Another problem that arises through using a vapor barrier is slab
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cracking. The cracking was found to be more extensive with a slab that was poured directly on
the vapor barrier as opposed to having the sand layer between the two. The slab poured over the
sand was also found to be 30% stronger than over the vapor barrier. There was some evidence
that suggested the water-to-cement (w/c) ratio could be decreased to increase the slab strength
in order to match that of a sand-vapor barrier system. The w/c ratio of at least 0.42 has enough
moisture to hydrate the slab fully, and anything below that makes the loss of moisture to the sand
much more important; the standard ratio is 0.45 to 0.55 (Suprenant, 1992).
As long as the concrete has a proper finishing time, uses high quality ingredients, and
has a low water content, direct contact between the vapor barrier and the concrete should be fine;
if this is not the case a sand layer should be used between the two (Suprenant, 1992).
A literature review found several studies that dealt with the concrete quality, w/c ratio,
capillary breaks, admixtures, surface treatments, waterproofing treatments, and moisture barrier
types. One study (Brewer, 1965; Lund, 1955) found that it was advantageous to use a high
quality concrete and a capillary break, but was not beneficial to change the admixture or use a
surface treatment. This same study found using a laminated felt with asphalt impregnation was an
effective barrier for moisture. One study (Brewer, 1965; Kocataskin & Swenson, 1958) found that
under water vapor conditions, bituminous emulsion and ammonium stearate were effective
materials to be added to the mortar mixtures for waterproofing. Under saturated conditions, the
use of waterproofing mixtures was not beneficial. Another study (Brewer, 1965; Griffin & Henry,
1961) found an increase in transmission water vapor with an increase in the ratio of water to
cement (Brewer, 1965).
The migration of moisture is not problematic for the concrete, but for the floor covering
above the concrete. The concrete should be allowed the proper timeline to dry before adding the
coverings, which is not usually done due to time constraints in construction. The moisture flow
(inflow and outflow) has a tendency to even out once the initial curing period is over, which is the
reason it doesn’t cause further issues with floor coverings (Brewer, 1965).
Brewer (1965) had three series of moisture flow studies. Series 1 studied the effects of
the w/c ratio in the concrete mixture over soil only and over soil and gravel. The vapor barriers
used for this test was 4 mil polyethylene and 55 lb roofing felt. When the inflow of moisture was
evaluated, the initial inflows were greater with concretes that had greater w/c ratios. After a 16month period, the inflow range evened out to a range of 1.1 to 1.8 grains per hour per square
foot. Comparing the use of a gravel layer to the soil layer, there was 10% to 25% reduction with a
gravel layer. For the 0.70 w/c ratio, various combinations were evaluated; the combinations
included samples with and without gravel breaks and the two vapor barriers. The two vapor
barriers showed a similar result for the inflow to time graph, so they were averaged for the sake of
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comparison to the other variables. Regardless of the presence of the vapor barrier, the inflow was
reduced with the use of a gravel capillary break. When combined with the vapor barrier, the use
of a gravel capillary break has a great reduction of moisture inflow. This information can be found
in Table 4 below. With the polyethylene vapor barrier, it was found that the water had built up
between the soil and the polyethylene, preventing it to transmit to the concrete. There wasn’t as
much moisture built up between the felt and the soil, and the felt had partially decomposed. A
polyester coating was applied to the top of one of the sample slabs above the felt vapor barrier,
and it had a saturation 64% as compared to the other felt vapor barrier samples had 46%
saturation; this translated to trapped moisture in the concrete. The polyethylene vapor barrier
slabs had a saturation of 37% and the slabs without vapor barriers had a saturation of 67% to
73%. This information can be found in

Figure 1 and Table 5 below. Also, the slabs with higher cement content in the admixture
had less inflow (Brewer, 1965).

Figure 1: Moisture Inflow by w/c Ratio (Brewer, 1965)

Figure 2: Moisture Inflow of Various Layer Types (Brewer, 1965)
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Table 4: Moisture Inflow and Reduction (Brewer, 1965)

Table 5: Slab Saturation for Various Vapor Barriers (Brewer, 1965)

Series 2 used an alternative approach to evaluate the samples. The vapor barriers used
for this test was 4 mil polyethylene, 32 mil ABS plastic, and 55 lb roofing felt. Evaluating the first
50 days, the w/c increase resulted in an increase of outflow in moisture (Table 6). The outflow at
the early time points were greater from samples with vapor barriers as opposed to samples
without them. This is due to evaporation being the major cause of water outflow for the early time
points. Much of the water from the non-vapor barrier samples dropped into the soil instead of
evaporating; during later time points, the samples with vapor barriers showed less outflow since
the slab moisture had evaporated and the rest of the moisture was mostly blocked by the barrier.
The inflows for a w/c ratio of 0.45 at 7 months was 0.7 without vapor barrier, 0.5 with 4 mil
polyethylene, 0.3 with 32 mil ABS plastic, and 0.3 for 55 lb roofing felt; this translates to the
roofing felt and ABS plastic being the best at moisture prevention, except as previously stated,
the roofing felt has a tendency to rot and become useless. This information can be found in

Figure 3 and Table 7 below (Brewer, 1965).
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Figure 3: Moisture Outflow of Various w/c Ratios and Exposure Types (Brewer, 1965)
Table 6: Moisture Outflow at 50 Days (Brewer, 1965)
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Table 7: Moisture Inflow at 7 Months (Brewer, 1965)

The w/c ratios, water in contact, initially dried, and water vapor moisture outflows were
also compared; the outflow of moisture increased with w/c ratio increase, and it decreased with
an increase in time. At 130 days, the water-in-contact samples had a moisture outflow of 5.5
gr/hr/ft2 for a w/c ratio of 0.99, 3.0 gr/hr/ft2 for a w/c ratio of 0.68, and 0.8 gr/hr/ft2 for a w/c ratio of
0.41. At 130 days, the dried samples had a moisture outflow of 0.8 gr/hr/ft2 for a w/c ratio of 0.68,
and 0.4 gr/hr/ft2 for a w/c ratio of 0.41. At 370 days, the water-incontact samples had a moisture
outflow of 0.5 gr/hr/ft2 for a w/c ratio of 0.41. At 370 days, the water vapor samples had a moisture
outflow of 1.3 gr/hr/ft2 for a w/c ratio of 0.99, and 1.1 gr/hr/ft2 for a w/c ratio of 0.68. At 370 days,
the dried samples had a moisture outflow of 0.4 gr/hr/ft2 for a w/c ratio of 0.68, and 0.4 gr/hr/ft2 for
a w/c ratio of 0.41. At 500 days, the water vapor samples had a moisture outflow of 1.3 gr/hr/ft2 for
a w/c ratio of 0.99, and 1.1 gr/hr/ft2 for a w/c ratio of 0.68. At 500 days, the dried samples had a
moisture outflow of 0.4 gr/hr/ft2 for a w/c ratio of 0.68, and 0.4 gr/hr/ft2 for a w/c ratio of 0.41. This
information can be found in

Figure 4 and Table 8 below (Brewer, 1965).

Figure 4: Moisture Outflow of Various w/c Ratios and Exposures (Brewer, 1965)
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Table 8: Moisture Migration Series 2 (Brewer, 1965)

Series 3 used similar testing procedures as Series 2. Evaluations of various time points in
the first year (equalization) were also evaluated which found results correlating to the previous
two testing series. This test also found increased moisture flow with increased w/c ratios, and
decreased moisture flow with exposure time and lack of water in the system. This can be found in
Table 9 below (Brewer, 1965).
Table 9: Moisture Migration Series 3 (Brewer, 1965)
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2.2.3 Foundation Problem Statement
Both homes use post tensioning for their slab construction; it was chosen due to its
supposed capabilities of withstanding the shifting associated with soft ground. This construction,
in conjunction with proper site work, creates a sturdy foundation to build a house upon. The
construction of the foundation also utilizes a vapor barrier and gravel layer to mitigate moisture
seepage. As a bonus, the interior of the houses doesn’t include any floor coverings, so changes
in the slab can be observed through expansion of cracks over time.

2.2.4 Foundation Materials
The foundation of house 1 and house 2 were constructed using the same methods. The
building sites were prepared with the proper site work and soil compaction; the soil then got a
layer of aggregate, which was covered with a 6 mil clear polyethylene sheeting as a vapor barrier.
The post tension tendons were then laid over the sheeting in proper order. All tendons (post
tension rebar) were a ” 270 ksi strand that were based on the ASTM A416 standard. The
tendons were based on the ASTM 615 standard and required that size #3 and #4 be at least
grade 40, while size #5 and greater was grade 60. The minimum distance for concrete protection
of tendons on the earth exposure side was 3”, and 1.5” on the weather exposure side.
The concrete slab was then poured directly over the vapor barrier and tendons. The
monolithic slab was 4” thick and the perimeter and interior contained grade beams that were 12”
wide by 24” deep. The cured slab had a minimum strength of 3000 psi. It was to conform to the
2005 ACI building code, specifically following ACI 318. The slab for house 2 also featured a pad
insulator created by Energy Concepts. Most slabs insulate from below, but Energy Concepts
wanted to try an insulator that was installed post curing and around the edges of a slab.
Compton Utilities of Tyler, Texas performed the site work, which included the following:
dirt work; grading; and culverts. The total cost was $34,680, and since both houses have identical
foundation systems, the cost per house was $17,340. Jerone Beardon Concrete Construction of
Tyler, Texas performed the concrete work. These costs included sidewalks, patios, and
driveways due to the lack of separated cost information. The total costs was $41,793 with the
individual house cost being $20,896.50. Energy Concepts of Tyler, Texas donated their pad
insulation system for testing purposes. Since it was a concept item, there is not a price
associated with it. The total costs to produce the slabs for the whole TxAIRE project came out to
$76,473.

2.2.5 Foundation Conclusion
Since concrete slabs are the most commonly used foundation type in Texas, they are the
focus of this research. When choosing a poured slab, the best combination includes a posttensioned system, a polyethylene sheeting vapor barrier, and either a sand or gravel capillary
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break. The first line of defense and the best prevention to moisture seepage is proper installation
of the slab. The research indicated that it was materially more efficient to produce a posttensioned slab compared to standard reinforced concrete. Further research demonstrated that
the moisture flow through a slab evened out once the curing period was complete, hence the
importance of letting the concrete fully dry; higher cement content in the concrete also helped
prevent moisture inflow. The use of a capillary break seemed to make a huge difference in
moisture flow, reducing it by up to 25%. Although moisture flow through a foundation will always
occur, the use of proper materials and techniques can greatly reduce it, which lessens the risk
associated with IAQ mold issues.

2.3 Insulation Types & Strategies for Indoor Air Quality
2.3.1 Importance of Insulation Types & Strategies for Effective Heat
Resistance
There are many different types of insulation on the market for residential applications.
Some of the main types include stone wool, glass wool (or fiberglass), expanded polystyrene
(EPS), extruded polystyrene (XPS), polyurethane (PUR), and cellulose (Schiavoni, D’Alessandro,
Bianchi, & Asdrubali, 2016). These insulations have varying effects on the outdoor environment
(due to manufacture), or indoor environment (due to primary or secondary emissions).
Foam insulation doesn’t seem to have as much of an effect on sensitive people as other
forms of insulation. The concerns surrounding foam insulation are mostly for the outdoor
environment. Ozone depletion is an issue with polyisocyanurate foam manufacture. This was also
an issue with extruded polystyrene until manufacturers decided to change to an
Hydrochlorofluorocarbons (HCFC) chemical, which had 94% less depletion. Expanded
polystyrene doesn’t contain the HCFC’s or Chlorofluorocarbons (CFC)’s that are a problem for
the ozone layer. Urea-Formaldehyde Foam (UFFI) is an insulation that was popular during the
1970’s energy crisis, but would release formaldehyde into the air if installed improperly and is no
longer in use (Bower, 2000).
Insulation consisting of recycled newspaper is known as cellulose insulation, which can
be installed dry or wet. The toxicity issue comes from the ink that is still in the paper. Borate is
also required to be added to the mix to make it fire-resistant and insect-resistant. Of the two
installation types, dry is the most dangerous; dry installation creates a light particulate that can
get into the air of the building, further getting into the lungs of the occupants. Unfortunately, dry
installation is better suited for existing homes. Wet installation is better suited for new builds, and
care must be taken that the cellulose fully dries before covering it up to prevent mold (Bower,
2000).
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Fiberglass insulation also raises health concerns. The first form, chopped fiberglass,
should be treated the same as dry cellulose; the small particulate can enter the building air the
same way as dry cellulose, and potentially causes lung cancer. The other form is fiberglass batts,
which are held together with a resin that is formaldehyde based; this can cause the outgassing of
formaldehyde into the air (Bower, 2000).

2.3.2 Insulation Problem Statement
The insulation installed in house 1 is a dry blown loose fill fiberglass insulation; it was
chosen because traditionally built homes contain fiberglass insulation. Given the dangers
associated with dry blown fiberglass, the houses had to be properly ventilated before anyone
could go into the homes without masks. Long term IAQ could be a problem due to the fiberglass
settling and should be tested at regular intervals.
The insulation installed in house 2 is an open cell polyurethane based foam insulation.
Neither open or closed cell foam contains CFCs, and open cell foam uses water during
installation, so it is even more environmentally friendly. It also contains no formaldehyde, which
prevents any outgassing to the occupants after installation. This insulation was chosen due to its
advanced properties and higher R-values to thickness ratios, as compared to traditional
fiberglass.

2.3.3 Insulation Materials
Certainteed Optima

insulation is a fiberglass insulation that is blown in dry. It works for

filling voids and sound control. It is formaldehyde free and safe for children and schools. It is
installed by placing a mesh over the framing, and blowing it in section by section through cavities
in the mesh. Certainteed Optima
Certainteed InsulSafe SP

is optimally used in cavity applications, such as walls.
insulation is a fiberglass insulation that is blown in dry. It can

be used for attic and cavity applications. It is formaldehyde free and safe for children and schools.
It is installed by blowing into the attic just above the ceiling drywall. Certainteed InsulSafe SP

is

optimally used in thermal attic applications.
The exterior walls of house 1 are filled with R-15 Certainteed Optima

blown in fiberglass

insulation aside from a 4’ section in the front bedroom that contains R-13 fiberglass batts. The
ceiling is filled with R-30 Certainteed InsulSafe SP

blown in fiberglass insulation. The garage

walls and door are uninsulated. Garland Insulating of Tyler, Texas donated their services and
insulation at a discount of $1,087.00 and a cost of $1,000.00 which totaled a fair market value of
$2,087.00.
Biomax

spray foam insulation is an open cell polyurethane insulation that is applied as

a wet foam to cavities and attic spaces. The open cell foam has an R-value of 3.5 per inch of
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depth and a density of 8 kg/m3. It is installed previous to adding the drywall so the foam is
sprayed on, then cut flush with the framing once dry.
The exterior walls of house 2 are insulated with R-22 Biomax

open cell polyurethane

insulation aside from a 4’ section in the front bedroom that contains R-23 Certainteed Optima
blown in fiberglass insulation. Some of the interior walls are insulated with R-19 fiberglass batts.
The roof line over the house is covered with 6” of R-22 Biomax

open cell polyurethane

insulation. The wall leading from the house to the garage is lined with R-22 Biomax
Biomax

Foam.

Spray Foam Insulation of Tyler, Texas donated their services and insulation product

which totaled a fair market value of $4,459.10.

2.3.4 Insulation Conclusion
Between the two insulation types, the fiberglass is cheaper and less dangerous to install.
As far as long term indoor air quality, the foam insulation is safer for the occupants. The
fiberglass can constantly get loose and blow through the HVAC system, causing irritation to the
occupants. Since it’s formaldehyde free, the foam insulation should have no long-term effects on
human health. The main thing to decide is if the long term human health is more important that
environmental costs to producing polyurethane foam.

2.4 HVAC Types & Strategies for Indoor Air Quality
2.4.1 Importance of Air Handling and Conditioning for Indoor Air Quality
In a tight house, HVAC and ventilation play an important role in maintaining healthy
indoor air quality; ventilation is not effective unless it is designed properly. Appropriate ventilation
can be calculated using computational modeling for contaminant flow.
Ventilation is the process of removing stale air as well as adding fresh air to an
environment. When dealing with modern building techniques, which leave houses air-tight,
ventilation is a major component to better indoor air quality. It’s important that the system be
designed appropriately for the house so that energy isn’t wasted and the air is being ventilated
effectively (Bower, 2000).
There are four types of whole building ventilation that is used in residential construction.
Exhaust systems are low cost to install and are setup to blow stale air out of the house. An issue
that arises with exhausting air, is that the house is placed under negative pressure. The
modification to alleviate this negative pressure is using ventilation grills placed along the exterior
wall so that air may enter the house. Although filters can be placed on them to prevent
particulates and bugs from entering the home, it doesn’t condition the entering air; this creates
issues with energy use. Supply systems are similar to exhaust systems in that they are also low
cost, but they are setup to blow fresh air into the house. Unlike the exhaust system, the supply
system creates a positive pressure in the house. The ventilation grills on the exterior walls are
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also used in supply systems to release the excess air and balance the pressure. The supply
system suffers the same issues as the exhaust system in that the entering air isn’t conditioned. A
balanced system is a combination of the exhaust and supply systems. Instead of using vent grills,
only two ports are required to keep the pressure balance; one port has a supply fan, and the
other port has an exhaust fan. These systems are independent of the main HVAC system which
gives the user more control over appropriate ventilation times in the house. The initial expense is
higher than that of a exhaust or supply system, but there is minimal outdoor air entering the
house while the system is off (Bower, 2000).
Of the previous systems, the balanced system is the best option for control of outdoor
pollution entering the house. There is still an issue with energy requirements when exchanging air
that has a significant temperature difference. To alleviate this issue, an energy recovery ventilator
(ERV) would need to be installed. An ERV is a balanced system which has a core that exchanges
heat between the air, but not contaminants. Since ERVs aren’t 100% efficient, the incoming air
still may not be at the optimal temperature, but it will take a lot less energy to heat or cool that air
than direct outdoor air. The initial costs to install an ERV system is higher than that of the other
systems, but energy operating costs make up for that in the long run (Bower, 2000).
Contaminant flow in a house is mainly simulated with multizone network models; this is
achieved through the prediction of airflow distribution and rates of air exchange. Along with
contaminant flow, these models can also predict energy demand, smoke control, and ventilation
efficiency. Over the last 20 years, multizone modeling has developed into a solid and accurate
tool for ventilation and engineering design. A current issue with the software, and the reason it
doesn’t have more widespread use, is the lack of a user-friendly interface for input of data and
output of charts and graphs (Chen, 2009).

2.4.2 HVAC Problem Statement
HVAC and ventilation are important components to the health and comfort of an
occupant. With construction getting tighter, there is more of a need to improve indoor air quality;
this can be achieved with proper ventilation design, but there is a lack of accurate and precise
simulations available. The focus for the thesis by Magda Hernandez was to use multi-zone
modeling to study the contaminant flow through the TxAIRE houses, as well as to find
inaccuracies in the simulation model and correct them (Hernandez-Ramirez, 2013).

2.4.3 HVAC Materials
The ducted heat pump system originally installed in house 1 is a Lennox XP21 system.
The components include a 3-ton heat pump (XP21-036-230-02), a 4-ton air handler unit
(CBX32MV-048-230-6-06), and a Lennox Pure Air purification system; the Pure Air system filters
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out particles, bioaerosols, and ozone. As of July 2016, this system was replaced by a system
donated by Trane for zone testing purposes.
The ducted heat pump system originally installed in house 2 is a Trane XL20i system.
The components include a 2-ton heat pump (4TWZ0024A1000CA), a 3.5-ton air handler unit
(4TEE3C03A1000AA), and a Trane Clean Effects purification system (TFD235CLAH00C); the
Clean Effects system filters out particles, bioaerosols, and ozone. This system was donated by
Trane and had a fair market value of $10,000. As of December 2015, this system was replaced
by a Trane geothermal system for testing purposes.
The multi-split ductless heat pump system installed in house 1 is a Carrier 38/40GXM
system; the components include a 2.5-ton multi-split heat pump (38GXM430-3), a 1.5-ton high
wall evaporator (40GXM018) located in the living room, and three 3/4 ton high wall evaporators
(40GXM009) located in the bedrooms. The benefits of this type of system includes the ability to
zone rooms and only cool where the occupants congregate. This system was donated by the
Carrier Corporation.
The energy recovery ventilator (ERV) installed in both houses is a Trane Fresh Effects
ERV, model number TERVR100A9P00A. The system exchanges stale air in the house with fresh
air at a rate of 130 cfm. This system also has an energy recovery aspect to it which involves the
exchange of heat and moisture; this saves the energy requirement of drying and cooling the air
once placed in the home. This system has a variable control in 10% increments from 0% to 100%
ventilation. The benefit of this type of system is that it will exchange air that may have unwanted
odors or chemicals in the house, with clean air from the outside of a building.
The closed loop geothermal wells were designed and installed by Looptech of Willis,
Texas. There are 3 wells total, each of which are 300 foot deep and carry 1 ton of cooling. They
are surrounded by conductive grout so that heat will transfer more efficiently. Looptech donated
their installation services at a discount of $2,100.00 and a cost of $11,700.00 which totaled a fair
market value of $13,800.00.

2.4.4 HVAC Methods
The simulation portion of the contaminant flow thesis requires mathematical models that
could account for various factors such as air flow and particle flow. The program that is used is
CONTAM by the National Institute of Standards and Technology (NIST). Contaminant dispersal
must be analyzed through the use of conservation of mass in a controlled volume. The controlled
volume can consist of ductwork, a portion of a room, a full room, or multiple rooms. The major
variables in calculating contaminant flow are density (derived from the ideal gas law), air mass
(individual contaminant mass sum), and contaminant concentrations (individual contaminant
mass divided by the air mass). The program also accounts for air leakage using pressure
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differences, duct flow while accounting for fitting dynamic losses, and constant flow fans based on
either air mass or air volume (Hernandez-Ramirez, 2013).
CONTAM uses one single equation basis for all its algorithms which allows for
contaminant addition through inward airflows, and contaminant removal through outward airflows.
The airflow elements used in CONTAM are based from Bernoulli’s equation which includes drop
pressure, entry and exit static pressures, entry and exit velocities, air density, and elevations. The
program also calculates air flow on both a laminar and turbulent flow basis (Hernandez-Ramirez,
2013).
The major equation used in CONTAM is implicit, and uses matrix sparsity to work with
the size of the problem. The three types of algorithms are direct skyline, iterative biconjugate
gradient (BCG), and iterative successive over relaxation (SOR). Direct skyline is slow for large
problems, but fast for small to intermediate problems. SOR is efficient for large problems, but not
for problems with convergence. BCG is much better with convergence problems, but may still
experience some issues with calculating them (Hernandez-Ramirez, 2013).
The testing portion of the contaminant flow thesis only had an evaluation of house 1 due
to time constraints; house 1 contains a vented open attic with an air and insolation barrier located
between the house and attic just above the house ceiling. Data sources for this study come from
the physical plant, cooling and heating system, contaminants, meteorological data, and sampling
(Hernandez-Ramirez, 2013).
The physical plant data includes the areas and volumes associated with house 1. The
total floor area is 1,475 ft2, the exterior wall area is 1,370 ft2, the exterior surface area is 4,320 ft2,
and the total volume is 13,255 ft3. The ceiling heights range from 8’ for the bedrooms and 10’ for
the living room. The heating and cooling system includes an energy recovery ventilator (ERV)
that exchanges the temperature and humidity between outdoor and indoor air. The ERV system
ventilates at 165 CFM, and the air is supplied to the bedrooms, and exhausted from the entryway
and kitchen. The HVAC system supplies air at 1200 CFM and is totally recirculating (HernandezRamirez, 2013).
The contaminant data is based off CO2. The meteorological data is allocated from the
weather station located on house 2; the average outdoor temperature for the sampling month is
73°F, average humidity is 84%, average wind speed is 3.01 mph, and average wind direction is
337 degrees. The sampling data involved using CO 2 as a tracer gas; the houses already
contained sensors throughout to measure and record CO 2 increases. The CO2 is released within
the houses and the flows between the monitors were measured and evaluated; this is done with
various combination of recirculation and ERV on or off 100%. The house is divided into 6 zones.
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The results from the simulations were statistically evaluated and graphed on a linear curve
(Hernandez-Ramirez, 2013).

2.4.5 HVAC Analysis
ASHRAE has set a standard for the minimum acceptable infiltration rate to provide good
indoor air quality as 0.35 ach. The rate for house 1 was determined to be 0.387 ach, which not
only meets the minimum standard, but matches the typical infiltration rates for an average home
in the US (Hernandez-Ramirez, 2013).
The air change rate by zone was found to be low throughout the house, with the lowest
zones being the master bedroom and middle bedroom. When using the ERV, there was a much
larger difference in air change rate in the bedrooms; using the ERV had no significant impact on
the air change rate in the living room. The maximum supply air change rate was found in the
master bedroom and living room. The living room had the maximum due to the ERV exhaust and
the HVAC return being located in this area. The master bedroom was also a maximum due to its
size compared to the rest of the zones (aside from the living room) (Hernandez-Ramirez, 2013).
The attic was not calculated in the total volume due to the lack of air exchange systems
going to this area. There is some infiltration of outdoor air due to the nature of the ventilation in
the attic. This is important because the outdoor air affects the positive pressure in the attic, which
further affects the positive pressure in the house. The average air change rate for the attic was
calculated to be 0.02 ach. The air flow was found to be the greatest between the master bedroom
and the living room, and the least between the garage and the living room (Hernandez-Ramirez,
2013).
When validating the simulation to the CO2 testing, there was a good correlation fit. The
use of the CO2 gas was to trace if macro-zones changed under various conditions. These macrozones weren’t observed to have the significant changes and this confirmed the HVAC system
dominated air flow dynamics (Hernandez-Ramirez, 2013).
It was observed that the location of the gas release could have an impact on the way
each room is affected. There is also a potential that wind direction and speed outside of the
building could have an influence on the contaminant distribution if the construction isn’t as tight
(Hernandez-Ramirez, 2013).
There do exist some discrepancies between the simulation and the testing; the model
predicted higher contaminant concentrations than what was actually measured, and the system
volume was adjusted to narrow the gap between measurements. Another source of the
discrepancies might have been the airflow or leakage rate of the system. The rate of leakage was
positively impacted by changing the air flow rate, but the model wasn’t improved (HernandezRamirez, 2013).
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Limitations of the simulations are that they were only performed under constant indoor air
temperatures and the outdoor ventilated air is kept to a minimum. In order to have a more
accurate simulation, a preference toward variable ventilation and indoor temperatures would be
optimal. The simulations also have some calculation issues for hydrostatic pressure, duct stack
air density, varying leakage, and varying pressure drops (Hernandez-Ramirez, 2013).

2.4.6 HVAC Conclusion
In order for future simulations to be accurate, working with the calibration would be
necessary. The major impact on getting a more accurate model is calibrating the flow parameters.
Altering the flow parameters themselves didn’t seem to help the simulation accuracy. The wind
speed and direction has minimal impact on contaminant flow, but leakage due to wind infiltration
has a much larger impact; this infiltration on house 1 is low (Hernandez-Ramirez, 2013).

2.5 Wall Board as a Sink for Volatile Organic Compounds
Many household products gas off formaldehyde; a large contributor to the production of
formaldehyde is the chemical reaction of VOC’s with ozone. Exposure to formaldehyde can lead
to short term and long-term health effects. Gypsum board is known to act as a sink for
formaldehyde, and in one study, the EPA set out to study some of those sink effects. In this
study, a known concentration of formaldehyde was pumped into a box with a sample of gypsum
board at varying humidities; that sample was then heated to 65°C to remove the absorbed
formaldehyde, and the outlet air was measured for content. The study found definitive evidence
that gypsum board was a formaldehyde sink under various humidity percentages (Liu, Mason,
Guo, Krebs, & Roache, 2009).
Another study looked at the absorption of ozone in gypsum board; the ozone removal
observed was 70%. The study went on further to test the formaldehyde emission rate and found
that gypsum board had no significant difference in formaldehyde release between the addition of
ozone and not. The ozone did not seem to be interacting with other VOCs to further create
formaldehyde emissions (Nicolas, Ramalho, & Maupetit, 2003).
The main content of gypsum board is calcium sulphate dehydrate; other contents of
gypsum board usually consist of ≤4% free water, calcium carbonate, magnesium carbonate, and
other chemicals for mold or fire resistance. When heated, the water is removed from the gypsum
crystal lattice and dehydrated out of the gypsum board. As this dehydration occurs, the gypsum
board acts as a barrier to slow the movement of fire through a structure (Kontogeorgos & Founti,
2011).
Gypsum board naturally absorbs formaldehyde and slows fire movement, but the key to
better indoor air quality is containing the absorbed formaldehyde. If the formaldehyde is not
contained, it will be released slowly over time and make the occupants of a house sick. Other
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factors to better air quality include moisture and mold resistant, which when incorporated into the
gypsum board, can prevent a large surface area of moisture based contaminates from
developing. Since VOCs such as formaldehyde cause issues with human health, it is important
they are removed as thoroughly as possible, and technology such as a formaldehyde removing
gypsum board can be a contributor to improving the overall quality of air in the home.

2.5.1 Wall Board Problem Statement
The House 2 drywall was installed to test if formaldehyde absorbing gypsum board
makes a difference in indoor air quality. With increasing concerns for health associated with
indoor environments, this was a unique option to evaluate advanced techniques in VOC removal.

2.5.2 Wall Board Materials
The drywall installed on house 2 is Certainteed’s AirRenew
M2Tech technology. The AirRenew

Gypsum Board with

technology absorbs formaldehyde in the air, converts it into

an inert compound, then locks it into the drywall. The M2Tech technology provides moisture and
mold resistance. The drywall can be covered with breathable wallpaper, water based textures, or
water based acrylic paint. AirRenew

is also certified with the UL 2818-2013 Gold Standard for

Chemical Emissions for Building Materials, Finishes, and Furnishing.
Certainteed provides a health product declaration on their website for the chemical
makeup of their drywall boards. Calcium Sulfate Dihydrate (CAS: 10101-41-4) makes up 90-93%,
is used for the core of the panel, and there are no hazards found. Cellulose (CAS: 900434-6)
makes up 2.5-5.75%, is used for the face and back of the panel, and there are no hazards found.
Paraffin (CAS: 8002-74-2) makes up 2.25-3.75%, is used for moisture resistance, and there are
no hazards found. The undisclosed IAQ proprietary ingredient makes up 0.15-1.5%, is used for
absorbing formaldehyde, and there are no hazards found as verified by Greenscreen. Starch
(CAS: 9005-25-8) makes up 0.10-0.5%, is used as a binder, and there are no hazards found.
Sodium Polynapthalenesulfonate (CAS: 9084-06-4) makes up 0.1-0.5%, is used for gypsum
crystals, and it is a known bioaccumulative that is inherently toxic to humans. Glass/Mineral Fiber
(CAS: 65997-17-3) makes up 0.05-0.75%, is used for panel strength, and there are no hazards
found. Potassium Sulfate (CAS: 7778-80-5) makes up 0.05-0.35%, is used for crystal formation,
and there are no hazards found. Polyvinyl Acetate (PVA) (CAS: 9003-20-7) makes up 0.020.05%, is used as a binder, and there are no hazards found. Portland Cement (CAS: 65997-151)
makes up 0.01-0.75%, is used for panel strength, and has known carcinogenic effects. CI
Pigment Blue 15 (CAS: 147-14-8) makes up 0.01-0.2%, is used board tint, and there are no
hazards found. Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-hydroxy-, C8-10-alkyl ethers,
ammonium salts (CAS: 68891-29-2) makes up 0.01-0.1%, is used as a gypsum core, and there
are no hazards found. Glucose (CAS: 50-99-7) makes up 0.01-0.04%, is used for crystal setting,
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and there are no hazards found. Protein Hydrolyzates (CAS: 9015-54-7) makes up 0.01-0.04%, is
used for crystal setting, and there are no hazards found (“AirRenew M2Tech Health Product
Declaration,” 2014).
Certainteed donated their AirRenew

with M2Tech technology drywall with an estimated

fair market value of $1,395.00. Nixon Drywall of Tyler, Texas provided drywall installation
services at a cost of $1,131.60. C&C Drywall of Tyler, Texas provided the drywall finishing (tape,
bed, texture) services at a cost of $1,697.00. The total cost for house 2 was approximately
$4,223.60 and the total cost for both houses was approximately $11,237.20.

2.5.3 Wall Board Conclusion
AirRenew

is an important product for the future of air contaminant removal with its

capabilities for trapping formaldehyde as well as preventing mold and moisture buildup. The main
hindrance on house 2 is that the ceiling gypsum board is not AirRenew . Although much of the
surface area of the finished wall space is, the lack of AirRenew

installed in the ceiling reduces

the absorption capabilities of the house as a whole.
Due to the current lack of information, some key questions have developed. How much
formaldehyde can the gypsum board absorb before it becomes saturated? Supposedly, the
AirRenew

gypsum board holds the converted formaldehyde for 75 years, but what is the basis

of this time period? In the event of a fire, will the converted formaldehyde be released? What is
the inert compound and what are its effects on human health?
A final note on the Certainteed AirRenew

gypsum board is the seeming misinformation

on the absorption abilities. Aside from the manufacturer information (which is stated correctly),
every website referencing the AirRenew

product says it can absorb VOCs; this includes the

TxAIRE literature as well. The problem with this is that Certainteed’s only claim is that it absorbs
formaldehyde, not any other VOCs. Although formaldehyde is a large indoor air contaminant,
consumers may see the information about VOCs being absorbed and think the product is a catchall. This can be costly for both the manufacturer and the consumer.

2.6 Using Modern Paint & Finishes for Reduction of Volatile Organic
Compounds
A surface coating is any surface treatment of a material used to protect or decorate
another material; these include surface treatments such as electroplating, anodizing, and
chemical coatings with or without pigment. Surface coatings without pigment fall into the common
categories of lacquers or varnishes. Surface coatings containing pigments are considered paints,
though modern painting systems can be made up of multiple thin layers, not all of which contain
pigments (Lambourne & Strivens, 1999).
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When selecting a coating, it is important to consider the relationship between the coating
chemical composition and the material to be coated. Another important factor is the
environmental and use conditions for the coating. Due to modern regulations and increasing
knowledge on the subject, human health is becoming one of the most important considerations in
choosing a coating for any surface (Lambourne & Strivens, 1999).
Oil based products have potential for up to a 60% VOC content, while water based
products have a VOC content of less than 10%. The VOCs have a tendency to prevent
contamination from bacteria or molding; with the lower content, water based products must
include something to prevent this contamination, usually a biocide. The biocide chemicals added
to the products have potential to harm humans (Bower, 2000).
There are two types of “healthy” products for household use. A low outgassing product
uses less biocide than standard products, and these products are also known to have a low to no
VOC content. A natural finish is a product that utilizes natural ingredients such as oils, resins, or
mineral pigments. These products are environmentally friendly due to their renewability (Bower,
2000).
Stains are used on wood products to enhance their color. They are typically the first coat,
where as a clear coat would be applied over it to seal and protect the finish; it is because of this
that the stain isn’t as much of a concern to the occupant as the clear coat is (Bower, 2000).
The main source of VOCs indoor are building materials and finish coatings; these finish
coatings include paint, stains, and clear coatings. These VOCs can affect occupants through
odor, discomfort, or major health issues (sick building syndrome). Formaldehyde and benzene
are pollutants that are a priority to reduce due to their associated effects. The content of the
product isn’t the only concern to indoor air quality degradation; the conditions in which the product
is used also has an adverse effect on human exposure (de Gennaro et al., 2015).
In one study, solvent and water-based stains were monitored for their VOC emission
profiles. It was determined that after 5 days, the solvent-based stain had achieved an equilibrium
of less than 0.01 mg/m3, the equilibrium for the water-based stains was closer to 3 days. The
maximum total VOC for the solvent-based stain was 5.7 mg/m3 at 250 minutes. The maximum
total VOC for the two water-based stains was 0.9 mg/m3 at 195 minutes and 4.4 mg/m3 at 101
minutes. The concentrations after five hours were 1 mg/m 3 for the solvent-based, less than 0.1
mg/m3 for one water-based, and 0.4 mg/m3 for the other water-based. The evaporation constant in
the water-based stains were ten times that of the solvent-based stain. Through further testing of
the products, individual compounds were monitored and it was determined which components
released their emissions more quickly. This information is useful for helping design safer products
and safety procedures (de Gennaro et al., 2015).
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2.6.1 Paint & Finishes Problem Statement
The paint used in the houses was applied due to its zero VOC properties. The cabinet
finish in house 1 included an oil based stain and a lacquer/sealer top coat. The cabinet finish in
house 2 included a water-based stain and water-based acrylic finish. The two stain systems have
obvious differences in VOC content per the manufacturer’s information and past research, but
this could be further verified through testing in the houses.

2.6.2 Paint & Finishes Materials
Both houses were painted with Sherwin Williams Harmony acrylic latex based paint. They
are produced with the inclusion of sustainable materials, and are zero VOC emitting. The light
reflectively is greater than 50% so that it reflects more natural light, thereby making the rooms
brighter. House 1 used ’Maison Blanch’ for the walls, and ’Dover White’ for the trim. House 2
used ’Accessible Beige’ for the walls, and ’Greek Villa’ for the trim.
The finish on the cabinetry in house 1 includes an oil based fruitwood gel stain from Old
Masters. The stain is then sealed with Lenmar’s Duralaq lacquer and sealer. The VOC content of
the stain is 550 g/L, the lacquer is 650 g/L, and the sealer is 680 g/L. The oil based stain is
chosen for the coloring intensity it produces. The lacquer is chosen for both application ease and
durability.
The finish on the cabinetry in house 2 includes a water based chestnut wood stain from
Coronado. The stain is then sealed with Lenmar’s Duralaq water based self-sealing acrylic finish.
The VOC content of the stain is 406 g/L and the finish is 380 g/L. The wood stain is chosen for
being environmentally safe due to being water thinned, and the acrylic finish is chosen for the low
VOC rating.

2.6.3 Paint & Finishes Conclusion
The literature as well as the manufacturer's information suggests water-based finishes
contain and emit less VOC than solvent-based finishes. The acrylic latex paint chosen for both
the houses is a water-based finish, which is why the manufacturer can achieve the zero VOC
content. The cabinet finishes in house 2 are also water-based, which has an obviously lower VOC
content than that of the oil-based cabinet finishes in house 1. The oil-based finish was chosen for
house 1 so that IAQ studies could be conducted to determine if there is any long-term effects on
the air, as well as showing the visual differences between the two. The key to finding out the true
claims of the manufacturer and long-term residual VOC release is further IAQ testing.
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ENERGY
2.7 Energy Use & Breakdown of Sources
The US Energy Information Administration (EIA), a governmental agency within the US
Department of Energy, researches independent and impartial data in order to determine what
energy information is appropriate and correct for laws and public understanding. Every four years,
a Residential Energy Consumption Survey is conducted by the EIA. From their research in 2009,
Texas based data is summarized; the research compares average households in Texas to
households in the West South Central (WSC) region (Arkansas, Louisiana, Oklahoma, Texas)
and households in the United States (US) as a whole (US Energy Information Administration,
2009).
The average total energy consumed in Texas is 22,596 kWh per year, 14% less than the
US average and 2.4% less than the WSC region average. The average total energy cost per
household in Texas is about $2,160, 6.7% greater than the US and 5.3% greater than the WSC
region. The average electric energy consumed in Texas is 14,273 kWh per year, 26% greater
than the US average and 0.2% less than the WSC region average. The average electric energy
cost per household in Texas is about $1,801, 34% greater than the US and 8.7% greater than the
WSC region (US Energy Information Administration, 2009).
In Texas, air conditioning contributes to 18% of the total annual energy consumed, which
is 4,067 kWh or $389. The heating contributes to 22% of the total annual energy consumed,
which is 4,971 kWh or $475. The appliances, electronics, and lighting contribute to 41% of the
total annual energy consumed, which is 9,264 kWh or $886. The hot water heater contributes to
19% of the total annual energy consumed which is 4,293 kWh or $410. In the WSC region, air
conditioning contributes to 16% of the total annual energy consumed, which is 3,705 kWh or
$328. The heating contributes to 25% of the total annual energy consumed, which is 5,788 kWh
or $513. The appliances, electronics, and lighting contribute to 40% of the total annual energy
consumed, which is 9,261 kWh or $820. The hot water heater contributes to 19% of the total
annual energy consumed which is 4,399 kWh or $390. In the US, air conditioning contributes to
6% of the total annual energy consumed, which is 1,575 kWh or $121. The heating contributes to
41% of the total annual energy consumed, which is 10,765 kWh or $830. The appliances,
electronics, and lighting contribute to 35% of the total annual energy consumed, which is 9,190
kWh or $708. The hot water heater contributes to 18% of the total annual energy consumed
which is 4,726 kWh or $364 (US Energy Information Administration, 2009).
The roof is the highest point on the house, so when the sun is high in the summer
season, it contributes significantly to the heat infiltration into a house. A roof shingle designed for
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increased reflection helps decrease absorption of heat into the attic space. In Texas, most attic
spaces contain the HVAC equipment and ductwork. If the HVAC system must work harder to
keep the temperature of the air passing through the ducts conditioned, then passing conditioned
air through an unconditioned space is a substantial energy sink. Reflective shingles work to lower
the temperature in the attic, thereby lowering the energy requirements of the HVAC system.
Windows are another significant contributor to heat infiltration into a house, through the
transmission of infrared radiation through the glass. With 90% of all solar energy (UV, Visible, and
IR) transmitting through a normal glass pane, it is important to fix this to block the harmful UV,
and the energy imparting IR radiation. The main heat transfer points to evaluate are the framing,
glazing, and cavities. In an existing home there are two options, repairing or replacing the
windows. Repairing an existing window involves replacing caulk or weather-stripping to reduce
conductive heat transfer through the frame, glazing, and cavities. The solar energy transmittance
can also be reduced through the use of glazing film; this film is designed to block out UV and/or
IR radiation while allowing visible light through. In new construction, it is best to choose the
windows with the optimal cost to benefit ratio for energy use.
With exterior walls also being a major contributor to heat infiltration, the choice in
insulation is important to reduce energy usage. There are a variety of insulation materials such as
fiberglass or foam polyurethane; fiberglass is safer and cheaper to install and foam polyurethane
has better sealing properties, reducing the infiltration of both air and insects. The material isn’t the
only concern; the thickness of the insulation is also important. At some point, the cost of the
insulation outweighs the benefits of excess thickness. An increased thickness also requires wider
exterior framing; if 5 inches of insulation is required for optimal energy savings, a traditional 3x4
framing will not accommodate the depth, but advanced 2x6 framing will.
The key to reducing energy use is to use renewable energy generation such as
photovoltaics. As they increase in popularity, demand increased driving down production costs
and spurring innovation. The current most efficient type of photovoltaics provides an efficiency of
43.5%, but it is expensive and only achievable in a laboratory environment. The most common
solar cell types achieve an efficiency of 20% to 25% efficiency in a laboratory environment, but
only about 15% in a consumer environment (Paranthaman, Wong-Ng, & Bhattacharya, 2016).
With the laboratory efficiencies being much higher, it is a sign of where the consumer technology
is headed for cost and energy use reduction.

2.8 Influence of Framing Types & Structure on Energy Efficiency
2.8.1 Framing Introduction
In traditional framing, the exterior walls are typically 16” on center 2x4 studs. The exterior
walls also consist of a double top plate, as well as using three studs at the wall junctions; the third
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stud is used as the gypsum board nailing point. There are double headers just above the door
and window openings, as well as cripple studs above the header and below the openings
(Crawford & McGinnis, n.d.).
In advanced framing, the exterior walls are typically 24” on center 2x6 studs. The exterior
walls also consist of a single top plate with aligned framing, as well as using two studs at the wall
junctions; the gypsum board is attached to metal clips instead of using a third stud. There is a
single header below the top plate, as well as reduced or no cripple studs above the header and
below the openings (Crawford & McGinnis, n.d.).
With environmental friendly building practices becoming more popular, different framing
practices are being considered. Advanced framing potentially lowers the quantity of lumber
required and allows for increased space for insulation on external walls. In time, with mastery of
the alternative practices, the labor effort and costs will also go down (Crawford & McGinnis, n.d.).
Traditional headers are built as two pieces of stacked lumber with a filler between which
adjusts the thickness to match that of the wall. They are sized anywhere from 2x6 to 2x12,
whichever happens to be necessary to handle the structural load. The headers are connected by
cripple studs above the header and jack studs below the header. The load is transferred from the
top plate, through the cripple studs, through the header, through the jack studs, to the bottom
plate. Figure 5 displays this configuration in detail (Crawford & McGinnis, n.d.).
When properly designed, single headers are capable of providing the necessary support
for loads. Advanced framing uses nail plates to remove the need for jack studs, as well as
removing the second header. The single header system is also connected directly to the top
plate, so the load is directly transferred into the header. Without the second header, there is
space to install insulation that will remove the heat transfer path. Figure 6 displays this
configuration in detail (Crawford & McGinnis, n.d.).
In order to properly design a single header that can safely withstand necessary loads,
certain parameters must be taken into consideration; the parameters include the roof load (Lroof),
the line load (W line), the maximum shear force (V), the maximum moment force (M u), the
adjustable allowable shear stress (σv), the maximum allowable shear force (Va), the adjustable
allowable shear stress for bending (σb), the maximum allowable moment force (Ma), and the
maximum deflection (∆max). This information can be found in Table 10 (Crawford & McGinnis,
n.d.).
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Figure 5: Traditional Header Configuration Window (Crawford & McGinnis, n.d.)

Figure 6: Advanced Header Configuration (Crawford & McGinnis, n.d.)
41

Dead loads are loads from building materials such as gypsum board and decking that are
weighted from static gravity; a standard estimation is usually 10 psf for Texas. Live loads are
loads from movement on the roof such as maintenance workers, and have an estimation of 20
psf. A snow load is regional and not considered when designing for Texas. The roof load
calculation is the sum of the dead load and the live roof load. The line load is the load that acts
directly from the roof to the header. The line load calculation is the product of the roof load and
half of the unsupported building width (Q) (Crawford & McGinnis, n.d.).
The maximum shear force is the maximum force perpendicular to the header; it is
calculated by multiplying the line load and the header length (L), and dividing that product by two.
The maximum moment is the maximum rotational force applied to the header; it is calculated by
multiplying the line load and the square of the header length, and dividing that product by 8
(Crawford & McGinnis, n.d.).
The adjusted allowable shear stress is the amount of stress (force/area) acting on the
header, using published values for a particular material. The adjusted allowable shear stress is
calculated by multiplying the allowable shear stress (f v), the load duration factor (CD), the
temperature factor (Ct), the repetitive member factor (Cr), and the wet service factor (C M). The
maximum allowable shear force is the shear force recalculated, accounting for the adjusted
allowable shear stress. The maximum allowable shear force is calculated by multiplying two, the
effective depth of the member (de), the width of the member (b), the adjusted allowable shear
stress, and dividing that by three (Crawford & McGinnis, n.d.).
The adjusted allowable shear stress for bending is the amount of bending stress acting
on the header, using published values for a particular material. The adjusted allowable shear
stress for bending is calculated by multiplying the allowable shear stress for bending (fb), the load
duration factor, the temperature factor, the repetitive member factor, and the wet service factor.
The maximum allowable moment force is the rotational force recalculated, accounting for the
adjusted allowable shear stress for bending. The maximum allowable moment force is calculated
by multiplying the adjusted allowable shear stress for bending, the square of the depth of the
member (d), the width of the member (b), and dividing that by 72 (Crawford & McGinnis, n.d.).
The maximum deflection is the distance the header is offset by the loads. The maximum
deflection is calculated by multiplying five, the line load, the header length to the fourth power;
this is then divided by the product of 384, the modulus of elasticity (E), and the moment of inertia
(I) (Crawford & McGinnis, n.d.).
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Table 10: Header Design Calculations (Crawford & McGinnis, n.d.)

With traditional framing, the shear load is normally transferred to the jack studs from the
header. With advanced framing, the shear plates take on the shear load; this makes the nailing
pattern important for design. In order to calculate how many nails are necessary (without side
nails in the header), both the nail capacity and the header shear capacity must be calculated. The
header capacity is then divided by the nail capacity to calculated how many nails are needed for
the shear connection. Each plate has 2 shear connections, one on the header and one on the
king stud. When accounting for side nails, their capacity is subtracted the header capacity. The
new capacity is then divided by the nail capacity to calculated how many nails are needed for the
shear connection (Crawford & McGinnis, n.d.).
A traditional double top plate has an inherent overlap for stud connections. An advanced
single top plate does not have this overlap so it requires the use of a 3”x6” steel plate nailed in to
it. For advanced framing, the roof rafter alignment must be distributed evenly over the wall studs
in order to prevent inappropriate shear stress in the steel plate connection (Crawford & McGinnis,
n.d.).
In order to properly determine the offset tolerance of the roof rafter alignment, certain
parameters must be taken into consideration; the parameters include the point load (P), the shear
demand (Vd), the shear capacity (Vc), the moment demand (Md), the moment capacity (Mc), the
deflection at the load point (∆a), and the maximum deflection at the hinge (∆c). This information
can be found in Table 11 (Crawford & McGinnis, n.d.).
The point load is the load applied at a point on the top plate span, such as a roof rafter.
The point load is calculated from the product of 1/2, the combined roof and ceiling load (w), the
span length (L), and the building width (Q) (Crawford & McGinnis, n.d.).
The shear capacity is based on the shear stress parallel to the grain of the wood. The
shear demand is based on the shear stress applied to the plate. The shear capacity is calculated
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by taking the product of 2, the shear stress parallel to the grain (Fv), the cross-sectional width (b),
the cross-sectional depth (d), and dividing it by three. The shear demand is calculated by taking
the product of the point load and the load offset (a), and dividing it by the span length (Crawford &
McGinnis, n.d.).
The moment capacity is based on the moment of the span. The moment demand is
based on the moment applied at the plate. The moment capacity is calculated by taking the
product of the bending stress (Fb) and the moment of inertia (I), and dividing that by the distance
to the neutral axis (c). The moment demand is calculated by taking the product of the point load,
the offset, the offset minus the span length (b), and dividing that by the span length (Crawford &
McGinnis, n.d.).
The maximum deflection is the distance the load offsets the point at the load or at the
hinge. The maximum deflection at the load point is calculated by multiplying the point load, the
squared offset, and the squared offset minus the span length; this is then divided by the product
of three, the modulus of elasticity (E), the moment of inertia, and the span length. The maximum
deflection at the hinge is calculated by adding the product of 1/6 times the point load and the
cubed offset, the product of six times the point load and the squared offset, and the product of 96
times the point load and the offset; this is then divided by the product of the modulus of elasticity,
and the moment of inertia (Crawford & McGinnis, n.d.).
Table 11: Frame Alignment Design Calculations (Crawford & McGinnis, n.d.)

When designing windows into an advanced framing system, it is found the bottom sill
plate doesn’t gain any strength using cripple studs below it. The weight from the roof is
transferred into the header, so the maximum load a bottom sill would see would be from a person
sitting on it. Calculating the sill’s moment capacity and the moment demand can determine if a
center cripple is necessary (Crawford & McGinnis, n.d.).
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Traditional stud spacing is set at 16” on center so that the material uses for sheeting lines
up with the studs. There is no purpose structurally for a three stud corner, its only used to attach
gypsum board to. With advanced framing, this extra stud is removed and metal clips are used for
attaching the gypsum board. Nail strips, that are usually placed on wall corners or ceiling edges,
can be removed using these metal clips as well. This further adds to the decrease of wood
quantity (Crawford & McGinnis, n.d.).
In an evaluation with a prototype that is 30’ by 50’ with 9’ walls (exterior only), the wood
volume for the 2x4 framing is 853.5 board feet and the wood volume for the 2x6 framing is 813.8
board feet. This comes to a 4.7% wood volume savings. If the 2x4 framing used the metal clips
instead of the extra studs in the corners and the nail strips on the top plate, which could be
removed due to lack of structural necessity, the wood volume would be 812.8 board feet; the
advanced framing would actually have a 0.1% wood volume cost (Crawford & McGinnis, n.d.).
This evaluation accounted for ideal techniques, but a note was made about builders
commonly using more wood for traditional framing. The designs also display a limitation in
advanced framing practices. When the openings become too large, traditional methods must be
used to properly frame the doors and windows (Crawford & McGinnis, n.d.).

2.8.2 Framing Problem Statement
One home was built using traditional framing practices, while the other house used
advanced framing practices. These two construction styles were built side-by-side in order to
compare energy savings associated with the use of larger framing studs.

2.8.3 Framing Materials
The framing practices used in the houses followed traditional and advanced framing
practices. House 1 used 2x4 framing, studs set at 16” on center, a double top plate, wood
backing for the gypsum board, jack stud supports for headers, double headers above windows,
and full use of cripple studs. House 2 used 2x6 framing, studs set at 24” on center, a single top
plate with metal ties, metal clips for the gypsum board, metal plates for header support, single
headers above windows, cripple studs where necessary, and aligned framing. The total cost for
the framing materials was $23,521.47, which was supplied by McCoy’s Building Supply in Tyler,
Texas. The total cost for the framing labor was $15,038.50, which was supplied by High and Tight
Construction of Tyler, Texas. The total cost for labor and materials was $38,559.97 for both
houses.

2.8.4 Framing Conclusion
For the prototype structure, the wood volume savings is not significant. This is especially
true if you decide to remove nailing plates and the third corner studs from the traditional frame. At
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this point, the labor required to build a 2x6 frame is probably greater than that to build a 2x4
frame due to the labor experience. It is also mentioned that builders commonly use extra wood
while framing with traditional methods; a builder who is using extra wood in a 2x4 structure, is
likely going to use extra wood in a 2x6 structure as well.
The depth available for insulation is a primary benefit though. With an added two inches,
the R-value can increase by 9.4 for fiberglass, 7.4 for cellulose, and 7.2 for polyurethane. Further
information on energy savings through the increase of insulation can be found in the Insulation
subsection further in this section.

2.9 Roofing Materials for the Prevention of Heat Absorption
2.9.1 Thermal Transfer Defense by Advanced Materials for Roof
Applications
The main line of defense from outdoor elements is the roof of a building. Historically,
roofing material properties have been designed to facilitate protection of a structure. As protective
properties have reached their apex, design has shifted towards increasing efficiency through
reflectivity and heat emission. Communities benefit from the use of cool materials through
reduction of the heat island effect and having cooler buildings (Alchapar & Correa, 2016;
Simmons, Gardiner, Windhager, & Tinsley, 2008).
Cool materials absorb less energy, resulting in less heat transfer to the spaces around
them (Santamouris, Synnefa, Kolokotsa, Dimitriou, & Apostolakis, 2008; Winandy, Barnes, &
Falk, 2004). When designers initially started looking at ways to create cool materials, they
explored various colors and how those colors absorb heat. White possesses the inherent property
to reflect all visible light and black absorbs visible light. White fiberglass shingles were shown to
have a much lower surface temperature than black fiberglass shingles (Winandy et al., 2004).
Designers began using materials that demonstrate higher reflectivity due to their ability to
deflect heat storage, which increased efficiency by reducing demands on cooling systems
(Santamouris, Synnefa, & Karlessi, 2011; Santamouris et al., 2008). With the high natural
reflectivity of metal roofs, one study (Coutts, Daly, Beringer, & Tapper, 2013) explored the
reflectivity of unpainted steel compared to steel coated with a white, highly reflective elastomeric
coloring. It was shown that the albedo (whiteness) or reflective coefficient of the unpainted steel
was 0.21 and the albedo was 0.71 for the painted steel, with 1.00 being total reflectivity. The
researchers were able to accomplish an increase in albedo by changing the reflective properties
and not the conductive properties (Coutts et al., 2013). A sloped roof with asphalt shingles needs
a solar reflectance of 0.25 or greater to be considered cool (Berdahl et al., 2012).
When designing roof materials, there are two material properties that can be examined to
facilitate the removal of heat from the surface they protect. Solar reflectance is a measure of how
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well a material can deflect solar radiation. The solar reflectance scale is expressed as a
percentage or as a fraction (0 – 1). Radiative emittance is how well a material releases stored
heat (Santamouris et al., 2011). From these two material properties comes the Solar Reflectance
Index (SRI), which is calculated with ASTM E1980-11. The solar reflectance, radiative emittance,
and SRI are all used to determine the efficiency of roofing materials by various agencies.
Leadership in Energy and Environmental Design (LEED) is a certification program for green
building practices which is voluntary and requires a SRI greater than or equal to 78 for roofs with
a slope less than or equal to 1:6, or a SRI greater than or equal to 29 for roofs with a slope
greater than 1:6 (“LEED for Homes Rating System,” 2008). Energy Star is an EPA based
program, which challenges product manufacturers to design products that are environmentally
friendly. Energy Star requires roofs with a slope less than or equal to 1:6 have a minimum initial
solar reflectance of 0.65 and 0.50 at the third year. Energy Star requires roofs with a slope
greater than 1:6 have a minimum initial solar reflectance of 0.25 and 0.15 at the third year (EPA,
2008).
When solar radiation impacts a traditional asphalt roof, the shingles absorb the energy as
heat, and then release the heat back into the atmosphere when the surrounding temperature
drops below a sufficient threshold. Cool materials have higher solar reflectance and lower surface
temperatures. Lower surface temperatures lead to lower heat transfer into the attic spaces below
the surface (Pomerantz et al., 1999). This reduces power consumption in the building the
materials cover, as well as increasing the comfort of the occupants (Levinson et al., 2007;
Santamouris et al., 2011).
Pomerantz et al. showed that roofs that have an albedo near 0.6 can reduce the surface
temperature by at least 15°C (59°C) when compared to a roof with a 0.2 albedo (Pomerantz et
al., 1999). With the increase of a roof’s solar reflectance from 0.1 to 0.4, the savings from a mild
climate are approximately 250 kWh per year, while the savings for a hot climate are
approximately 1,000 kWh per year (Akbari & Konopacki, 2005; Santamouris et al., 2011).
Houses with a slab foundation and a central heat and air system have ductwork located
in the attic. With a warmer attic, more energy is required to cool the house. During the winter, a
lack of solar absorption can lead to an increase in usage of energy for heating purposes. Due to
the sun being lower during winter months, and the solar radiation being less intense as a result,
the heating usage is less important than the energy savings for cooling during warmer months
(Santamouris et al., 2011; Synnefa, Santamouris, & Apostolakis, 2007).
The energy stored from the buildup of radiation during the day is released at night; areas
with dense populations atmospherically cool off much slower than less densely populated areas
that create a heat island (Coutts et al., 2013). Convective and radiative thermal increases can be
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reduced by using high radiation emission and reflection materials that can alleviate the issues
associated with heath islands (Santamouris et al., 2011). In the United States, approximately 81%
of the population resides in densely packed urban areas, which tend to be warmer than the
surrounding areas. Consumption of energy increases in urban areas due to the increase in
atmospheric heat from heat islands, thus increases in atmospheric temperatures can cause major
impacts to the environment such as pollution (Roman, O’Brien, Alvey, & Woo, 2016; Synnefa &
Santamouris, 2012; Touchaei, Hosseini, & Akbari, 2016).
An issue that arises in the design of cool materials is homeowners often dislike the
appearance of cool spectrum materials, or there are building restrictions on brightly colored roofs
(Pomerantz et al., 1999; Santamouris et al., 2008). Cool roofing was introduced in the form of
reflective white surfaces, but recently companies have begun developing choices that can vary in
color to appease the aesthetic tastes of the consumer (Levinson et al., 2007; Santamouris et al.,
2008; Uemoto, Sato, & John, 2010).

2.9.2 Roof Problem Statement
Cool pigments are materials that can reflect, as well as release solar radiation. These
pigments are applied as a topcoat to shingles in order to add high reflectivity and heat emission to
the shingle surface. Generally, the pigments are matched to the shingle color in order to
maximize the visible reflectance. The CertainTeed shingles used in this study are formed in a
process that applies the cool pigments to both the granules and the asphalt (Levinson et al.,
2007).
This study was undertaken to assess the efficiency of modern conventional asphalt
shingles in comparison to highly reflective shingles. These comparisons were made through field
experiments that quantified the temperatures of the shingle surface. In Texas, there have been no
case studies in actual house environments for cool and conventional shingles. Case studies have
been completed in areas of Europe, but only on public structures with no attic space (Synnefa &
Santamouris, 2012).

2.9.3 Roof Materials & Methods
Two types of shingles were examined, modern conventional shingles and highly reflective
shingles, which were installed onto two houses located next to each other. The houses are part of
the Texas Allergy, Indoor Environment, and Energy (TxAIRE) Institute at the University of Texas
at Tyler. The two houses used are mirror images of each other and approximately 20 feet apart,
but built with different construction materials. House 1 has Landmark

shingles, an open vented

attic over the house, and the garage attic is uninsulated and partially enclosed. House 2 consists
of predominantly Solaris

shingles, and has an uninsulated garage attic that is completely
48

separate from the insulated house attic. Both garage attics have open-air eaves and a gable vent.
More information on the demonstration houses is available at https://www.uttyler.edu/txaire/.
House 1 was shingled with conventional shingles for the full roof aside from an area of
2

297 ft containing the highly reflective shingles. The color blend chosen was Resawn Shake.
House 2 was constructed with highly reflective shingles, aside from an area of 275 ft 2 containing
the conventional shingles. The color blend chosen was Coastal Tan. Throughout the document,
the Resawn Shake conventional shingles will be referred to as Landmark
Coastal Tan shingles will be referred to as Solaris

shingles, while the

shingles. There are two thermocouples under

each shingle type on each house.
Shingle temperatures were taken on the south facing roof of each of the houses. The
temperature readings were taken under the shingles, but above the radiant barrier sheathing
installed in each house. The temperatures were recorded every five minutes from January 2013
through December 2015. The five minute readings were then averaged into hourly readings.
Temperature readings were taken with thermocouple type PR-T24 wires and collected with a
National Instruments NI-cRIO-9074 real-time controller monitoring station. The solar radiation and
outside temperature were taken with a Davis Vantage Pro 2 weather station located on the roof of
the Solaris

house. In 2014, the solar radiation sensor broke, so the solar radiation data

presented is only for 2013 and 2014.
The data was analyzed with GraphPad Prism version 5.00 for Mac OSX, GraphPad
Software, La Jolla California USA, www.graphpad.com. Analysis of variance (ANOVA) testing
was conducted in Microsoft Excel; the testing was conducted on the two data sets to determine
any statistical differences at a 95% confidence level and a normal distribution.
Comparisons of the temperature underneath the conventional shingles and the highly
reflective shingles were made on each house. In addition, the temperatures were compared
between the two houses with House 1 temperatures being the conventional shingles only and
House 2 temperatures being the highly reflective shingles only.
Both the Certainteed Landmark

and Certainteed Solaris Platinum

shingles are two-

piece laminated fiberglass based construction. They are designed to give the appearance of slate
or natural wood roofing. Both types meet ASTM D3018 UL certification for fire resistance and
wind resistance as well as meeting ASTM D3462 for tear resistance. The Certainteed Solaris
Platinum

shingles have an SRI of 47 and meet energy star requirements (CertainTeed, 2016).

All shingles were donated by Certainteed at an unknown fair market value. The shingles were
installed by Jessup Roofing of Bullard, Texas at a cost of $2,330.00.
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2.9.4 Roof Results
The average shingle temperatures of the 3 coldest days for 2013, 2014, and 2015 are
shown in Figure 7. The average difference in shingle temperatures is presented in Table 12 and
the peak differences in shingle temperatures is presented in Table 13. The temperature
differences were consistent from year to year, having less than 1°F difference per house. The
average difference on house 1 for the three coldest days are 2.9°F (2013), 3.3°F (2014), and
2.7°F (2015). The average difference on house 2 for the three coldest days are 3.0°F (2013),
3.6°F (2014), and 3.1°F (2015). The average hourly readings aligned with the ANOVA results in
that there weren’t any differences between the sets of data. Averaging the 3 coldest days by
season returns different results as shown in Table 12 and Table 13. For winter, the House 1
difference is 3.4°F for 2013, 3.3°F for 2014, and 2.7°F for 2015; the House 2 difference is 4.1°F
for 2013, 3.6°F for 2014, and 3.1°F for 2015. For spring, the House 1 difference is 6.6°F for 2013,
6.4°F for 2014, and 3.6°F for 2015; the House 2 difference is 7.3°F for 2013, 7.7°F for 2014, and
3.8°F for 2015. For summer, the House 1 difference is 3.5°F for 2013, 2.4°F for 2014, and 7.7°F
for 2015; the House 2 difference is 3.7°F for 2013, 2.5°F for 2014, and 9.0°F for 2015. For fall,
the House 1 difference is 2.9°F for 2013, 4.7°F for 2014, and 4.8°F for 2015; the House 2
difference is 3.0°F for 2013, 5.1°F for 2014, and 8.6°F for 2015. This indicates that the greatest
temperature difference is in the spring instead of the winter as would be expected. The seasonal
graphs can be found in the supplemental materials (Error! Reference source not found.).

Figure 7: Shingle Temperatures on the 3 Coldest Days (a) 2013, (b) 2014, (c) 2015
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Table 12: Average Shingle Temperature Differences in °F for 2013, 2014, & 2015

Table 13: Shingle Peak Temperature Differences in °F for 2013, 2014, & 2015

Figure 8 shows the average shingle temperatures of the 3 hottest days for 2013, 2014,
and 2015. Running the ANOVA test for a full 24 hours does not show a difference between
shingle types, but when run from 9 am to 7 pm, there is a visible difference. This can be important
in hot climates where reflecting the sun at its peak can reduce the electricity demand at peak
hours. The temperature differences were consistent from year to year, having less than 1°F
difference per house. The average difference on house 1 for the three hottest days are 7.5°F
51

(2013), 7.9°F (2014), and 7.5°F (2015). The average difference on house 2 for the three coldest
days are 8.7°F (2013), 8.9°F (2014), and 8.4°F (2015). The average hourly readings aligned with
the ANOVA results in that there weren’t any differences between the sets of data. The seasonal
data for the 3 hottest days followed the same trend as for the seasonal data for the 3 coldest days
as shown in Table 12 and Table 13. The temperature differences were the lowest for the year
2014 in the spring and the fall. The seasonal temperature graphs can be found in the
supplemental materials (Error! Reference source not found.).

Figure 8: Shingle Temperatures on the 3 Hottest Days (a) 2013, (b) 2014, (c) 2015
In addition, the 3 lowest and 3 highest solar radiation days were analyzed. The 3 lowest
solar radiation days for 2013 yielded an average difference of 0.1°F for House 1 and an average
difference of 0.0°F for House 2. The 3 lowest solar radiation days for 2014 yielded an average
difference of 1.0°F for House 1 and an average difference of 0.8°F for House 2, which are higher
differences than found in 2013. Running the ANOVA test for both the full 24 hours and peak
hours does not show a significant difference between shingle types for both houses. The greatest
difference in solar radiation was in the winter seasons on the lowest solar radiation days.
The 3 highest solar radiation days for 2013 yielded an average difference of 8.2°F for
House 1 and an average difference of 9.9°F for House 2. The 3 highest solar radiation days for
2014 yielded an average difference of 8.0◦F for House 1 and an average difference of 9.0°F for
House 2. Running the ANOVA test for a full 24 hours does not show a difference between shingle
types, but when run from 9 am to 7 pm, there is a significant difference for both houses. The
greatest difference in solar radiation was in the 2013 spring and 2014 winter seasons on the
highest solar radiation days. These results can be found in Table 12 and Table 13. It is important
to note that the highest solar radiation happens in spring for 2013 and 2014, the data of which is
found in Table 14.
The surface temperatures are lower when there is less incoming solar radiation. This is
due to less heat energy coming from radiation to absorb into the shingles. When there is more
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heat energy with higher levels of solar radiation, the shingles absorb more energy and have
higher temperatures. The data shows that regardless of the time of year, there is a maximum of a
9.9°F average difference in shingle temperatures.
It is important to note that the attics below the shingles are set up differently in the two
houses, thus some temperature differences are expected. The decking below the shingles in
House 1 is uninsulated, while the decking below the shingles in House 2 is insulated. Aside from
the low solar radiation days, the shingle temperatures over House 1 are lower than House 2. This
is due to the ability of the heat energy to pass though the decking and into the attic space for
House 1, while the energy is not allowed to pass and stays in the shingle space for House 2.
Regardless of what house they are on, there is a clear temperature difference between shingle
types on the hot days.
Table 14: Average Solar Radiation in W/m 2 for 2013 and 2014

2.9.5 Roof Conclusion
House 2 has the insulation on the backside of the decking, which means more of the heat
is immediately reflected back onto the shingles; this leads to higher temperature differences
between the shingle types. The days with the highest solar radiation had the highest temperature
differences, which translates to the highest energy savings as well. At night, both types of
shingles had similar surface temperatures, which means they are both reflecting the heat back at
similar rates. Until an economic energy analysis can be done, the significance of the less than
10°F maximum difference can’t be stated.

2.10 Fenestration Technology
2.10.1 Maintaining Envelope Integrity through Advanced Design for
Fenestration
The main function of a window is to protect occupants from the external climate, admit
light, and provide a view; the functions are further classified through performance requirements
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established by the public and rating councils. The primary function and performance measure of a
window is the ability to admit natural light. This light transmission should be accomplished without
changing the view out/in or the color of transmitted light; transmittance of the ultraviolet portion of
sunlight should be limited or excluded as, over time, it bleaches the color out of anything it comes
in contact with and can degrade many materials. It is optimal for windows, while admitting light, to
contain heat in the winter and expel heat in the summer. Another performance measure
associated with light admittance is the ability to use a window to view the outside environment for
changes in weather or light, creating a balance between exposure and access (Bülow-Hübe,
2001). This view access leads to a feeling of connection to the outside world, as well as access to
sensory and environmental change (Bülow-Hübe, 2001; Heerwagen, 1990).
Thermal insulation is another performance requirement for windows and is given in the
form of a heat transfer coefficient, otherwise known as the U-value. The amount of heat that is
transferred through the window is indicated by the U-value. Most U-values are for the window as
a whole including the sash, glass, and frame; better window performance is indicated by a lower
U-value. Another component important for controlling heat flow and connection to the external
environment is the ability to control air flow, ventilation, and water vapor. The main control of heat
loss from the internal environment is through creating an air tight window system; this could lead
to issues in controlling water vapor buildup inside the window or frame, possibly leading to
premature degradation. To prevent the buildup, windows have a strip with desiccant built in or
around it to pull away any excess moisture buildup behind window panes (Bülow-Hübe, 2001).
Windows should also be capable of protecting the indoor environment from outside
elements such as rain, snow, insects, or sound. If a window wasn’t installed correctly, rain and
snow could penetrate and create moisture buildup in the frame or the building. Some windows
include a screen to prevent insects from penetrating the building threshold if the window is left
open. Sound insulation is important, especially in more densely populated areas. A window
design should include wider air gaps or thicker glass to achieve sound insulation; total sound
insulation is usually not optimal though, accounting for an occupants desire to hear people
approaching the building (Bülow-Hübe, 2001).
The other performance requirements would all be useless if a window doesn’t have
durability, strength, and rigidity incorporated into the design. Windows need to be able to hold up
to the sustained load of the installed glass, as well as wind loads that may arise during storms;
tempered and heat strengthened glass are designed to increase the strength of a window. A
durable window should be able to hold up against environmental elements for long periods of
time. Durability can be accomplished by adding oil based paints to framing to prevent weather
wear, installing durable glass sealants to prevent moisture buildup, and using metal spacers that
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have a desiccant filling with sealant surroundings to prevent moisture buildup and gas leaks
between glass panels (Bülow-Hübe, 2001). Although industry representatives believe their
production windows had a service life of up to 60 years, scientists had doubts and believed the
windows would only hold up as long as 25 years (Bülow-Hübe, 2001; Wolf, 1988).
For building occupants, safety is a key performance measure. A window can be used to
allow occupants to escape from internal danger, or grant access to unwanted guests. A window
should be designed to open easily during a fire, but have a good lock system to keep intruders
out. In non-emergency as well as emergency situations, a person should be able to open the
window without much force, which also allows for more efficient cleaning. The locking
mechanisms should keep intruders out, keep children in, and still be easy enough to unlock in the
event of an emergency (Bülow-Hübe, 2001).
Window aesthetics are a major contributor to a building’s appearance. Windows should
be designed to complement the building they are being constructed into, which is especially
important when renovating older buildings; newer window designs don’t automatically compliment
the facades on older building. A window should also have low costs of purchase and upkeep.
With the appropriate configuration for the environment, the window costs should be recouped
through energy savings over their potential 25-year lifetime. Given the more recent importance
placed on the environment, sustainability is now a performance requirement for windows as well;
sustainability includes the costs of production, costs of maintenance, costs of disposal, social
effect, economical effect, and ecological effect (Bülow-Hübe, 2001).
The main components of a window system are the frame and glazing. The vertical portion
of the window frame is the jamb and the horizontal portion is the sill; the frame sash is the
moveable portion that holds the glazing in place. The window glazing is the glass panel built into
the system; multiple glazing layer designs include metal or insulated spacers, as well as air gaps.
All of these components interact so that heat and light would transfer between the external and
internal environments, with the ultimate goal being increased light with reduced unwanted heat
transfer.
The principals of heat transport state that heat is always attracted a cooler area, or an
area with less heat; heat can be transmitted in the form of conduction, convection, and/or
radiation. The heat transfer method paths through a window are located in Figure 9. In the figure,
conduction is represented as a solid line and it is seen passing through the solid frame, as well as
through the spacer/air gap connections. Convection is represented as dashed line and is seen
looping in the air gap, as well as bouncing off the glazing on the center of the glass. Radiation is
represented as the wavy line and is shown passing straight through the window as well as
splitting on the opposite side. Conduction is a heat transportation method that moves between
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solids while convection moves between fluids, such as gas or liquid; radiation is transported via
light, whether it be visible or invisible. The heat transport through windows occurs with various
combinations of all heat transfer methods (Bülow-Hübe, 2001).
There are four ranges of radiation known as ultraviolet (UV) radiation, visible radiation,
near infrared radiation (IR), and IR radiation. UV radiation has a wavelength of less than 380
nanometers (nm), non-visible, and has minimal impact on the energy transfer through buildings;
UV can be harmful to people and textiles with long term exposure. Visible radiation falls in the
range of 380 nm to 780 nm and is approximately 50% of the atmospheric solar radiation
spectrum; it is the type of radiation that provides all-natural lighting. The near IR radiation range is
780 nm to 2500 nm and is approximately 40% of the atmospheric solar radiation spectrum. The
IR radiation range is 2500 nm or greater, and is the major contributor to heat gain through a
normal window (Bülow-Hübe, 2001).

Figure 9: The Three Methods of Heat Transfer Through a Window (Bülow-Hübe, 2001)
The transmittance of UV through a normal glass window is low enough, that it is not an
issue for humans, but can cause bleaching in paintings and textiles; there are special laminations
for glazing that can be added to prevent this bleaching. The solar energy transmittance through a
normal glass window is approximately 90%, which decreases with the glazing layers added to the
structure. The remaining solar energy is either reflected (8%) or absorbed as heat (2-3%). Solar
energy transmittance includes anything in the UV, visible, and near IR range of radiation
wavelengths. There are multiple components of solar energy transmittance, which include directly
transmitted energy and absorbed energy that create total solar energy transmittance when
combined. Total solar energy transmittance is the total transmittance measurement of UV,
Visible, and Near-IR energy; this is expressed as a ratio of energy transmittance through the
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glass known as the solar heat gain coefficient (SHGC), with a typical single pane glass window
having a SHGC of approximately 86% (Bülow-Hübe, 2001). Visible transmittance (Tvis) is another
ratio from this range of wavelengths that indicates how much visible spectrum sunlight penetrates
the window (Arasteh, 1994) (Table 15).
The U-value of a window measures how much heat is being transferred through the
system, referred to as Uw, and expressed as W/m2-K or BTU/hr-ft2-F (Arasteh, 1994; BülowHübe, 2001) (Table 15). Uw is the sum of window components including center of glazing (U cog),
the frame (Uf), and the thermal bridge around the glazing edges. There are two different ways of
calculating the overall U-value with the thermal bridge included; the first calculation method uses
an edge of glazing U-value (U eog) that is shown below in Equation 1 and is used primarily in North
America. The second calculation method uses a linear thermal transmittance value (Ψ) that is
multiplied by the glazing perimeter (Lg), the formula of which is shown below in Equation 2 and is
used primarily in Western Europe (Bülow-Hübe, 2001).

Equation 1: Window U-value Calculation Equation for North America; Area for center of glazing
(Acog), U-value for center of glazing (Ucog), Area for edge of glazing (Aeog), U-value for edge of
glazing (U eog), Area for frame (Af), U-value for frame (Uf), U-value for window (Uw) (Bülow-Hübe,
2001)

Equation 2: Window U-value Calculation Equation for Western Europe; Area for center of glazing
(Acog), U-value for center of glazing (Ucog), Area for frame (Af), U-value for frame (Uf), Glazing
perimeter (Lg), linear thermal transmittance (Ψ), Area for glazing perimeter (A g), U-value for
window (Uw) (Bülow-Hübe, 2001)
Table 15: Window Solar Transmittance Measurements, Standard and Metric (Arasteh, 1994;
Bülow-Hübe, 2001)

When considering windows with multiple glazing layers, multiple reflections and
polarization must also be considered. The true calculations for the transmittance between multiple
layers can be found in ISO 9050:1990 (Bülow-Hübe, 2001; International Organization for
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Standardization, 1990). If an estimate is necessary, it can be obtained through multiplication of
the individual pane transmittance. Transmittance is also heavily influenced by incidence angle; up
to about 60°, the transmittance remains constant, but drops quickly to 0% once it gets to 90°
Properties depending on incidence angles change when special coatings are added to the
glazing. Typically, the ISO 9050 standard was used to calculate the SHGC in Europe, while the
United States used ASTM E87-891 and the corresponding ISO 9845-1:1992 standard. In an
attempt to standardize these calculation methods, businesses were encouraged to use the ISO
9845-1 standard. There was some resistance to this adoption due to the 3-4% increase in SHGC
when calculating between standards, which made the products look less efficient (Bülow-Hübe,
2001).
In glazing, the two sources of heat transfer are from the radiation exchanged between the
glazing layers and surroundings, as well as convection through the gaps in the glazing near the
edges of the system. In a double-glazed window, radiation accounts for approximately 70% of the
heat transfer. The total thermal resistance is calculated through the sum of each glazing layer, the
gap resistances sum, the internal surface resistance, and the external surface resistance. The
glazing U-value, Ucog, is an inverse of the total thermal resistance. The gaps in a window transfer
heat through convection, which is calculated by taking the known heat transfer coefficient of the
gas and dividing by the width of the gap, and multiplying by the difference in interior/exterior
surface temperatures on the window; a denser gas will allow for a lower U-value in the window
(Bülow-Hübe, 2001).
Frame and sash heat loss is due to conduction through the materials. Due to its lower
conductivity of 0.069 BTU/hr-ft-F (0.12 W/m-K), wood is the most optimal frame material;
aluminum has a conductivity of 127 BTU/hr-ft-F (220 W/m-K) (Bülow-Hübe, 2001; Thyholt,
Andresen, Hugdal, & Aschehoug, 1994). Spacers, which are placed between glazing layers to
assure constant separation, also play an important role in heat conduction. Traditional spacers
were galvanized steel or aluminum, but had recently been designed to include some form of
thermoplastic base and desiccant to achieve lower conductance. The sealant between the
glazing and the spacers also helps to keep the conductance and U-values low. Much of the older
window designs focused on the glazing, but more attention must be set on the sash and frame as
well as its interface with the glazing to further reduce U-values. This must be accomplished while
allowing designs to be architecturally and visually appropriate for the market (Bülow-Hübe, 2001).
For windows oriented on the south face of a house, the amount of solar radiation
admitted exceeds the energy lost and is important for climates where heating needs in the winter
far outweigh the cooling needs in the summer. For climates that have higher cooling needs, the
light through the window is only necessary while a room is occupied; when a room is unoccupied,
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there are unnecessary energy costs from the solar radiation transmission. Advanced windows
can control the impact of solar radiation without altering the functionality of the window (Arasteh,
1994).
Market U-values, SHGC, Tvis, and air leakage are calculated and certified for most market
windows by the National Fenestration Rating Council. Figure 10 has an example label for the US
market. The U-value is for the Uw and should fall between 0.15 and 1.20 (BTU/ hr-ft2-F). The
SHGC is a percentage that should be higher for colder climates and lower for hotter climates. The
Tvis is a percentage that should be higher to allow more daylight thorough. The air leakage is a
value that is the volume per time per crack length and should fall between 0.1 and 0.3 (cfm/ft2).

Figure 10: NFRC Window Label; (a) Window Company, Name, and Model (b) U-value for
Window (Uw) in BTU/hr-ft2-F (c) Solar Heat Gain Coefficient (SHGC) (d) Visible Transmittance
(Tvis) (e) Air Leakage in cfm/ft2 (National Fenestration Rating Council, 2012)
1973 was the year when energy consumption of windows became a focus for research;
previous to this, the energy impacts, which were estimated to be the source of 5% of total energy
usage in the United States, were ignored (Arasteh, 1994; Frost, Arasteh, & Eto, 1993). The oil
crisis of 1973 increased oil costs, which peaked the concern for energy consumption for the
public, private, and research sector alike. The immediate reaction to mitigate the energy
consumption from windows was to board up existing windows, design new buildings with smaller
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window spaces, and focus research on improving optics and heat transfer in windows. Initial
research innovations in the 1970’s and early 1980’s focused on improving existing window
technology by adding multiple glazing layers. This method did decrease the U-values, but the
weight and cost was increased while solar transmittance decreased (Arasteh, 1994).
Research in the mid 1970’s found most heat transfer was from the infrared radiation
passing through the window glazing layers (emissivity = 0.84). The US Department of Energy
(DOE) contracted a company, Suntek/Southwall, to develop a transparent glass coating that
would have low emissivity (low-e). By 1983, the company made a product available that had a
sliver based coating applied to a thin film (emissivity = 0.15) and it was required to be installed in
between the layers of glazing instead of externally; this film cut the rate of heat loss by 50%
(Arasteh, 1994). Low-e coatings were able to reflect the long wave (IR) portion of the spectrum,
giving an emittance of less than 20% through the window and cutting the coating can increase
heat energy insulation better than an extra glazing panel, while still allowing a similar visual
transmittance as uncoated clear glass (Bülow-Hübe, 2001).
In the 1980’s, other companies took to innovating ways to mass-produce low-e coated
glass; the processes that came of this innovation were pyrolytic and sputtered. The pyrolytic
process was incorporated into the production of the glass, composed of a tin oxide mixture, which
made for a more durable (hard) coating. The thickness for this coating can be 400 nm and is
usually installed on the exterior side of the glazing due to its strength. The sputtered process
involved depositing the coating with a vacuum based system, composed of a silver mixture, which
created a less durable (soft) coating. This process can have a 10 nm thick layer that is
susceptible to the elements (weather or cleaning), and must be installed on the interior side of a
glazing panel. The pyrolytic process had higher emissivity (15-16%) and higher solar
transmittance, but the sputtered system had lower emissivity (4%). Table 16 has multiple glazing
types including the sputtering and pyrolytic processes of low-e, clear float glazing, multiple colors
of absorbing glazing, and solar control glazings; the table includes the visual transmittance, visual
reflectance for the interior and exterior sides, direct solar transmittance, solar reflectance for the
interior and exterior sides, and emittance for the exterior and interior sides. In the case of this
table, the exterior side is where the pyrolytic process is installed, and the interior side is where the
sputtered process is installed. The visual reflectance and transmittance measures the visible light
spectrum, the solar reflectance and transmittance measures the radiative light spectrum, and
emittance measures the IR light spectrum (Arasteh, 1994; Bülow-Hübe, 2001).

60

Table 16: Physical Data for Different Types of Glazing; Visual Transmittance (Tvis), Visual
Reflectance Exterior/Interior (Rvis1, Rvis2), Direct Solar Transmittance (Tsol,dir), Solar Reflectance
Exterior/Interior (Rsol1,Rsol2), and Emittance Exterior/Interior (ε1, ε2) (Bülow-Hübe, 2001)

Since the low-e coatings reduced heat transfer from radiation, research had to further
evaluate reducing conductive and convective heat transfer. Changing gases in the air gap was
what scientists focused on next. In the 1980’s, scientists found a few gas types that were both
safe for humans and cost effective. Table 17 lists human safe gases used in window air gaps,
along with their corresponding thermal conductivities. When properly manufactured with quality
sealant, there was less than 1% gas loss per year (Arasteh, 1994).
Table 17: Thermal Conductivities of Gasses, Standard and Metric (Arasteh, 1994)

Manufacturers were able to offer advanced windows by the late 1980’s, which included a
combination of the aforementioned technology such as double low-e glazed with argon filled
window units. These units were producing U-values for the center of glazing (Ucog) of 0.25 - 0.35
Btu/hr-ft2-F (1.42 - 1.99 W/m2-K). The late 1980’s saw innovations in air infiltration prevention
through filling external and internal gaps with highly insulating materials that prevented airflow
and conduction through a frame (Arasteh, 1994).
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The design focus shifted to the frame in the early 1990’s. Wood and aluminum framing
already existed, so frames were redesigned to improve the effects of heat transfer; new frame
materials, such as vinyl, started to appear on the market. Different glazing spacer technology also
appeared on the market around this time. With traditional spacer technology being metal,
conductive heat transfer was high for windows. Innovative technologies included strong metalbased spacers with foam insulation or thermal break around the outside (Arasteh, 1994).
With advancements in window technology, by 1992 the U-values for center-of-glazing
(Ucog) had gotten as low as 0.10 Btu/hr-ft2-F (0.57 W/m2-K). This was a 60% to 80% improvement
in the windows that existed as recently as the mid 1980’s. This Ucog is only a portion of the
window’s total U-value (Uw), which in 1992 averaged 0.15 to 0.25 Btu/hrft2-F (0.85 to 1.42 W/m2K) (Byars & Arasteh, 1992). The minimum value still exceeded the 2010 Passivhaus Institute
maximum of 0.14 Btu/hr-ft2-F (0.8 W/m2-K) but fell within Northern European standards which
varied between 0.14 and 0.42 Btu/hr-ft2-F (0.8 and 2.4 W/m2-K) (Gustavsen et al., 2010; Van Den
Bossche, Buffel, & Janssens, 2015).
The study completed by Byars and Arasteh (1992) used ANSYS simulations to optimize
the current window frame designs for the time. The authors used varying material combinations
that included solid wood, aluminum spacers, insulated spacers, and vinyl cladding. Alterations in
design included differing cladding thicknesses, changing the jamb conductivity, and changing the
sash conductivity (Byars & Arasteh, 1992).
In one of the simulations, the jamb and sash conductivities were changed from 100%/
100% to 50%/10% the conductivity of wood. This was to simulate the changing of the wood
material to insulation or some other construction type such as vinyl and aluminum. The window
constructed with aluminum spacers had a frame U-value (Uf) of 0.36 Btu/hrft2-F (2.04 W/m2-K) for
the initial conductivity and 0.14 Btu/hr-ft2-F (0.79 W/m2-K) for the altered conductivity. The window
constructed with wood spacers had a Uf of 0.28 Btu/hrft2-F (1.59 W/m2-K) for the initial
conductivity and 0.11 Btu/hr-ft2-F (0.62 W/m2-K) for the altered conductivity. The window
constructed with polystyrene insulated spacers had a U f of 0.26 Btu/hr-ft2-F (1.48 W/m2-K) for the
initial conductivity and 0.10 Btu/hr-ft2-F (0.57 W/m2-K) for the altered conductivity (Byars &
Arasteh, 1992) (Table 18).
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Table 18: Various Frame Materials, Spacer Materials, Cladding Materials, Cladding Size, Frame
U-value (Uf), Window U-value (Uw), Comparison of Solid Wood and Altered Jamb/Sash
Conductivity, Comparison of Cladding Thicknesses, and Comparison of Uf and Uw in Standard
and Metric (Byars & Arasteh, 1992)

Another simulation changed the thickness of the vinyl cladding from 0.04” to 0.08” and
included different spacer types. With a solid wood sash, the 0.04” cladding had a Uf of 0.37
Btu/hr-ft2-F (2.10 W/m2-K) with an aluminum spacer and a Uf of 0.27 Btu/hr-ft2-F (1.53 W/m2-K)
with an insulated spacer. The 0.08” cladding had a Uf of 0.27 Btu/hr-ft2-F (1.53 W/m2-K) with an
insulated spacer. With a polystyrene insulated sash, the 0.04” cladding had a Uf of 0.19 Btu/hr-ft2F (1.08 W/m2-K) with an aluminum spacer and a Uf of 0.11 Btu/hr-ft2-F (0.62 W/m2-K) with an
insulated spacer. The 0.08” cladding had a Uf of 0.14 Btu/hr-ft2-F (0.79 W/m2-K) with an insulated
spacer (Byars & Arasteh, 1992) (Table 18).
The simulations were also used to compare the Uf with the Uw. A conventional solid wood
frame with an aluminum spacer had a Uf of 0.36 Btu/hr-ft2-F (2.04 W/m2-K) and a Uw of 0.23
Btu/hr-ft2-F (1.31 W/m2-K). A conventional solid wood frame with an insulated spacer had a Uf of
0.26 Btu/hr-ft2-F (1.48 W/m2-K) and a Uw of 0.17 Btu/hr-ft2-F (0.96 W/m2-K). A jamb/sash frame
with 50%/10% the conductivity of wood with an insulated spacer had a Uf of 0.10 Btu/hr-ft2-F (0.57
W/m2-K) and a Uw of 0.13 Btu/hr-ft2-F (0.74 W/m2-K) (Byars & Arasteh, 1992) (Table 18).
The author observed varying levels of improvement in the simulations presented in this
paper. When changing the jamb and sash conductivities, the Uf decreased to 61% of the original
value, regardless of spacer material. The values among the spacer materials, regardless of jamb
and sash conductivity, left aluminum with the highest Uf, wood having a slightly higher Uf than
insulation, and insulation having the lowest U f. When the cladding thickness was changed on a
wood filled sash, there was no observed difference in the U f. When the cladding thickness was
changed on an insulation filled sash, there was a 22% increase in U f. The difference in U-values
when comparing the calculated Uf and Uw indicated the Uf was 54 to 55% higher than the Uw for
the solid wood frames, and 23% lower for the altered jamb and sash conductivity frame. The
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author predicted that changing the frame and sash design, and changing to a lower conductivity
spacer would drastically improve the Uf and Uw values (Byars & Arasteh, 1992) (Table 18).
Cavity heat transfer involves a combination of conduction, convection, and radiation. Air
cavities are calculated as a solid material that has effective conductivity due to the difficulty of
calculating the other heat transfer components. When air cavities were experiencing infiltration,
the air was heated by the frame, and the frame thermal transmittance appeared to be reduced.
When air cavities were experiencing exfiltration, the frame was heated by the air, and the frame
thermal transmittance appeared to increase (Gustavsen, Jelle, Arasteh, & Kohler, 2007; Hallé,
Bernier, Patenaude, Jutras, & Carpenter, 1998).
Effective conductivity is a combination of the effects of conduction, convection, and
radiation, and has been calculated in different studies through different methods. Conduction
calculations from standards were used with great accuracy for solid frames with one of the
methods for calculating the effective conductivity was to treat the cavity as a solid. Two studies
used slightly different methods but the same formula, shown below in Equation 3, to calculate the
effective conductivity for the cavity (Gustavsen, Jelle, et al., 2007).

Equation 3: Effective Conductivity Calculation Equation for a Cavity; Equivalent Conductivity (λ eq),
Conductivity of Air (λair), Nusselt Number (Nu), Black-Body Radiative Heat Transfer Coefficient
(hr), Air Cavity Length (L), Hot and Cold Side Cavity Wall Emissivities (εH, εC) (Carpenter &
McGowan, 1989; Gustavsen, Jelle, et al., 2007)
Jonsson (1985) used the same radiative heat transfer coefficient (hR) for different
geometries and obtained U-values of 0.49 Btu/hr-ft2-F (2.79 W/m2-K) for a wood frame and 0.75
Btu/hr-ft2-F (4.23 W/m2-K) for an aluminum frame. Carpenter and McGowan (1989) used different
hR for different geometries and obtained U-values of 0.37 Btu/hr-ft2-F (2.1 W/m2-K) for a wood
frame and 1.97 Btu/hr-ft2-F (11.2 W/m2-K) for an aluminum frame (Carpenter & McGowan, 1989;
Gustavsen, Jelle, et al., 2007; Jonsson, 1985).
Radiation measurements found using view-factors instead of calculation procedures in
ISO 10077-2, which are correlations for natural convection, resulted in a much more accurate Uvalue (Gustavsen, Jelle, et al., 2007; Noyé, Laustsen, & Svendsen, 2002; Svendsen, Duer, &
Noyé, 2000). The effects of convection in window frames with cavities were also studied, and one
author compared the convection correlations in cavities from various standards to those found in
literature. He found that standard correlations weren’t necessary accurate, especially with sill and
head aspect ratios between 0.5 and 5 (Gustavsen, 2001; Gustavsen, Jelle, et al., 2007).
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In another paper, Gustavsen et al. (2001) found through infrared thermography
verification that computational fluid dynamics (CFD) was shown to have good accuracy for
predicting thermal transmittance in a frame (Gustavsen, Griffith, & Arasteh, 2001; Gustavsen,
Jelle, et al., 2007). Gustavsen et al. (2005) studied the accuracy of ISO 15099 calculations for
rating a window and found that complex cavities should have subdivisions (Gustavsen, Arasteh,
Kohler, & Curcija, 2005; Gustavsen et al., 2001; Gustavsen, Jelle, et al., 2007). Unlike the
previous papers, which only studied the CFD for cavities, Gustavesen et al. (2007) studied the
cavities and frames through CFD and conduction simulation. Using ISO 15099 procedures, there
was an 8.5% difference between CFD and conduction simulation. CFD, although very accurate
for two-dimensional simulation, wasn’t chosen over conduction simulations due to the lack of
simple three-dimensional simulations (Gustavsen, Arasteh, Kohler, & Dalehaug, 2007;
Gustavsen, Jelle, et al., 2007).
The review from Gustavsen et al. (2007) focused on frames that met the requirements of
the Passivhaus Institute in Germany, and were found on the European market. The frames the
author evaluated fall into 8 groups, which are as follows: wood frame, wood frame with aluminum
cladding, pvc frame, pvc frame with aluminum cladding, aluminum frame, fixed wood with
aluminum frame, and window frame with higher U-values than Passivhaus requirements
(Gustavsen, Jelle, et al., 2007).
The wood frames evaluated consisted of a structural wood frame with polyurethane filling
with only some of the frames having aluminum cladding. The wood frames with insulation filled
aluminum cladding also consisted of a structural wood frame with polyurethane filling, but all of
the frames had aluminum cladding. The aluminum cladding was filled with either polyurethane or
polystyrene. The polyvinylchloride (PVC) frames consisted of a structural PVC frame with
polyurethane insulation in different portions of the gaps, and PVC cladding. The PVC frames with
insulation filled aluminum cladding were the same as the other PVC frames, but filled with
polyurethane in the aluminum cladding, and none in the frame itself. The aluminum frame was
constructed solely of an aluminum alloy, but completely filled with polyurethane. The fixed wood
with aluminum frame is half polyurethane filled aluminum and half solid wood. The windows
evaluated that had a higher u-value than the Passivhaus requirements consisted of a two-glazing
layer wood frame with polyurethane insulation, and a three-glazing layer wood frame without
polyurethane insulation (Gustavsen, Jelle, et al., 2007).
Using procedures from ISO 10077-2, Gustavsen et al. (2007) found the following frame
U-values: wood was 0.12 Btu/hr-ft2-F (0.65 W/m2-K), wood with aluminum cladding was 0.12
Btu/hr-ft2-F (0.68 W/m2-K), PVC was 0.13 Btu/hr-ft2-F (0.71 W/m2-K), PVC with aluminum
cladding was 0.15 Btu/hr-ft2-F (0.82 W/m2-K), aluminum was 0.13 Btu/hr-ft2-F (0.71 W/ m2-K), and
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fixed wood with aluminum was 0.11 Btu/hr-ft2-F (0.63 W/m2-K). The author did extensive research
and found the thermal conductivities (Btu/hr-ft-F, W/mK) for various materials in the windows
shown in Table 19 (Gustavsen, Jelle, et al., 2007).
Table 19: Thermal Conductivities of Various Materials, Standard and Metric (Gustavsen, Jelle, et
al., 2007)

Although some thermal conductivities were lower, the material might not have the correct
mechanical strength that a window requires. A designer should also look at durability and
environmental impacts of the materials as well. Although using windows in their intended
environment was safe, a fire could create a toxic chemical release from the burning of materials.
Polyurethane turns to hydrogen cyanide when burned, but other insulations such as
polypropylene and polyethylene only release CO2 during a fire (Gustavsen, Jelle, et al., 2007).
Gustavsen et al. (2011) used simulations to analyze the effects that changing frame
material, spacer conductivity, and surface emissivity would have on the U-values for the edge ofglazing and frame (Ueg, Uf). The calculations used in the simulations were derived from ISO
15099 and five frames were analyzed, which included the following: aluminum with polyurethane
insulation (A), aluminum with a polyamide reinforced with glass fiber thermal break and aerogel
insulation (B), wood with polyurethane insulation (C), solid wood (D), and hollow PVC (E)
(Gustavsen, Grynning, Arasteh, Jelle, & Goudey, 2011) (Table 20).
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Frame A was evaluated by changing the thermal break and spacer conductivity. The
baseline thermal break conductivity used for simulation was the one that the author estimated for
polyurethane, which was 0.052 Btu/hr-ft-F (0.089 W/m-K). The baseline spacer conductivity used
for simulation was the known thermal conductivity of ethylene propylene diene monomer (EPDM),
which was 0.15 Btu/hr-ft-F (0.25 W/m-K). The first simulation of frame A kept the baseline thermal
break conductivity but changed the spacer conductivity to 0.058 Btu/hr-ft-F (0.1 W/m-K) and an
8% reduction in the Uf was observed. The second simulation kept the baseline spacer
conductivity but changed the thermal break conductivity from to 0.023 Btu/hr-ft-F (0.04 W/m-K)
and a 27% reduction in the Uf was observed. The third simulation changed both the thermal break
conductivity and the spacer conductivity and a 34% reduction in the U f was observed (Gustavsen
et al., 2011) (Table 20).
Frame B was evaluated by changing the thermal break and spacer conductivity. The
baseline thermal break conductivity used for simulation was the known thermal conductivity of
polyamide with 25% glass fiber, which was 0.10 Btu/hr-ft-F (0.1733 W/m-K). The baseline spacer
conductivity used for simulation was the known thermal conductivity of EPDM, which was 0.15
Btu/hr-ft-F (0.25 W/m-K). The first simulation frame B kept the baseline thermal break conductivity
but changed the spacer conductivity to 0.058 Btu/ hr-ft-F (0.1 W/m-K) and a 10% reduction in the
Uf was observed. The second simulation kept the baseline spacer conductivity but changed the
thermal break conductivity to 0.058 Btu/hr-ft-F (0.1 W/m-K) and a 5% reduction in the Uf was
observed. The third simulation changed both the thermal break conductivity and the spacer
conductivity and a 15% reduction in the Uf was observed (Gustavsen et al., 2011) (Table 20).
Frame C was evaluated by changing the thermal break and spacer conductivity. The
baseline thermal break conductivity used for simulation was the known thermal conductivity for
polyurethane 120M, which was 0.17 Btu/hr-ft-F (0.029 W/m-K). The baseline spacer conductivity
used for simulation was the known thermal conductivity of EPDM, which was 0.15 Btu/hr-ft-F
(0.25 W/m-K). The first simulation of frame C kept the baseline thermal break conductivity but
changed the spacer conductivity to 0.058 Btu/hr-ft-F (0.1 W/m-K) and a 12% reduction in the Uf
was observed. The second simulation kept the baseline spacer conductivity but changed the
thermal break conductivity to 0.012 Btu/hr-ft-F (0.02 W/m-K) and a 5% reduction in the Uf was
observed. The third simulation changed both the thermal break conductivity and the spacer
conductivity and a 17% reduction in the Uf was observed (Gustavsen et al., 2011) (Table 20).
Frame D was evaluated by changing the frame material and spacer conductivity. The
baseline frame material conductivity used for simulation was the known thermal conductivity of
Nordic pine, which was 0.069 Btu/hr-ft-F (0.12 W/m-K). The baseline spacer conductivity used for
simulation was the known thermal conductivity of EPDM, which was 0.15 Btu/hr-ft-F (0.25 W/m67

K). The first simulation of frame D kept the baseline frame material conductivity but changed the
spacer conductivity to 0.058 Btu/hr-ft-F (0.1 W/m-K) and an 8% reduction in the Uf was observed.
The second simulation kept the baseline spacer conductivity but changed the frame material
conductivity to 0.035 Btu/hr-ft-F (0.06 W/m-K) and a 34% reduction in the Uf was observed. The
third simulation changed both the frame material conductivity and the spacer conductivity and a
42% reduction in the Uf was observed (Gustavsen et al., 2011) (Table 20).
Frame E was evaluated by changing the PVC emissivity and the spacer conductivity. The
baseline PVC emissivity used for simulation was the known emissivity, which was 0.520 Btu/hr-ftF (0.9 W/m-K). The baseline spacer conductivity used for simulation was the known thermal
conductivity of EPDM, which was 0.15 Btu/hr-ft-F (0.25 W/m-K). The first simulation of frame E
kept the baseline emissivity but changed the spacer conductivity to 0.058 Btu/hr-ft-F (0.1 W/m-K)
and a 7% reduction in the Uf was observed. The second simulation kept the baseline spacer
conductivity but changed the emissivity to 0.405 Btu/ hr-ft-F (0.7 W/m-K) and a 10% reduction in
the Uf was observed. The third simulation changed both the emissivity and the spacer
conductivity from and a 16% reduction in the Uf was observed from the calculations (Gustavsen et
al., 2011) (Table 20).
Different configurations resulted in varying levels of improvement, but weren’t necessarily
correlated to frame material. Frame A (Aluminum) and frame D (Wood) resulted in substantial Uf
reductions through improving the thermal break (19%) or the material conductivity (26%) over the
spacer conductivity, respectively. Frame B (Aluminum) and frame C (Wood) resulted in much
reductions through improving the spacer (5%, 7%) over the thermal break conductivity. Frame E
had the smallest Uf reduction when improving the emissivity over the spacer conductivity (3%).
When Gustavsen et al. (2011) calculated the total U-value for the window (Uw), they observed
that material changes improved potential total performance for frames A, D, and E more
substantially than frames B and C (Gustavsen et al., 2011) (Table 20).
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Table 20: Various Frame Materials, Thermal Break Materials, Spacer Conductivity, Thermal
Break Conductivity, and Thermal Break Emissivity in Standard and Metric; The Frame U-value
(Uf) Reduction for Altered Spacer Conductivity, Thermal Break Conductivity, Difference between
Reductions, and Total Reduction (Gustavsen et al., 2011)

Van Den Bossche et al. (2015) used simulations to analyze and optimize several window
types based on designs available on the Belgian market. The calculations used in the
simulations, Uf, were derived from a corrected form of ISO 10077-2. In this study three frame
materials were studied which included aluminum, wood, and vinyl. The aluminum frame included
a polyamide reinforced with glass fiber thermal break and included an interior and central gasket.
The wood frame was solid hardwood with interior and central gaskets. The vinyl frame included a
steel profile for added strength, as well as an interior and exterior gasket (Van Den Bossche et
al., 2015).
The calculations using the corrected form compared to only ISO 10077-2, which is used
to determine market U-values, had the lowered difference of 2% for vinyl and 1% for wood and
aluminum. With the corrected analysis, the author observed the following Uf-values for double
glazed frames: aluminum was 0.49 Btu/hr-ft2-F (2.773 W/m2-K), wood was 0.30 Btu/hr-ft2-F
(1.707 W/m2-K), and vinyl was 0.27 Btu/hr-ft2-F (1.503 W/m2-K) (Van Den Bossche et al., 2015).
Static glazing on windows have fixed thermal and optical properties including Tvis, Uvalue, and the SHGC. This is different from dynamic window glazing which has more active
thermal and optical properties such as electrochromic or chromogenic. Examples of dynamic
glazing include phase change materials, photovoltaic cells, and aerogel (Hee et al., 2015). Given
the installation of only statically glazed windows in the TxAIRE houses, we will only focus on
those technologies.
When compared in a Malaysian simulation by Tahmasebi et al. (2011), the difference
between double and triple glazing energy consumption was noticeable; the difference ranged
anywhere from 3% to 15% depending on the orientation, with double glazing being the higher
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energy consumer. According to the energy consumption data, the east facing windows consumed
significantly more energy, and the north facing windows consumed the least of all orientations.
When these two orientations were compared, there was a window-to-wall ratio (16%-41%)
dependent energy savings of 10% to 20% for double glazed windows and 6% to 13% for triple
glazed windows (Tahmasebi, Banihashemi, & Hassanabadi, 2011). This translated to three
things: the double glazed allowed for a gain in solar heat, the triple glazed allowed for a reduction
in thermal transmittance, and the thickness from the triple glazing meant for less thermal
conductance through the window (Hee et al., 2015).
A simulation done by Jaber & Ajib (2011) found that triple glazed windows had the best
performance with 20 to 24% energy savings over a single glazed window, but it wasn’t
economically feasible in some climates. The payback period for a triple glazed window in Amman
and Aqaba was 109 and 128 years respectively, while Berlin was 15 years. For Amman and
Aqaba, the best window with reasonable payback periods were the double-glazed air-filled
windows with a payback period of 14 and 21 years respectively (Jaber & Ajib, 2011). With an
increase in glazing layers, the heating and cooling loads decreased; the cooling load decrease
was slight compared to heating load, which would be why the payback period was much lower for
the colder climate of Berlin, as opposed to Amman or Aqaba (Hee et al., 2015; Jaber & Ajib,
2011).
The effect low-e glazing has on energy use was studied by Sweitzer et al. (1987) in a
simulation, which compared different tints and glazing combinations. The analysis indicated that a
hotter climate (Lake Charles, La) would require a higher cooling load than a cooler climate
(Madison, Wi), while a cooler climate would require a higher heating load than a hotter climate.
The cooling load differences were always higher on south facing windows, while the heating load
difference was always higher on the north facing windows. The cooling load difference between
climates was approximately 60% to 67% while the heating load difference between climates was
approximately 85% to 89%. The difference between load types was 18% to 28%, concluding that
it is significantly more important to use improved windows in cooler climates. When comparing
regular and low-e glazing, the hotter climate had a cooling load difference of 9% while the cooler
climate was 6%. The differences for heating loads were 38% for hotter climates and 30% for
cooler climates. Low-e glazing made more of a difference in hotter climates regardless of the load
type, but there was much greater electricity savings for both climates with the heating load
(Sweitzer, Arasteh, & Selkowitz, 1987).
Low-e glazing effects on energy usage in Malaysia were also studied in a simulation by
Sadrzadehrafiei et al. (2011). They compared single clear glazing to single low-e glazing and
double low-e glazing. The authors found the single low-e glazing had a 3.1% energy savings and
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the double low-e glazing had a 3.9% savings compared to the annual energy usage of the single
clear panes. There was a 0.8% energy savings between the single and double glazed low-e
windows (Sadrzadehrafiei, Sopian, Mat, & Lim, 2011).
A simulation by Stegou-Sagia et al. (2007) evaluated several configurations of window
glazing in two climates from Greece. The study indicated a double-glazed window used 15% less
energy than a single glazed window for space heating, and 5% less energy for space cooling.
The lighting energy use was 25% higher for the double-glazed window (Stegou-Sagia,
Antonopoulos, Angelopoulou, & Kotsiovelos, 2007).
Lee et al. (2013) found through simulation that with a change of climate comes differing
needs for window properties such as orientation, window to wall ratio, and U-value. The study
identified north and south orientations had lower energy use than east and west orientations in
warmer climates, while all orientations had an equal energy usage in the cooler climates.
Northern oriented windows had the lowest energy consumption in the warmer climates and
southern oriented windows had the lowest energy consumption in the cooler climates. The
window to wall ratio correlated the reduction in energy use with the reduction in ratio percentage
for all climates, and the reduction in cooling load was more significant than the heating load. The
U-value correlated the reduction in value with a reduction in energy load, as well as a more
significant reduction in heating load than cooling load (Lee, Jung, Park, Lee, & Yoon, 2013).
A simulation evaluated by Hee et al. (2015) compared the following glazing types to a
base model: single clear, double clear, and double low-e clear. The simulation indicated the
lighting load only changed up to 2.6% between single clear and double low e glazing, and
orientation had minimal effect. The cooling load savings were seen most with the double low-e
glazing, while the single clear glazing showed cost instead of savings (Hee et al., 2015).
Window optimization simulations were done by Hassouneh et al. (2010) for Amman,
Jordan. The author followed guidelines for finding the best type of windows: reduce heat loss,
save energy, save money, and have initial low cost. These simulations calculated the costs and
savings of the heating load in the winter for various window types including single clear glazed,
double clear glazed, double low-e glazed, and two brands of double solar control glazing
(Hassouneh, Alshboul, & Al-Salaymeh, 2010; Hee et al., 2015).
All northern oriented windows, aside from the low-e glazing, had energy costs associated
with them instead of energy savings. The low-e glazing had an increase in savings with an
increase in wall-to-window ratio. The single clear glazing had the worst energy performance of all,
and the Silverstar Sunstop Neutral 50 glazing had the worst energy performance of the doubleglazed windows. The author recommended that when installing most window types in the north
for this climate, to decrease the wall-to-window ratio. The energy savings to glass cost ratio for
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the first year was 47% cost for single clear glazed, 3% cost for double clear glazed, 3% savings
for double low-e glazed, 4% cost for double Silverstar Sunstop Neutral 50 glazed, and 1% cost for
double Solar-E glazed (Hassouneh et al., 2010; Hee et al., 2015) (Table 21).
In all southern oriented windows, the energy savings increased as the wall-to-window
ratio increased. The low-e glazing had the best energy performance of all the windows, while the
single clear glazing had the worst energy performance. The worst energy performance from the
double-glazed windows was the Silverstar Sunstop Neutral 50 glazing. The energy savings to
glass cost ratio for the first year was 59% for single clear glazed, 20% for double clear glazed,
14% for double low-e glazed, 7% for double Silverstar Sunstop Neutral 50 glazed, and 8% for
double Solar-E glazed (Hassouneh et al., 2010; Hee et al., 2015) (Table 21).
All eastern and western oriented windows also had the energy savings increase with the
wall-to-window ratio increase, except their savings were lower than the southern oriented
windows. The low-e glazing had the best energy performance of all the windows, while the single
clear glazing had the worst energy performance. The worst energy performance from the doubleglazed windows was the Silverstar Sunstop Neutral 50 glazing. The energy savings to glass cost
ratio for the first year was 24%(W) to 35%(E) for single clear glazed, 12%(W) to 14%(E) for
double clear glazed, 10%(W) to 12%(E) for double lowe glazed, 4%(W) to 5%(E) for double
Silverstar Sunstop Neutral 50 glazed, and 5%(W) to 6%(E) for double Solar-E glazed (Hassouneh
et al., 2010; Hee et al., 2015) (Table 21).
With this climate, the northern orientation had the most energy use associated, while the
southern orientation had the least. Regardless of orientation, the low-e glazed windows had the
best energy performance. The worst performances came from the single clear glazed for overall,
and the Silverstar Sunstop Neutral 50 glazed for double glazing. When factoring in costs, low-e
glazed had the best return on investment for the northern orientation and single clear glazed had
the best return on investment for the other orientations. Since low-e was the best performing, it
would be strongly considered in the installation of new windows. Low-e was the best choice for a
northern orientation install, and a decent choice for the east and west orientations. The best
choice for south, east, and west orientations was the double clear glazed window with an
increased window size to decrease the payback period (Hassouneh et al., 2010; Hee et al., 2015)
(Table 21).
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Table 21: Energy Savings for Various Glazing Types Including Single Clear, Double Clear,
Double Low-e, Double Sunstop Neutral 50, and Double Solar-e (Hassouneh et al., 2010)

The radiative heat transfer is decreased between the glazing layers by low-e coatings,
but this doesn’t solve the conductive and convective heat transfer issue. Convection and
conduction can be reduced using an inert gas fill such as argon or krypton, or gas evacuation. A
unit containing double vacuum glazing was developed with a thermal transmittance of 0.26
BTU/h-ft2-F (1.5 W/m2-K) (Manz, 2008). Another study concluded that it was theoretically possible
to achieve thermal transmittances of 0.07 BTU/h-ft2-F (0.4 W/m2-K) for vacuum glazing (Manz,
2008; Weinlaeder, Ebert, & Fricke, 2005).
The total cavity thermal conductance in a gas filled cavity is the sum of gas thermal
conductance and radiative thermal conductance, while the total cavity thermal conductance in a
vacuum cavity is the sum of the previous two thermal conductance with an additional pillar
thermal conductance. Radiative thermal conductance is the conduction through a cavity due to
radiation, which factors in glazing emissivity and cavity temperature. With an emissivity of 0.04 for
both glazing surfaces, the radiative thermal conductance can theoretically get as low as 0.02
BTU/h-ft2-F (0.1 W/m2-K), which is negligible. Pillar thermal conductance is the conductive heat
transfer through the supports between glazing panels, and has the largest effect on total
conductance. The mean free path determines the thermal conductance of gas in a glazing
system. Conduction is impossible if the mean free path is longer than the cavity gap due to the
molecules being unable to transfer heat between each other. In a vacuum glazing unit, which has
a pressure of 1.45e-5 psi (10-1 Pa), the thermal conductance is 0.02 BTU/h-ft2-F (0.1 W/m2-K) or
less; this conductance makes gas conduction heat transfer negligible in a vacuum glazed unit
(Manz, 2008).
Heat can enter the cavity by other means than just the glazing surface. The edge seal,
which keeps the gases or vacuum in and the moisture out, is one element that has a major
thermal impact on the cavity heat transport. The edge seal has a decreased heat transfer with
decreased size, but it is necessary to have some amount of seal width for gas tightness and
mechanical reasons. The frame also has a large impact on heat transfer through the cavity. Since
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a majority of the heat comes in through the frame or pillars, it is optimal to design the window with
a large glazing area (Manz, 2008).
Vacuum glazing is the best choice for cavity options since a double-glazed unit has lower
heat transmittance than triple glazed air-filled units, but there is currently no way to mass
manufacture it at a low enough cost. Argon is typically the gas of choice used for gas insulated
glazing due to its ease of installation and financial feasibility Bulow-Hube (2001) conducted
simulations that compared low-e coating, altered glazing layers, emissivity, and gas fills to find
the resulting Ucog. In windows with emissivities of 0.10, the Ucog was 17% lower for argon as
compared to air with the double glazing and 14% lower for the triple glazing. In windows with
emissivities of 0.04, the Ucog was 20% lower for argon as compared to air with the double glazing,
and 17% lower for the triple glazing. In windows with an emissivity of 0.04 and double glazed, the
Ucog was 27% lower for krypton as compared to air, and 9.2% lower for krypton as compared to
argon (Bülow-Hübe, 2001).
When compared to altering gas fills, altering layers was found to have a greater impact
on the Ucog. Changing the glazing between double and triple had had a 21% to 23% U cog impact
for argon and a 24% to 26% Ucog impact for air with the ratio decreasing with decreased
emissivity. Changing the air fill between air and argon had a 17% to 20% Ucog impact for double
glazing and a 14% to 17% Ucog impact for triple glazing with the ratio increasing with decreased
emissivity (Bülow-Hübe, 2001).
Jaber and Ajib (2011) used simulations to analyze the Uw and cooling load energy
demand effect of air and argon on double glazed windows in multiple climates. The Uw for an airfilled unit was 0.50 BTU/h-ft2-F (2.83 W/m2-K) and 0.25 BTU/h-ft2-F (1.40 W/m2-K) for the argon
filled unit, which was a 50.5% decrease. The energy demands ranged from a 4.3% to 12.4%
decrease, which made the gas fill effectiveness very climate dependent (Jaber & Ajib, 2011).
Tahmasebi et al. (2011) used simulations to analyze different gas fills, wall to window
ratios, glazing layers, and orientations to find the total load energy savings associated. The
energy savings were small and ranged from 1 kWh to 15 kWh per year. The U w for a PVC frame,
air insulated glazing was 0.46 BTU/h-ft2-F (2.60 W/m2-K) for a double layer and 0.26 BTU/h-ft2-F
(1.50 W/m2-K) for a triple layer. The Uw for a PVC frame, argon insulated glazing was 0.44 BTU/hft2-F (2.50 W/m2-K) for a double layer and 0.25 BTU/h-ft2-F (1.40 W/m2-K) for a triple layer.
Changing the layers resulted in a 42% to 44% decrease in Uw while changing the gas resulted in
a 4% to 7% decrease in Uw, making an addition of glazing layers much more important for the Uvalue (Tahmasebi et al., 2011).
There are several variables to consider when choosing the best window for the
application; variables include frame material, window orientation, glass coating, thermal break
74

material, gas fill, glass layers, and spacer material. All of these must be considered when
deciding which window lets the most light in while disallowing heat transfer. There is not a single
appropriate window for an application and must be considered on a locational basis. Although the
windows chosen for the TxAIRE houses weren’t necessarily chosen as the most appropriate for
their location placement, researching the variables within the windows can still be used to obtain
selection optimization data.
The windows installed on house 1 are aluminum frame and house 2 are vinyl frames.
Aluminum and vinyl frames are common on the market, and they were chosen due to their costs;
the aluminum frame was chosen for house 1 because they were the cheapest. It is understood
that aluminum frames would have higher heat transfer rates, but the purpose of installing the
different materials was to see how much, and to compare the cost to the benefits. Each window
frame has the equivalent coating and gas filling located in the same locations per house so the
frames effect on each variable could be studied.

2.10.2 Fenestration Materials
All Seasons Windows and Doors is a company local to East Texas that started in Kilgore,
Texas and continues to have a manufacturing base in Longview, Texas. Currently they sell
windows locally, nationally, and internationally (“All Seasons Windows and Doors: A Brief
History,” n.d.). TxAIRE house 1 was designed with lower building cost and more conventional
construction methods, the 400 series aluminum windows were chosen for installation. TxAIRE
house 2 was designed with more advanced building practices and costs were not a concern, so
the 8400 series vinyl windows were chosen for installation. Each of these were the premium
series for their respective frame materials.
All windows in the 400 series include a 5/16” air space between the glazing panels; the
glazing spacer is Truseal Duraseal technology, which has no failure claims in the history of usage
by All Seasons. The double-glazing options include Climaguard low-e, tinted, obscure, tempered,
argon gas filled, and are all 9/16” thick. The paint on the aluminum frame is a powdercoat finish,
which can be up to three times thicker than other window frames; color options include bronze,
white, or sandstone. The screens are composed of an aluminum frame, fiberglass mesh, and are
standard on all 400 series windows. All windows have a dual lock system, which prevents
unwanted entry (“400 Series Thermal,” n.d., “All Seasons: Window Features [Brochure],” n.d.).
The sash opening mechanism is a 50 lb block and tackle balance, which makes for
easier operation when opening and closing the windows. The sash also includes a completely
removable design for easier cleaning, increased security, increased structural strength, and
decreased air infiltration. There is full weatherstripping at the interlock and the stile of the sash, as
well as a seal bulb on the frame to keep the window watertight. The windows have dual
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weatherstripping located at the frame sill and center bar to keep the window weathertight. The
sash and outer frame have a thermal break consisting of poured in polyurethane, which All
Seasons claims stops thermal transmittance up to 50%; the thermal break cross section is shown
in Figure 11. The sills are sloped toward the exterior to prevent water buildup. This type of sill
also increases structural strength, and decreases air infiltration. The typical alternate is a pocket
sill, which builds up water and requires external weep holes to release the water; this allows
water and air to infiltrate a building (“400 Series Thermal,” n.d., “All Seasons: Window Features
[Brochure],” n.d.).

Figure 11: All Seasons 400 Series Aluminum Frame Cutaway with Polyurethane Thermal Break
Applied (“All Seasons: Window Features [Brochure],” n.d.)
The windows in the 8400 series consist of thermally fused, steel reinforced, virgin vinyl
that is 50% thicker than other vinyl frames; this means the frame will hold out against
deterioration longer than a recycled vinyl frame. The 8400-series windows pass Energy Star
standards with a Uw of 0.31 and a SHGC of 0.22 for a single hung window with argon. The vinyl
consists of SunShield chemistry, which is 100% recyclable; SunShield has 325% greater
durability, 1210% greater discoloration resistance, and up to 93% less air leakage than industry
standard vinyl frames. The double glazing has increased strength compared to other windows
from All Seasons and Climaguard low-e is standard; other options include tinted, obscure,
tempered, argon gas filled, and are all 5/8” thick. The spacer between glazing panels is Truseal
Duraseal technology, which has no claims of failure in the history of All Seasons. The screens are
composed of a vinyl frame, fiberglass mesh, and are standard on all windows (“8400 Series,”
n.d., “8400 Series Vinyl Windows: Features and Benefits [Brochure],” n.d., “All Seasons Vinyl
Windows [Brochure],” n.d., “Vinyl Windows: The Window to the Future [Brochure],” n.d.).
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Figure 12: All Seasons 8400 Series Vinyl Frame Cutaway; (a) Sloped Sill (b) Dual Interlocking
Removable Sash (“8400 Series Vinyl Windows: Features and Benefits [Brochure],” n.d.)
The sash opening mechanism is a block and tackle balance, which makes for easier
operation when opening and closing the windows. The sash also includes a completely
removable design for easier cleaning, increased security, increased structural strength, and
decreased air infiltration. There is dual interlocking and interlocks at the centerbar and sill of the
sash, which can create a 200% reduction of air infiltration through the window; the interlocks are
show in Figure 12b. The windows have dual weatherstripping located at the frame sill and center
bar to keep the window weathertight. The sills are sloped toward the exterior to prevent water
buildup, show in Figure 12a. This type of sill also increases structural strength, and decreases air
infiltration. The typical alternate is a pocket sill, which builds up water and requires external weep
holes to release the water; this allows for water and air to infiltrate a building (“8400 Series,” n.d.,
“8400 Series Vinyl Windows: Features and Benefits [Brochure],” n.d., “All Seasons Vinyl Windows
[Brochure],” n.d., “Vinyl Windows: The Window to the Future [Brochure],” n.d.).
Some of the windows use ClimaGuard 55/27 low-e glazing; it is an advanced low-e
treatment that allows 55% of the visible spectrum through, while only allowing 27% of the heat
through. This glazing is ideal for southern facing windows in the southern portion of the United
States, as shown in Figure 13. The glazing is installed on an internal surface of the air gap. The
coating’s visible transmittance is 55% and SHGC is 0.275; the U cog with an air fill is 0.290 BTU/hrft2-F, and 0.243 BTU/hr-ft2-F with an argon fill. According to independent testing, ClimaGuard
55/27 low-e glazing was capable of blocking 65% more solar heat and reduced annual energy
costs by 20% to 24%, when compared to clear double glazing (“ClimaGuard 55/27,” n.d.;
Guardian Industries Corporation, 2012).
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Figure 13: Map of optimal use for ClimaGuard 55/27 low-e glazing (Guardian Industries
Corporation, 2012)
The gaps between the glazing panels are separated by Truseal (now Quanex) Duraseal
spacers, shown in Figure 14. These spacers have high gas retention, lower edge conductivity,
condensation resistance, and is Energy Star certified. The spacer design involves an internal
subassembly comprised of a corrugated aluminum core that is laminated to a three-sided
moisture barrier; the external sides are comprised of the Duraseal Bondline adhesive, and the top
comprised of a grey or black desiccant. The spacer is continuous, only closing at one corner,
resulting in a larger path for vapor transmission. The Bondline adhesive was UV and moisture
resistant based on 40-week testing. The spacer subassembly includes air gaps, which is a better
insulator than other types (“DuraSeal,” n.d.; Quanex Building Products, n.d.).
Air has a thermal conductivity of 0.02 W/m-K, the Bondline adhesive is 0.09 W/m-K,
EPDM foam is 0.25 W/m-K, and aluminum is 250 W/m-K; the thermal conductance of the
Duraseal iss 0.32 W/m-K for a 1/2” spacer, moisture vapor transmission rate is 0.09 gH 20/m2/24
hours based on ASTM F1249, argon permeability is 6 to 8 cc/100 in 2/24 hours based on ASTM
D1434, and tensile strength is 50 psi. Quanex contracted external simulations to Enermodal
Engineering Ltd, and found the thermal conductivity through a double glazed window was
reduced by 50% (0.67 W/m-K) compared to other available market spacers and 82% (1.8 W/m-K)
compared to an aluminum spacer bar. The Duraseal Bondline adhesive used with the spacers
had a moisture permeability 61% (0.23 gH 20/m2/24 hours) to 99.998% (46 gH20/m2/24 hours)
better and an argon permeability that is 38% to 43% (13 to 14 cc/100 in2/24 hours) better than the
competition’s adhesives (“DuraSeal,” n.d.; Quanex Building Products, n.d.).
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Figure 14: Quanex Duraseal Spacer; (a) Grey or Black Desiccant (b) Duraseal Bondline Adhesive
(c) Three-sided Moisture Barrier (d) Corrugated Aluminum Core (Quanex Building Products, n.d.)
All windows in house 1 are 400 series, aluminum frame, single hung, center divide,
double glazed windows. All windows in house 2 are 8400 series, vinyl frame, single hung, center
divide, double glazed windows. All window locations are labeled in the map section of this paper.
There are three identical windows located on the northern wall for both houses, two attached to
the garage, and one attached to the front bedroom. All of these windows are 36”x64”, arch top,
sandstone colored, low-e glazed, and air filled; the individual costs were $196.54 for aluminum
and $237.46 for vinyl. There is one window attached to the kitchen, located on the eastern wall
for aluminum and western wall for vinyl. This window is 36”x60”, sandstone colored, low-e glazed,
and air filled; the costs were $122.14 for aluminum and 141.36 for vinyl. The windows attached to
the middle bedrooms have different configurations and are located on the western wall for house
1, and eastern wall for house 2. On house 1 the window is 36”x60”, sandstone colored, low-e
glazed, argon filled, and the cost was $131.44. The window on house 2 was mixed with another
window on the southern wall. It is 36”x60”, sandstone colored, low-e glazed, air filled on the top
half and argon filled on the bottom half, and the cost was $146.01. The other mixed window is on
the southern wall, attached to the master bedroom, and is the same except the air is on the
bottom and argon is on the top (Table 22, Table 23).
For both houses, the southern walls have two twin sets and two single sets of windows.
The first twin set adjacent to the dining area is 72”x72”, sandstone colored, tempered low-e
glazed, and air filled; the costs were $512.12 for aluminum, and $571.64 for vinyl. The second
twin set adjacent to the living area is 84”x72”, sandstone colored, tempered low-e glazed, and
argon filled; the costs were $613.18 for aluminum and $651.00 for vinyl. Both single set windows
are located in the master bedroom. The first single window is 36”x60”, sandstone colored, 55/27
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low-e glazed, and argon filled; the costs were $135.33 for aluminum and $154.44 for vinyl. The
second window in house 1 and house 2 are different, with the house 2 vinyl window being the
previously mentioned southern wall mixed window. The second single window for house 1 is
36”x60”, sandstone colored, low-e glazed, air filled, and the cost was $122.14 (Table 22, Table
23).
House 1 and house 2 contain three exterior, inswing, double bore doors each. The north
facing front entry is made of stainable textured fiberglass and costs $372.40 and $413.60
respectively. The interior garage door is primed smooth steel that costs $157.90 and $208.72
respectively. The south facing back door is textured primed fiberglass with a flush 22”x64” low-e
double glazed insert, which costs $423.33 and $474.10 respectively (Table 22, Table 23).
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Table 22: TxAIRE Window and Door Information
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Table 23: TxAIRE Window NFRC Label Ratings

Figure 15: TxAIRE Houses Window Locations
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2.10.3 Fenestration Cost Analysis
The costs were evaluated from comparing the 36”x60” windows installed in the houses
and their corresponding prices. Any increase in window size would probably result in an increase
in price. Changing the framing material from aluminum to vinyl resulted in a $11.76 price
increase. Adding a screen to the configuration cost $42.29 for aluminum frames and $49.75 for
vinyl frames, which resulted in a $7.46 increase when switching materials for the screen.
Changing the internal gas from air to argon resulted in a $9.30 price increase. Changing the
glazing coating from low-e to 55/27 low-e resulted in a $3.89 price increase (Table 24, Table 25,
Table 26, Table 27).
Given a 36”x60” window and the options from the windows installed from the house,
several configurations were calculated. The minimum cost would have been through using an
aluminum frame, low-e glazing, and an air fill; the costs associated would have been $79.85
without a screen and $122.14 with a screen. The maximum cost would have been through using
a vinyl frame, 55/27 low-e glazing, and an argon fill; the costs associated would have been
$105.10 without a screen and $154.85 with a screen (Table 24, Table 25, Table 26, Table 27).
Table 24: TxAIRE Window Aluminum vs Vinyl Cost Difference

Table 25: TxAIRE Window Argon vs Air Cost Difference
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Table 26: TxAIRE Window 36”x64” vs 36”x60” Cost Difference

Table 27: TxAIRE Window Low-e vs 55/27 Low-e Cost Difference

2.10.4 Fenestration Conclusion
The purpose of windows are to protect a building’s occupants from the external climate,
admit light, and provide a view. This must be accomplished with careful consideration to how the
solar heat is transferring through the window. The heat transfer in a window occurs through the
frame, glazing, and other components, which are built in. The heat transfer is a combination of
conduction, convection, and radiation, depending on how the window is setup. The natural
lighting comes from visible radiation (50% atmospheric solar radiation), and the heating comes
from IR radiation (40% atmospheric solar radiation). 90% of the total solar radiation passes
through a single pane window, 9% is reflected, and 2% is absorbed as heat. Radiation is 70% of
the heat transfer for a double-glazed window. Heat transfer in the frame and sash is due to frame,
spacer, and sealant material conduction. Heat transfer through the glazing is due to conduction
through the glass, as well as conduction and convection through the air.
The thermal conductivity of a frame material and spacer material heavily influences the
Uf; reduction in thermal conductivity results in reduction with the U f. The frame material with the
highest Uf is aluminum, followed by PVC, then vinyl, then wood, then a material that has
50%(jamb)/10%(sash) the thermal conductivity of wood. The spacer material that has the highest
Uf is aluminum, followed by wood, then polystyrene. When comparing a PVC frame with
aluminum spacers to an aluminum frame with PVC spacers, the PVC frame had a higher U f; this
suggested spacer material could have a greater impact than the frame material itself.
Adding PVC cladding to a solid wood frame could increase the Uf, which was likely due to
the externally installed material with a higher thermal conductivity increasing the overall thermal
conductivity. The reason PVC cladding was added over a wood frame was for protection from
external elements. Once the cladding was added to the wood frame, doubling the cladding
thickness indicated no effect on the Uf. Alternatively, doubling the cladding thickness on an
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insulation filled PVC frame increased the U f. Comparing the uncladded frames with cladded
frames, there was a significant decrease in Uf; the Uf decrease for wood was 27% while it was
43% for PVC. Adding PVC cladding compared to adding aluminum cladding indicated that the
cladding material with a higher thermal conductivity gave the frame a higher U f.
Byars and Arasteh (1992) were correct in their conclusions that changing the frame to
include materials with a lower conductivity than wood, as well as changing the spacer to a
material with a lower conductivity than aluminum would drastically alter the U f and Uw values.
Comparing their study to the Gustavsen et al. (2007) study, which altered the frame conduction
and spacer conduction with modern materials, there was a 60% to 69% improvement in U f values
and a 40% improvement in Uw values.
Advanced window systems, which were systems that already had highly insulating
materials installed, benefited more from altering the spacer conductivity rather than the thermal
break conductivity. Classically designed window systems, which didn’t include any highly
insulating materials, benefited more from altering the thermal break conductivity. Classically
designed windows benefited significantly more with combined thermal break and spacer
conductivity improvements than advanced window systems.
Through intensive calculations, ISO standards were found to not be accurate. Accurate
calculations based on the ISO standards had been derived, but industry didn’t choose to adopt
them due to an increase in the U-value. When hand calculating and using simulation programs,
different accuracy levels were found between two-dimensional and three-dimensional
calculations. Industry in the United States and Internationally were encouraged to use the ISO
9845-1 standard instead of ISO 9050 or ASTM E87-891 standard in order to standardize SHGC
calculation methods; this was met with resistance due to a 3% to 4% increase in SHGC that the
products would face.
Of the 3 main frame types, vinyl was the best performing, but required more
consideration for spacer and insulating material than wood; wood was a close second for
performance. Aluminum performed the worst, but performance could have been improved by
altering insulation fills and spacer materials. Low end vinyl was cheaper than aluminum, but it can
end up costing significantly more than the top of the line aluminum windows; this is all depending
on what features were added to the window. Wood was the costliest frame material.
Warmer climates rely more on cooling loads than a cooler climate, while a cooler climate
relies more on heating loads than a warmer climate. The cooling loads of a warmer climate were
always significantly lower (~55% to 75%) than the heating loads of a cooler climate. In warmer
climates, the energy use was lowest with northern oriented windows, and highest with eastern
oriented windows; this higher energy use was due to cooling loads being higher with the eastern
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oriented windows. In cooler climates, the energy use was lowest with southern oriented windows,
and highest with northern oriented windows; this higher energy use was due to heating loads
being higher with the northern oriented windows.
Researchers in the 1970’s and 1980’s determined that adding multiple glazing layers to
existing windows decreased solar transmittance. Low-e coatings were developed in 1983 and
had an emittance of 20% through a window. The later 80s saw development with two types of the
process; the softer coating had a lower emissivity and higher visible transmittance than the harder
coating, but the harder coating could be added to an existing window as a film. Currently, well
performing windows should fall within 0.15 to 1.20 (BTU/ hr-ft2-F) for the Uw.
When a glazing system was altered from a single layer to a double layer, the energy
savings increased greatly; when a glazing system was altered from a double layer to a triple
layer, the energy savings still increased, but not as starkly as from single to double. Adding layers
to the glazing system also caused an increase in lighting energy usage due to a reduction in
visible light transmission. The production costs of window units increased with the addition of
layers, and typically the savings outweighed the cost of a single glazed window. A triple glazed
window had been shown in some climates to have a return on investment that is appropriate
enough, while in other climates the return on investment far exceeded the lifetime of the window
(100+ years). Adding a low-e coating had a much greater impact on the energy savings than
adding additional layers. The manufacturing costs compared to the energy savings made the
coating less desirable.
Radiative heat transfer can be reduced by low-e coatings to a point where the thermal
conductance was 0.02 BTU/h-ft2-F (0.1 W/m2-K) or less, which made the conduction from
radiation through a glazing cavity negligible. Conduction and convection through the gas
molecules was a source of heat transfer through the glazing cavity, but can be reduced by adding
inert gases or creating a vacuum. In a vacuum, gas the thermal conductance can get as low as
0.02 BTU/h-ft2-F (0.1 W/m2-K), which was negligible. This left the heat transfer through
convection in the gas with heat provided by conduction from the edge seal, frame, and pillars. To
minimize these remaining heat transfer effects, the glazing area should be large. Although
vacuum glazing units were shown to have the best performance in heat transfer, they weren’t the
most cost-effective units to produce. Argon was widely used due to its costs effectiveness and
performance compared to air.
Multiple studies were evaluated and they all found similar results; that for both the Ucog
and the Uw, changing the glazing layers from double to triple had more of an affect than changing
the gas fill from air to argon. Another study considered the energy savings for glazing units that
had air and argon fills; the argon decreased the energy use anywhere from 4.3% to 12.4%, which
86

made the energy savings very climate dependent. This study also determined the U w change
between air and argon was 50%, which was substantially higher than other studies; this was
possibly due to different material assumptions for the frame, spacers, or emissivity.
The TxAIRE houses were built with conventional and advanced practices, and the
windows installed were meant to reflect that. The aluminum frames chosen for house 1 had lower
performance and lower costs. The vinyl frames chosen for house 2 had higher performance and
higher costs. The individual options for the windows are available on both houses. Multiple types
of low-e glazing are used, and show up on the same windows per house. All windows have the
same DuraSeal spacers between the double layers; depending on the location, argon or air is
used as the gas fill, and are located on the same windows per house.

2.11 Insulation Types & Strategies for Energy Use
2.11.1 Exploration & Comparison of Insulating Materials & Their
Applications
Insulation is a product installed anywhere a heat barrier is required; it can be used in
walls, ductwork, attics, doors, and even windows (as film). The most common insulation is located
in the walls and attic spaces of a house and can come in the form of glass wool (fiberglass),
cellulose, stone wool, expanded polystyrene (EPS), extruded polystyrene (XPS), and
polyurethane (PUR). Insulation is an important component of energy conservation in a building
due to the inherent ability to minimize heat transfer; minimization of heat transfer leads to
increased energy savings.
Glass wool is an insulation that comes in the form of batting, rolls, or loose fill. The
manufacture of glass wool involves mixing glass and natural sand at a temperature of 1300°C to
1450°C, and creating fibers with centrifugation. Density for this product can range from 15 kg/m3
to 75 kg/m3. Specific heat for this product can range from 0.9 kJ/kgK to 1.0 kJ/kg-K. The thermal
conductivity ranges from 0.031 W/m-K to 0.037 W/m-K. Glass wool doesn’t have any thermal
effects from high moisture or temperatures and it can be recycled (Schiavoni et al., 2016).
Cellulose is an insulation that comes as a loose fill only. The manufacture of cellulose
involves using ground up recycled paper, wood fiber, and mixing it in with chemicals. Density for
this product can range from 30 kg/m3 to 80 kg/m3. Specific heat for this product can range from
1.3 kJ/kg-K to 1.6 kJ/kg-K. The thermal conductivity ranges from 0.037 W/m-K to 0.042 W/m-K.
Cellulose generally is produced as a loose fill for blowing into cavities, and is recyclable
(Schiavoni et al., 2016).
Stone wool is an insulation that comes in the form of batting or rolls. The manufacture of
stone wool involves melting dolostone, dibase, and basalt rocks at 1600°C to create fibers to be
bound together. Density for this product can range from 40 kg/m 3 to 200 kg/m3. Specific heat for
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this product can range from 0.8 kJ/kg-K to 1.0 kJ/kg-K. The thermal conductivity ranges from
0.033 W/m-K to 0.040 W/m-K. Stone wool has a low cost, but the thermal performance is affected
negatively by water vapor. It also has good sound adsorption properties and can be recycled or
landfill disposed (Schiavoni et al., 2016).
Expanded polystyrene is an insulation that comes in the form of a panel or sprayed foam.
The manufacture of expanded polystyrene involves evaporating pentane from polystyrene grains.
Density for this product can range from 15 kg/m 3 to 35 kg/m3. Specific heat for this product is 1.25
kJ/kg-K. The thermal conductivity ranges from 0.031 W/m-K to 0.038 W/mK. The thermal
performance is affected by moisture, the acoustic dampening properties aren’t good, it is
flammable, and burning it releases toxic gasses. Expanded polystyrene generally is
manufactured as a panel. It can only be recycled by specialized processing plants (Schiavoni et
al., 2016).
Extruded polystyrene is an insulation that comes in the form of a panel or sprayed foam.
The manufacture of extruded polystyrene involves polyester grains being melted into an extruder.
Density for this product can range from 32 kg/m3 to 40 kg/m3. Specific heat for this product can
range from 1.45 kJ/kg-K to 1.7 kJ/kg-K. The thermal conductivity ranges from 0.032 W/m-K to
0.037 W/m-K. The thermal performance is affected by moisture, the acoustic dampening
properties aren’t good, it is flammable, and burning it releases toxic gasses. It costs anywhere
from 10% to 30% more than expanded polystyrene and can only be recycled by specialized
processing plants (Schiavoni et al., 2016).
Polyurethane is an insulation that comes in the form of a panel or sprayed foam. The
manufacture of polyurethane involves an exothermic reaction between polyether polyol and
polyisocyanate. Density for this product can range from 15 kg/m3 to 45 kg/m3. Specific heat for
this product can range from 1.3 kJ/kg-K to 1.45 kJ/kg-K. The thermal conductivity ranges from
0.022 W/m-K to 0.040 W/m-K. The thermal conductivity is based on the cell size; a smaller cell
size means a lower thermal conductivity. It can come in the form of a panel or a foam, is
flammable, and burning it releases toxic gasses. It can only be recycled by specialized
processing plants (Schiavoni et al., 2016).
Thermal conductivity (κ) is the property of how well a material can conduct heat; the units
for thermal conductivity are W/m-K or BTU/hr-F-ft. Specific heat (Cp) is the property of how much
heat is required to change the temperature for a specific weight of material; the units for specific
heat are kJ/kg-K. Thermal transmittance, also known as the U-value, is the rate of heat transfer
for a specific area and temperature change; the units for U-value are W/m2-K or BTU/hr-F-ft2.
Thermal resistance, also known as the R-value, is the measured ability of a material to resist heat
transfer for a specific area and temperature change; the units for R-value are m2-K/W or hr-F88

ft2/BTU, but are generally expressed without units. Thermal diffusivity (α) is the heat transfer rate
from a hot to cold side on a material; the units for thermal diffusivity are m 2/s. The global warming
potential (GWP) is the kilograms of Co2eq likely produced from the production of the material
(Schiavoni et al., 2016).
Thermal conductivity, density, and specific heat are all physical properties that are
derived in the laboratory. The U-value is calculated through dividing the thermal conductivity by
the thickness of the material, which 0.0254 meters (1”) was used for these calculations. The Rvalue is the inverse of the U-value multiplied by 5.678, in order to get the US form. Thermal
diffusivity is calculated through dividing the thermal conductivity by the product of density and
specific heat (Schiavoni et al., 2016).
The material with the best thermal resistance was the closed cell polyurethane with an Rvalue of 6.6, while the material with the worst thermal resistance was the open cell polyurethane
and the stone wool with an R-values of 3.6. To equate the thermal resistance of closed cell
polyurethane at 1”, you would need 1.78” of cellulose, 1.69” of EPS, 1.57” of XPS, 1.40” of glass
fiber, or 1.83” of PUR or stone wool. The cheapest option is glass fiber at $2.83 per square meter,
and the most expensive option is XPS at $14.06 per square meter. This information can be found
in Table 28 (Roberts, Webber, & Ezekoye, 2015; Schiavoni et al., 2016).
Table 28: Insulation Properties (Roberts et al., 2015; Schiavoni et al., 2016)

Fiberglass insulation is currently the most popular, for reasons such as its high R-value to
cost ratio. The market is moving in a direction where consumers are wanting more sustainable
and environmentally friendly products such as cellulose, stone wool, and polyurethane foam.
Products like expanded polystyrene and extruded polystyrene aren’t cost effective or
environmentally friendly enough to be considered, but they have better performing thermal
resistance and are useful in specific applications.
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One study evaluated the effects of insulation thickness on annual energy cost though
modeling and simulation. The wall structure in the simulation consisted of an external plaster,
insulation, brick, and internal plaster. Although a nonstandard wall setup was used, the data can
still be used to predict the energy and cost effects of insulation on an external wall. The annual
energy cost for a wall without insulation was found to be $11.21/m 2. The annual energy cost for a
wall with a R-3.6 insulation was found to be $2.92/m2. The annual energy cost for a wall with a R7.1 insulation was found to be $1.67/m2. The annual energy cost for a wall with a R-10.7
insulation was found to be $1.17/m2. Taking the calculated cost from the previous study, the total
annual energy costs for a 1500 ft2 space was evaluated; this area included insulation in all
exterior walls and attic floor space. The uninsulated space had an annual cost of $3,477.34. The
R3.6 insulated space had an annual cost of $905.79. The R-7.1 insulated space had an annual
cost of $518.04. The R-10.7 insulated space had an annual cost of $362.94. This information can
be found in Table 29 (Fadzil et al., 2017).
Table 29: Insulation Costs for Increase (Fadzil et al., 2017)

The cost difference when comparing an uninsulated wall with a R-3.6 insulated wall is a
74% decrease in cost per m2. Going from uninsulated to R-7.1 and R-10.7 lead to 85% and 90%
decreases respectively. Although it’s obvious a R-10.7 insulation has the greatest impact on
energy costs, determining if it is worth the installation costs is the important factor in designing an
energy efficient home. Just by adding insulation to a R-3.6 value reduces the annual cost by
$8.29/m2, but doubling and tripling the insulation only reduces the annual cost by $1.25/m 2 and
$0.50/m2 respectively. The consumer must decide if the energy savings are worth the investment,
or even if the energy savings payback the investment at all. It is important to reduce energy
usage as a whole society, but if the costs are too much, it will be difficult to convince the
consumer to participate.
One study used a series of mathematical equations and simulations to study the most
optimal thickness of polystyrene insulation. With an R-value of 2.9 per inch thickness, the authors
found an optimal thickness of 2.71” where the cost of investment and optimal energy savings
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were in equilibrium at $9.66/m2. This simulation was evaluated with a Serbian climate, therefor
the heating load was more important than the cooling load (Nyers, Kajtar, Tomić, & Nyers, 2015).
Another study used a series of mathematical equations and simulations to study the
energy savings of extruded polystyrene. With an R-value of 4.7 per inch thickness, the authors
found an optimal thickness of 2.40” for heating and 3.62” for cooling, where the cost of investment
and fuel costs were in equilibrium at $2.10/m 2 and $2.50/m2 respectively. This simulation was
evaluated with various Turkish climates which had varying totals of cooling and heating degree
days (Ucar & Balo, 2010).
One final study evaluated the effect of wall location on optimal thickness for extruded
polystyrene (R-4.0), expanded polystyrene (R-2.9), and foam polyurethane insulation (R-4.4).
Regardless of the geographical location, most samples had a maximum optimal thickness on a
northeast wall. The range of optimal thicknesses for XPS was 3.94” to 4.53”. The range of optimal
thicknesses for EPS was 5.72” to 6.89”. The range of optimal thicknesses for PUR was 2.95” to
3.35” (Yu, Yang, Tian, & Liao, 2009).

2.11.2 Insulation Problem Statement
Traditionally, houses were built with fiberglass insulation in the walls; this is the
motivation behind using the dry blown loose fill fiberglass in house 1. More advanced insulation
technologies are now being used to help mitigate excessive energy usage, and one of those
technologies (open cell polyurethane base foam) is installed in house 2. These two technologies
were chosen to compare the benefits and disadvantages of using one technology over another.

2.11.3 Insulation Materials
The exterior walls of house 1 are filled with R-15 Certainteed Optima

blown in fiberglass

insulation aside from a 4’ section in the front bedroom that contains R-13 fiberglass batts. The
ceiling is filled with R-30 Certainteed InsulSafe SP

blown in fiberglass insulation. The garage

walls and door are uninsulated. Garland Insulating of Tyler, Texas donated their services and
insulation at a discount of $1,087.00 and a cost of $1,000.00 which totaled a fair market value of
$2,087.00.
The exterior walls of house 2 are insulated with R-22 Biomax

open cell polyurethane

insulation aside from a 4’ section in the front bedroom that contains R-23 Certainteed Optima
blown in fiberglass insulation. Some of the interior walls are insulated with R-19 fiberglass batts.
The roof line over the house is covered with 6” of R-22 Biomax

open cell polyurethane

insulation. The wall leading from the house to the garage is lined with R-22 Biomax
Biomax

Foam.

Spray Foam Insulation of Tyler, Texas donated their services and insulation product

which totaled a fair market value of $4,459.10.
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2.11.4 Insulation Conclusion
The cost to install the open cell polyurethane foam is 214% more than the cost to install
the blown in fiberglass. Fiberglass is more environmentally friendly that open cell polyurethane;
the polyurethane has a 216% increase in kg Co2eq production. One question that comes up
involves maintenance to the homes; what if the roof needs to be replaced? In many parts of
Texas, hail is a consistent issue and unless there was some sort of barrier in place, removing the
decking will require replacement of the foam insulation; this will further add to the expenses
associated with foam insulation. Also, what if lines need to be run in the walls of the house? It is a
lot easier to push through soft material than to have to drill through dense material.
There is such thing as too much insulation; after a certain point, the investment cost
outweighs the energy savings. Ultimately, there are a lot of factors that determine the optimal
thickness of insulation. Regardless of the factors, the research has shown that an optimal
thickness can be derived through mathematical equations and simulations.
There is an R-value difference of 7 between the Optima

and Biomax

insulation, but

until simulations can be run, the determination of energy savings and optimal setup can’t be
concluded. At the moment, blown in fiberglass seems to be the best option when wanting to
account for cost, energy savings, environment, and workability.

2.12 HVAC Types & Strategies for Energy Use
2.12.1 Impact & Importance of HVAC on Energy Consumption
The average annual total energy cost per household in Texas is $2,160; of this total,
heating and cooling consists of 40% or 9,038 kWh. With the average cost for heating and cooling
totaling $864, it is important to study alternative energy reducing methods for heating and cooling
such as heat pump systems (US Energy Information Administration, 2009).
Heat pump systems transfer heat to or from the air for the indoor environment. The heat
can be transferred though various system setups such as air-to-air (most common), water-to-air,
air-to-water, water-to-water, or ground-coupling. For cooling, the heat is pulled from source
(house air), then pumped over the air conditioner coils. The coils absorb the heat and push it to
the exterior air handler, while the cooler air is pumped back into the source. For heating the
opposite is done; the coils pick up heat from outside, and the cool air from the source absorbs the
heat from the coils. The types of systems such as air-to-air and ground-coupling describes the
source and delivery method. In air-to-air, the heat comes from air passing directly over the coils
from indoors or outdoors. Ground-coupling pulls or sends the heat through lines that run
underground, where the temperature is stable.
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2.12.2 Heat Pumps
In 1824, Nicolas Carnot proposed the Carnot cycle which is a thermodynamic cycle that
states heat can be converted to work or work can be converted to heat; a heat engine takes heat
and turns it into a work output and a heat pump takes a work input and uses it to remove heat. A
𝑊

heat engine uses a ratio of the work output to the heat input ( 𝑄𝑜𝑢𝑡 ) for a thermal efficiency. The
𝑖𝑛

efficiency for a heat pump is called the coefficient of performance (COP) and is a ratio of the heat
𝑄

output to the work input ( 𝑊𝑜𝑢𝑡). A heat pump pulls the heat from a lower temperature region and
𝑖𝑛

puts it in a region with a higher temperature; the COP is calculated as one added to the ratio of
the lower temperature and the subtraction of the lower temperature from the higher temperature
(𝐶𝑂𝑃 = 𝑇

𝑇𝐿

𝐻 −𝑇𝐿

+ 1). There aren’t any practical applications of the Carnot cycle for heat pumps

(Reay & MacMichael, 1988).

The theoretical vapor-compression cycle is isentropic. The first step in the process is the
compression of the refrigerant vapor, which increases both the temperature and pressure. The
second step in the process is the isobaric cooling of the refrigerant vapor using the condenser,
which decrease the temperature and keeps the pressure the same. The third step in the process
is the condensation of the refrigerant vapor at a constant temperature and pressure using the
condenser. The fourth step in the process is cooling the refrigerant liquid in an expansion valve,
which decreases both the temperature and pressure. The final step in the process is the
evaporation of the refrigerant liquid at a constant temperature and pressure (Reay & MacMichael,
1988; Sarbu & Sebarchievici, 2016).

Figure 16: The Vapor-Compression Cycle (Sarbu & Sebarchievici, 2016)
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The real vapor-compression cycle differs in that it is irreversible and experiences heat
and pressure losses at various points. The real thermal efficiency (COP r) is dependent on the
compression work (w, kJ/kg), the specific heat load (qc, kJ/kg), and the increase in thermal load
due to irreversible compression (∆qc). COPr is the sum of qc and ∆qc divided by the sum of w and
∆qc. The effective thermal efficiency (COPe) is the product of the real thermal efficiency and the
compressor motor efficiency (ηem) (Reay & MacMichael, 1988; Sarbu & Sebarchievici, 2016).
Table 30 indicates variables associated with various types of fuels that are used for
heating systems; variables include the heating values, efficiencies, fuel prices, daily consumption
of fuel for heating demand, and the payback period as compared to a ground source heat pump
(GSHP). The fuel types are natural gas, coal, fuel oil, liquid petroleum gas (LPG), diesel oil,
electric resistance, and GSHPs (Sarbu & Sebarchievici, 2016).
Natural gas has an average heating value of 8,250 kcal/m3, an average efficiency of
91%, a price of $0.16/m3, a daily heating demand of 3.18 m 3, and the payback period of the
GSHP against it is 35.68 years. Coal has an average heating value of 6,000 kcal/kg, an average
efficiency of 69%, a price of $0.15/kg, a daily heating demand of 4.38 kg, and the payback period
of the GSHP against it is 20.75 years. Fuel oil has an average heating value of 9,700 kcal/kg, an
average efficiency of 81%, a price of $0.26/kg, a daily heating demand of 2.71 kg, and the
payback period of the GSHP against it is 23.17 years. Liquid petroleum gas has an average
heating value of 11,000 kcal/m3, an average efficiency of 91%, a price of $0.63/m 3, a daily
heating demand of 2.39 m3, and the payback period of the GSHP against it is 12.43 years. Diesel
oil has an average heating value of 10,200 kcal/kg, an average efficiency of 85%, a price of
$0.65/kg, a daily heating demand of 2.57 kg, and the payback period of the GSHP against it is
10.31 years. Electric resistance has an average heating value of 860 kcal/kWh, an average
efficiency of 99%, a price of $0.08/kWh, a daily heating demand of 30.6 kWh, and the payback
period of the GSHP against it is 8.38 years. The GSHP has an average heating value of 860
kcal/kWh, an average efficiency of 2.75 times the COPsys, a price of $0.08/kWh, and a daily
heating demand of 30.6 kWh (Sarbu & Sebarchievici, 2016).
The cheapest capital costs and daily heating demand costs ($0.51) come from the
natural gas heating system. The most expensive capital costs and daily heating demand costs
($2.45) come from the electric resistance and GSHP heating systems. The other heating systems
have a daily heating demand cost as follows: coal is $0.66 per day, fuel oil is $0.71 per day, liquid
petroleum gas is $1.51 per day, and diesel oil is $1.67 per day. GSHP has a lot more initial
expense, but it is a renewable resource (Sarbu & Sebarchievici, 2016).
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Table 30: Various Fuel Heating Values, Efficiencies, Prices, Daily Consumption, and Payback
Period for GSHP (Sarbu & Sebarchievici, 2016)

When comparing heat sources, the environmental performance of heat pumps is much
better than that of traditional boilers. Table 31 lists the CO2 emissions from various heat sources,
per both the kWh of fuel and kWh of useful heat (CO 2 per kWh of fuel/efficiency). A coal boiler
with an efficiency of 70% has a CO 2 emission of 0.34 kg based on the fuel and 0.49 kg based on
the useful heat. A gas-oil boiler with an efficiency of 80% has a CO2 emission of 0.28 kg based on
the fuel and 0.35 kg based on the useful heat. A liquefied petroleum gas (LPG) boiler with an
efficiency of 80% has a CO 2 emission of 0.25 kg based on the fuel and 0.31 kg based on the
useful heat. A natural gas boiler with an efficiency of 80% has a CO2 emission of 0.19 kg based
on the fuel and 0.24 kg based on the useful heat. An air-to-air heat pump with an efficiency of
250% has a CO2 emission of 0.47 kg based on the fuel and 0.19 kg based on the useful heat. A
ground-to-water heat pump with an efficiency of 320% has a CO 2 emission of 0.47 kg based on
the fuel and 0.15 kg based on the useful heat (Sarbu & Sebarchievici, 2016).
Table 31: CO2 Emissions for Heat Sources (Sarbu & Sebarchievici, 2016)

There are various types of heat pump systems including air-to air, water-to-air, air-towater, water-to-water, ground-coupled, and hybrid air-to-water. The most common systems are
air-to-air heat pumps. The systems contain fully sealed compressors, heat exchangers with fins,
and expansion valves. The heat demand increases with a decrease in the outdoor air
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temperature. Water-to-air heat pumps use the water to source and sink the heat, and use the air
to send and transmit the heat to the space that is conditioned. Air-to-water heat pumps use the
outdoor air to source and sink the heat, and use the water to send and transmit the heat to the
space that is conditioned. Water-to-water heat pumps use the water to source and sink the heat,
as well as to send and transmit the heat to the space that is conditioned. Ground-coupled heat
pumps use the ground to source and sink the heat; this can be achieved with either refrigerant,
antifreeze, or water. Hybrid air-to-water systems combines air-to-water heat pumps with another
heat source, such as a gas boiler. Air source heat pumps have a lower efficiency than ground
source heat pumps (Sarbu & Sebarchievici, 2016).

2.12.3 Air Source Heat Pump Systems
An air source heat pump system removes heat from the indoor or outdoor air and
releases it into the alternate environment. During the winter, heat is pulled from the outdoor air
and released into the indoor environment; during the summer, heat is pulled from the indoor air
and released into the outdoor environment. With appropriate setup and install, the heat energy
delivered to and from the home is 1.5 to 3 times the electrical energy required; energy isn’t
created or destroyed, only transferred (Krigger, 2001).
A central heat pump system includes indoor and outdoor coils, an outdoor compressor,
and an indoor fan. The air is circulated through the house by the indoor fan which is run through
the air handler. The air handler cycles a liquid or gas through piping between the indoor and
outdoor environment. The piping contains a gas before it passes by the fan, then condenses into
a liquid. The liquid passes outdoors and hits the outdoor coils and evaporates into a gas. The gas
then passes through the compressor and is sent back into the house for transferring heat to or
from the indoor environment again (Krigger, 2001).

2.12.4 Ground Source Heat Pump Systems
As the depth of the Earth’s crust increases, so does the temperature and pressure.
Geothermal energy in low enthalpy forms can be used for heat pump applications, due to the
consistency of the ground temperature. A ground source heat pump is a system that pumps or
pulls the heat from the ground for space heating and cooling (Sarbu & Sebarchievici, 2016).
There are three main components to a proper ground source heat pump system; you
need a ground connection, a heat pump, and a system to distribute the heat. ASHRAE has three
categories of these systems which are ground water heat pump, surface water heat pump, and
ground-coupled heat pump. The ground water heat pump pulls the water from one well and sends
it to another well. The surface water heat pump has heat exchange piping installed horizontally in
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a pond or lake. The ground-coupled heat pump has heat exchange piping installed vertically in
multiple boreholes (Sarbu & Sebarchievici, 2016).
The ground-coupled heat pump system is a closed loop system; it is reversible, and is a
vapor-compression cycle. The medium that is cycled through the heat exchange piping in the
ground is a brine antifreeze solution (Sarbu & Sebarchievici, 2016).
The density (ρ), the specific heat (c), the thermal conductivity (λ), and the thermal
volumetric capacity (C=ρ*c) are the thermal characteristics that are important to account for with
ground penetration. In order to calculate the necessary borehole length (L), the product of the
heat transfer rate (q) and the thermal resistance (Rg) and divided that by the difference in the
ground temperature (tg) and the fluid temperature (tf) (Sarbu & Sebarchievici, 2016).
A ground heat exchange (GHE) in the case of a GSHP system are the boreholes and
their contained piping. In the case of the GHE, the thermal conductivity in the borehole materials
is very important; the higher the thermal conductivity creates a better heat transfer. Several
GSHP systems were analyzed for performance in a 1486 m 2 building using a simulation program.
The climate was based off a warm region like Atlanta, Georgia where the heating load was
87,000 MJ and the cooling load was 552,000 MJ. Each borehole was 150 mm in diameter and
had two high density polyethylene (HDPE) that were 25 mm in diameter each; they were set 8 m
apart. There were four cases evaluated for annual energy consumption, life cycle cost, and CO2
emissions, and a summary can be found in Table 32 (Sarbu & Sebarchievici, 2016).
Case 1 used a heat pump with a low efficiency as well as a low thermal conductivity
grout. Case 2 used a heat pump with a high efficiency as well as a low thermal conductivity grout.
Case 3 used a heat pump with a high efficiency, a high thermal conductivity grout, and the pipes
were pushed against the walls of the boreholes. Case 4 used a heat pump with a high efficiency,
a high thermal conductivity grout, a shorter GHE length, and closed-circuit fluid cooler for the loop
fluid (Sarbu & Sebarchievici, 2016).
Case 1 had a grout with a thermal conductivity of 5 W/m-K inside 25 boreholes that were
127 m deep each. The annual energy consumption for the heating season was 18,198 kWh and
113,373 kWh for the cooling season. The annual energy consumption for the heat pump was
47,730 kWh with a total consumption of 179,301 kWh. The case 1 costs were as follows:
boreholes were $84,578 ($3,383 each), heat pump was $29,328, operating energy costs for 20
years were $41,476, with total life-cycle costs being $155,383 (Sarbu & Sebarchievici, 2016).
Case 2 had a grout with a thermal conductivity of 5 W/m-K inside 25 boreholes that were
119 m deep each. The annual energy consumption for the heating season was 19,917 kWh and
124,875 kWh for the cooling season. The annual energy consumption for the heat pump was
34,440 kWh with a total consumption of 179,232 kWh. The case 2 costs were as follows:
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boreholes were $79,662 ($3,187 each), heat pump was $40,332, operating energy costs for 20
years were $29,923, with total life-cycle costs being $149,917 (Sarbu & Sebarchievici, 2016).
Case 3 had a grout with a thermal conductivity of 11 W/m-K inside 20 boreholes that
were 114 m deep each. The annual energy consumption for the heating season was 19,984 kWh
and 124,402 kWh for the cooling season. The annual energy consumption for the heat pump was
34,760 kWh with a total consumption of 179,146 kWh. The case 3 costs were as follows:
boreholes were $66,960 ($3,348 each), heat pump was $40,332, operating energy costs for 20
years were $30,201, with total life-cycle costs being $137,493 (Sarbu & Sebarchievici, 2016).
Case 4 had a grout with a thermal conductivity of 11 W/m-K inside 20 boreholes that
were 75 m deep each. The annual energy consumption for the heating season was 20,028 kWh
and 121,712 kWh for the cooling season. The annual energy consumption for the heat pump was
37,580 kWh, 420 kWh for the fluid cooler, and the total consumption was 179,740 kWh. The case
4 costs were as follows: boreholes were $44,092 ($2,205 each), heat pump was $40,332, fluid
cooler was $8,558 operating energy costs for 20 years were $32,654, with total life-cycle costs
being $125,636 (Sarbu & Sebarchievici, 2016).
Case 1 has the least annual energy consumption for the heating and cooling seasons,
but the most consumption for the heat pumps. Case 2 has the most annual energy consumption
for the cooling season, the second least consumption for the heating season, and the least
consumption for the heat pump. Case 3 had the least total annual energy consumption. Case 4
has the most annual energy consumption for the heating season, but the second least
consumption for the cooling season. It consumed the most total annual energy consumption due
to the extra consumption from the fluid cooler (Sarbu & Sebarchievici, 2016).
The boreholes costed the least with case 4 due to the need for only 75 m well to be
bored. Case 1 needed the most total depth and number of boreholes to be drilled so it costed the
most. When accounting for price per meter for each borehole, case 1 was the cheapest at $26.64
per meter and case 4 was the most costly at $29.40 per meter. The heat pump was the cheapest
for case 1 due to the lower efficiency; case 2, 3, and 4 all costed the same for the heat pumps.
The 20 year operation costs were the least for case 2 and the most with case 1. The total system
costs were the least with case 4 and the most with case 1 (Sarbu & Sebarchievici, 2016).
The annual energy consumption for the heating and cooling seasons may have been the
least for case 1, but the total annual energy consumption was the least for case 3 due to the
efficiency of the heat pump. Although the operational energy costs over 20 years was less with
case 3, the total system costs were the less with case 4 due to the reduction in borehole cost
(Sarbu & Sebarchievici, 2016).
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Table 32: Energy Consumption and Costs for Various GHE Cases (Sarbu & Sebarchievici, 2016)

2.12.5 Ductless Multi-Split Systems
A ductless multi-split heat pump system is a style of heat pump that requires no
ductwork, as well as no major retrofitting to the existing structure. The system connects a single
outdoor unit to multiple indoor units located in different zones. Ductless systems are traditionally
used in hotter climates due to their operational efficiency at lower temperatures, but in recent
years, cold-climate units have been developed; some of these units even achieve a COP of 1.5 to
1.8 at temperatures as low as 5°F (Roth, Sehgal, & Ackers, 2013).
There are three main ways that a ductless multi-split system can save on energy use.
Ducts located in unconditioned attics in the southern region of the US account for an energy loss
of 25% to 40% of HVAC system produced energy; ductless systems can eliminate this loss due to
the lack of ductwork required. Ductless systems also create an inherent zoned space
conditioning; this allows the temperatures in unoccupied spaces to be set in such a way that the
system requires less energy overall to keep the space comfortable. Most ductless systems have
variable speed compressors and fans, which results in a 35% energy savings over that of a single
speed system. This energy savings combined with the variable speed results in efficient
humidification. Consumers are more likely to run the system to keep the humidity level down if it
doesn’t require excessive energy (Roth et al., 2013).
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2.12.6 HVAC Problem Statement
With 40% of the energy use coming from heating and cooling, significant research for
reduction of energy use is necessary for the design and selection of appropriate HVAC
equipment. The TxAIRE houses use various types of modern heat pump systems to determine
the most optimal setup for our climate and US building practices, and energy efficiency; the
systems include air source heat pumps, ground source heat pumps, and multi-split heat pumps.

2.12.7 HVAC Conclusion
When determining the best setup for an HVAC system, the first aspect considered is fuel
type. Natural gas has a daily fuel cost of $0.51, while electric and GSHP have a daily fuel cost of
$2.45. Comparing to the electric energy source system, the GSPH has a payback period of 8.38
years. Comparing to the natural gas energy source system, the GSPH has a payback period of
35.68. Based on this research, the GSHP is not cost effective at the moment; the only benefit
would be the fact it comes from a renewable source (Sarbu & Sebarchievici, 2016).
When looking at systems that use the previously mentioned fuel types, the efficiency and
environmental impact must be considered. The natural gas boiler is 80% efficient with a CO2
emission output of 0.24. The air-to-air heat pump is 250% efficient with a CO2 emission output of
0.19. The ground-to-water heat pump is 320% efficient with a CO2 emission output of 0.15. Based
on this research, the GSHP is the most environmentally friendly and efficient system, while the
natural gas system is the least environmentally friendly and efficient. The consumer must decide
if the difference in efficiency or environmental impact is worth it to them to get the cheapest
system or not. The air-to-air system is a middle ground of efficiency and environmental impact
(Sarbu & Sebarchievici, 2016).
The systems chosen for the houses were all setup to compare the energy efficiency
between technologies. The GSHP system would be the best choice for renewability, but as far as
energy use, there needs to be further research to determine the best system between all three.

2.13 Viability of On-site Energy Production through Photovoltaics
2.13.1 Energy Use Mitigation by Local Production with Photovoltaics
Almost all energy on earth is a result of the sun. Wind power is generated by the uneven
atmospheric heating from the sun. Hydropower is generated from the buildup of water in the
region due to evaporation and transpiration from the radiant solar heat. Solar power is generated
from the solar radiation rays (Hersch & Zweibel, 1982).
Light is a form of energy; different colors and wavelengths represent different energy
levels. Higher energy levels start outside of the visible spectrum with cosmic rays, gamma rays,
x-rays and ultraviolet light. In the visible spectrum, violet has the highest energy level and red has
the lowest. Beyond red visible light are lower energy spectrums such as infrared, microwaves,
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radar, and radio waves. The energy of light correlates with the wave frequency; higher energy
levels have higher frequencies (Hersch & Zweibel, 1982).
The solar power output directly from the sun is 3.86×1020 MW, with 1.37 kW/m2 hitting the
atmosphere of the earth. The atmosphere filters, reflects, or scatters most of this radiation. Air
mass (AM) is the amount of atmospheric light needs to pass through, and is a ratio of the light
path length to the zenith path length. It is used in calculating the amount of radiation that makes it
to the earth’s surface. Accounting for air mass, only about 1 kW/m2 hits the surface at peak
intensity (30° north and south latitudes). The location on the earth affects the amount of energy
as well as the season; there is 20% less energy from the winter sun compared to the summer sun
(Hersch & Zweibel, 1982).
The radiation comes through the atmosphere as direct radiation, diffuse radiation, and
global radiation. The direct radiation is the radiation that is normal to the sun’s beams, where
diffuse radiation is that which has been scattered by the atmosphere. Global radiation takes into
account all radiation and is calculated with the equation G = D + I sinγ. Understanding the
radiation that exists in the atmosphere is important so the amount of solar energy consumed by
the photovoltaics can be calculated, as well as optimal panel placement (McVeigh, 1983).
Edmund Becquerel, a French physicist, discovered the photovoltaic effect in 1839. He
found that when two electrodes were placed in a weak conducting solution, illuminating one of
them created a voltage. Selenium was the first solid that was studied with the photovoltaic effect
(1870s). The first solid state photovoltaic cell was built in the 1880s and had a 1% to 2% light
conversion efficiency. The cost of selenium always outweighed the benefits of solar radiation
conversion, so further work was done to improve the technology (Hersch & Zweibel, 1982).
New theories presented in quantum mechanics, namely the one explaining the
photoelectric effect from Albert Einstein (light is composed of photons), helped developed the
current theoretical understanding of photovoltaics. The Czochralski method was developed in the
1940s and found a way to produce an extremely pure crystalline silicon. Bell Telephone
laboratories used this technique and went on to produce a photovoltaic silicon cell that had a 4%
efficiency in 1954 (Hersch & Zweibel, 1982).
Solar cells were first practically applied in 1958 on the “Vanguard” satellite. The batteries
on board failed within a month, but the satellite was able to stay in contact for six years due to the
silicon solar cells (Hersch & Zweibel, 1982; Paranthaman et al., 2016).
By 1983, laboratory testing was achieving 19% efficiency for silicon cells, and greater
than 20% for gallium arsenide cells. There were less material supply issues from using products
such as cadmium sulfide, amorphous silicon, and polycrystalline silicon over more traditional
solar cell products (McVeigh, 1983).
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The photovoltaic effect occurs when light infiltrates a photovoltaic cell and emits enough
energy to free some of the electrons in the matrix; these electrons are forced into another
material which creates an electron flow that produces voltage that drives a circuit’s current
(Hersch & Zweibel, 1982).
Amorphous silicon is uncrystallized, while polycrystalline silicon has many individual
crystals with a random arrangement. A silicon ribbon consists of silicon crystals that have been
grown in the ribbon form instead of cut and arranged. Cells made from gallium arsenide can
handle 1000 times the solar concentration of silicon (McVeigh, 1983).
Silicon has four valence electrons allowing it to form covalent bonds with up to four other
silicon atoms to create a crystal lattice. With just a pure crystalline lattice, when enough light
energy hits the atoms, an electron is freed from the structure. This structure now has a hole that
the free electron (or another electron freed by the light energy) now wants to go back in. This
system must have an introduced potential barrier which separates these holes and electrons, to
prevent rejoining (Hersch & Zweibel, 1982).
Doping is the process of introducing another atom, donor or acceptor, to the crystalline
lattice. An n-type silicon is a silicon crystal that has been doped with an atom that has an extra
valence electron, such as phosphorous, creating free negative charges. The n-type silicon needs
another form to create the potential barrier, known as p-type silicon. P-type silicon is a silicon
crystal that has been doped with an atom that has three valence electrons, such as boron,
creating electron holes (Hersch & Zweibel, 1982).
When combined, the holes have a tendency to go from the p-type side to the n-type side,
and the electrons have a tendency to go from the n-type side to the p-type side. This does not
carry on indefinitely due to the charged carriers creating an electric field once they cross the
junction. Once in equilibrium, it becomes a fixed potential barrier. This barrier prevents holes from
escaping the p-type region, and electrons from escaping the n-type region. It does however allow
free electrons to be accelerated from the p-type region to the n-type region as well as holes to
move from the n-type region to the p-type region (Hersch & Zweibel, 1982).
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Figure 17: The Photovoltaic Process (Hersch & Zweibel, 1982)
The photovoltaic cell process starts with solar energy breaking the electron bonds on
both sides of the n-type/p-type junction. The free electrons in the p-type region are pushed
through the junction to the n-type region. The holes stay in the p-type region because of the
barrier. The free holes in the n-type region are pushed through the junction to the p-type region.
The electrons stay in the n-type region because of the barrier. This creates a charge imbalance.
This charge imbalance creates an electron flow when connected to a circuit. The electrons flow
from the n-type region through the circuit (creating current), through the load, and back to the ptype region. Once back in the p-type region, the electrons join up with one of the many available
holes. Solar energy then breaks the electron bonds again, causing the cycle to start over. Figure
17 displays this process in detail (Hersch & Zweibel, 1982).
Photovoltaic cell efficiencies are affected by cell surface reflection, light not having
enough energy to break bonds, light having too much energy, empty bonds recombining, current
resistance, and operating temperature not being optimal. Without the use of coatings, 36% of light
would be reflected from the silicon; the coatings bring reflection down to 5%. The energy required
to break the bonds is material specific; there can be not enough or too much energy. Silicon
requires 1.1 electron volts, where gallium arsenide requires 1.4 electron volts. These materials
have to be matched with the solar spectrum in order to pull the maximum energy possible from
the solar radiation; there is a 55% waste from incompatible energy interactions. Resistance
occurs due to imperfections in the materials, or lattice damage. If the temperature of the cell gets
too hot, the heat vibrates the lattice and causes interference for free moving charges. The high
temperatures also lessen the junction’s ability to separate charges. Low temperatures lower
efficiency by requiring more energy to break apart the charges (Hersch & Zweibel, 1982).
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Photovoltaic cells can’t individually create very much power so they must be combined. A
photovoltaic panel is a connection of photovoltaic cells in either parallel (groups) or series
(strings, which can be either cells or groups). A photovoltaic array is a parallel or series
configuration of panels and a photovoltaic array field is a grouping of arrays (Hersch & Zweibel,
1982).
The most common type of photovoltaics on the market (85%-90%) are crystalline silicon
modules. They are either monocrystalline silicon (c-Si) or multicrystalline silicon (polySi or mc-Si).
Thin film photovoltaics (10%-15% of the market) are cells that consist of amorphous silicon (a-Si),
cadmium telluride (CdTe), or copper indium gallium selenide (CIGS); these have a high toxicity
and low material abundance. Another photovoltaic technology on the market is concentrated solar
power (CSP). CSP systems use a tracking system with mirrors and/or lenses to focus the sun
beam, which is then converted to heat that drives a heat engine. The largest installation is in the
Mojave Desert in California, and is 392 MW (Paranthaman et al., 2016).
The most common photovoltaic cells used are crystalline silicon. The laboratory
efficiencies are up to 25% for monocrystalline silicon and 20.5% for multicrystalline silicon. The
highest efficiency as of 2011 was from a GaAs cell and was 43.5% efficient. Polymer solar cells
at this time had the lowest efficiency at 8.6%. Other solar cell types had varying laboratory
efficiencies; ribbon silicon was at 18.3%, a-SI was at 12.5%, CdTe was at 19.6%, CIGS was at
20.8%, and DSSCs was at 15%. This information can be found in Table 33 (Paranthaman et al.,
2016).
Temperature may affect these efficiencies; anything over 25°C decreases efficiency and
anything under 25°C increases efficiency. For temperature, over 25°C, the temperature
coefficients were as follows: -0.40%/°C to -0.54%/°C for c-Si, -0.45%/°C for mc-Si, -0.12%/°C to 0.30%/°C for a-Si, -0.31%/°C for CdTe, -0.36%/°C to -0.45%/°C for CIGS, and -0.26%/°C to 0.33%/°C for DSSCs. This information can be found in Table 33 (Paranthaman et al., 2016).
The life cycles of photovoltaic systems are also dependent on the component material.
The life cycles were 90% output at 25 years for c-Si, 80% output at 25 years for mc-Si, 90%
output at 10 years and 80% output at 25 years for a-Si, 90% output at 10 years and 80% output
at 25 years for CdTe, 80% output at 25 years for CIGS, and 80% output at 10-20 years for
DSSCs. This information can be found in Table 33 (Paranthaman et al., 2016).
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Table 33: Solar Cell Types (Hearps & McConnell, 2011; Paranthaman et al., 2016)

2.13.2 Photovoltaic Problem Statement
The photovoltaics chosen for the TxAIRE houses were selected due to their market
availability. The sizing and inverter systems were designed to provide house 2 with appropriate
electricity quantity for a standard family to live in comfortably.

2.13.3 Photovoltaic Materials
The photovoltaic panels are manufactured by SolarWorld, and the model is the
Sunmodule SW 225 poly. There are 60 polycrystalline cells per panel. Each cell is 6.14” x 6.14”,
with the panel size totaling 39.41” x 65.94” x 1.22”. The front of the panel is protected by
tempered glass, and the frame is made from clear anodized aluminum. The total weight of each
panel is 46.7 pounds. The maximum power has been calculated for both standard test conditions
(STC, 1000 W/m2, 25°C) and normal operating cell temperature (NOCT, 800 W/m 2, 46°C). The
maximum power output is 225 watts (STC) and 160.9 watts (NOCT). The efficiency of the panel
is 13.42%.
The inverter is manufactured by SMA Technology, and the model is the Sunny Boy
SB7000US. The maximum recommend DC power from the photovoltaics for this model is 8750
watts (STC). The maximum DC voltage is 600 volts. The maximum AC output is 7000 watts. The
efficiency for a 240VAC hookup is 96.0% to 96.9%.
The array consists of 33 modules on 3 separate circuits. The total area of the array is 596
2

ft . With the 33 modules at 225 watts per module, the total array power rating is 7425 watts. The
efficiency for the array is 13.42%. The DC to AC efficiency is 91% so the AC rated power is 6757
watts. The annual energy production estimate is 11,631 kWh/yr, and at an electricity cost of 0.10
$/kWh, the annual value for production is estimated at $1,163. The total system cost is $33,425
with a cost of $4.50 per watt. Wright-Way Services was the product installer for the photovoltaic
panels and they donated $17,430.00 of the total system costs. With a 30% tax credit applied the
net system cost is $23,397, increasing the mortgage by $1,119 per year. Comparing the value for
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energy production to the mortgage cost, the first-year cost savings is estimated at $44. This
information can be found in Table 34.
Table 34: Total System Performance

2.13.4 Photovoltaic Conclusion
With the high efficiency of a GaAs system, it would be the perfect installation to provide
energy; the issue is the cost and availability for residential access. This is why silicon based
systems are used in residential applications; the main systems available for residential use are
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mono and poly-crystalline silicon. The monocystalline system does provide better efficiency and
has a longer life, but it is also more expensive; this is the likely reason a poly-crystalline system
was chosen for the TxAIRE houses.
The photovoltaic system installed in the TxAIRE houses is an optimal system, as it
exceeds the estimated annual energy requirements. Since the system feeds into the grid, the
power company would pay those energy excesses back to the consumer. The most optimal
design would have been to place the panels on the roof of the houses, but due to the way the
houses were going to be used for research, they needed to be placed away from the houses.

2.14 Real World Recovery Assessment of Heat Pump Water Heaters
2.14.1 Comparison of Water Heater Technologies
An electric resistance water heater consists of a large tank for water storage and two
heating elements. When hot water is required, the top element heats that water up first, then the
bottom element works to heat the water closer to the bottom of the tank. A gas water heater
consists of a large tank for water storage and a burner underneath. The burner is always on a low
setting, but once hot water is required, its heat output is increased until the appropriate
temperature in the tank is achieved. A tankless water heater passes the water directly over the
heating element (gas or electric) and sends the hot water onto the necessary areas. A heat pump
water heater (HPWH) is a type of water heater that combines the technology of a traditional
electric water heater with the technology of heat pump air conditioning system. The energy
efficiency of a HPWH is over double that of a traditional electric water heater (Lekov, Franco,
Thompson, & Letschert, 2011).
If the price of purchasing a HPWH were to decrease by 1/3, then it would be an economic
benefit for 50% of the US households to replace existing water heaters with. The benefits are
higher in certain regions, specifically regions with higher prices on electricity or higher hot water
use. The most beneficial usage of HPWHs is in new construction. If all households were to
replace their existing water heaters to HPWHs, then energy savings in the US would be around
75% (Franco, Lekov, Meyers, & Letschert, 2010).

2.14.2 HPWH Problem Statement
In Texas, hot water heaters use 19% of the total residential annual energy (US Energy
Information Administration, 2009). With such a high percentage of use coming from one
appliance, it is important to study the effects of sizing, modes, locations, and even door
positioning on the energy use of hot water heaters. In the TxAIRE houses, two models of heat
pump water heaters are compared to study these effects.
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2.14.3 HPWH Materials & Methods
The HPWH located in the house 1 mechanical room and the house 1 attic are Rheem
JPYA-A050J10 model hot water heaters. They have a 2500 watt rating and a 50 gallon capacity.
The energy star rating is 2195 kWh per year of energy use, or $234 estimated yearly operating
costs. The HPWH located in the house 2 mechanical room is a General Electric GEH50DNSRSA
model hot water heater. It has a 4500 watt rating and a 50 gallon capacity. The energy star rating
is 1856 kWh per year of energy use, or $198 estimated yearly operating costs. The data
acquisition systems are Agilent data acquisition switch units, model 34972A.
The testing of the heat pump water heaters (HPWH), which occurred between 1/16/2013
and 1/30/2013, consisted of two parts: equipment setup then testing. During the equipment setup,
the collection tank was tested for leaks then the data acquisition system was setup. The testing
included purge testing, heat recovery testing, and discharge testing.
To test the collection tank, the following procedures were completed; the laundry room
hot water valve was first drained by connection hoses, collection tank fill and drain valves were
then closed, the hot water valve was turned on and the fill line was checked for leaks, the
collection tank fill valve was then turned on for a few seconds and the tank was checked for
leaks, and the collection tank drain valve was then opened and the drain was checked for leaks.
Once the tank was empty, the drain valve was closed.
To setup the data acquisition system, the following procedures were completed: scanner
1 was connected to the thermocouples on the collection tank and set for 10 second intervals,
scanner 2 was connected to the thermocouples on the HPWH and set for 1 minute intervals, and
the scanners were then checked for the correct clock time.
During the testing of the HPWH system, there were several procedures completed. The
first test conducted was a tank purge and was only necessary if a water discharge test hadn’t
been recently completed. The HPWH was shut off, then the discharge valve on it was opened.
On house 1, the discharge valve on the second HPWH was closed at this time. Scanner 2 was
then turned on and started. The fill valve was turned on at the collection tank until 50 gallons was
collected, then it was shut off again. The collection tank was then drained and then the drain
valve was closed.
The next test conducted was the heat recovery test. When applicable (Indoor HPWHs),
the open or closed position of the mechanical room door was recorded. The energy meter
reading for the HPWH was then recorded along with time. Scanner 2 was checked for operation,
then the HPWH was turned on to desired temperature and mode settings. The HPWH start time,
mode, and temperature were all recorded at this point. The HPWH went through a full cycle, and
the energy meter was checked to make sure the auxiliary heat turned off at the end of the cycle
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(showing >100 W). The HPWH end time was recorded, along with the current energy meter
reading.
The final test conducted was the water discharge test. It started with the mechanical
room water pressure being recorded and scanner 1 was started. After a 30 second wait period,
the fill valve was opened and the time was recorded. The water pressure in the mechanical room
was then recorded again. The tanks were continuously monitored as the take was filled to 50
gallons, then the fill valve was closed. The time was recorded then the drain valve at the
collection tank was opened. Finally, the water pressure in the mechanical room was recorded one
last time.
For the heat recovery testing, the energy use was directly measured. For the discharge
test the energy output was determined by subtracting the discharge starting HPWH temperature
from the final temperature in the collection tank. This was then multiplied by the collection tank
size, by the conversion to kBTU (8.33/1000). To get from kBTU to kWh, this total was divided by
the conversion factor (3.412). The COP is calculated by dividing the energy output by the energy
input. It is often above 1 (work input = energy output) due to how heat pumps work; heat pumps
tend to add more energy (heat) to the system than is required.

2.14.4 HPWH Data & Analysis
For the indoor HPWH in house 1, there were three combinations of variables tested, all of
which were set to a normal temperature. The three combinations were open door in energy saver
mode, open door in electric heat mode, and closed door in energy saver mode. The open-door
energy saver mode required an average energy input of 5.6 kWh, average time of 0.83 hours,
and an average power input of 6.72 kW for a full heating cycle. For the discharge test, the energy
output was found to be 5.15 kWh, average discharge time was 0.14 hours, and average
coefficient of performance (COP) was 0.93. The open door electric heat mode required an
average energy input of 5.5 kWh, average time of 1.28 hours, and an average power input of 4.28
kW for a full heating cycle. For the discharge test, the energy output was found to be 5.8 kWh,
average discharge time was 0.12 hours, and average COP was 0.97. The closed-door energy
saver mode required an average energy input of 5.2 kWh, average time of 1.14 hours, and an
average power input of 4.56 kW for a full heating cycle. For the discharge test, the energy output
was found to be 5.8 kWh, average discharge time was 0.125 hours, and average COP was 1.12
(Table 35).
The open and closed-door test was conducted in energy saver mode only. Although the
energy input (kilowatt-hours) of the open door was 7.7% higher than the closed door, the average
power input (kilowatts) was actually 47.4% higher with the open-door test. The energy output to
the collection tank compared to the energy input was 8% lower for the open door and 11.5%
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higher for the closed door. The closed door had a COP 20.4% higher than the open-door COP.
The open-door test produced less heat than the energy required to produce it (Table 35).
The comparison between the modes (Energy Saver and Electric Heat) was done with an
open door. Although the energy input (kilowatt-hours) of the energy saver mode was 1.8% higher
than electric heat mode, the average power input (kilowatts) was actually 57% higher for the
energy saver mode. The energy output to the collection tank compared to the energy input was
8% lower for the energy saver mode and 5.5% higher for the electric heat mode. The electric heat
mode had a COP 4.3% higher than the energy saver mode COP. Both modes produced less heat
than the energy required to produce it (Table 35).
For the attic HPWH in house 1, only the modes were altered in testing; the two modes
were energy saver and electric heat mode. Energy saver mode required an average energy input
of 2.575 kWh, average time of 1.38 hours, and an average power input of 1.87 kW for a full
heating cycle. For the discharge test, the energy output was found to be 5.65 kWh, average
discharge time was 0.11 hours, and average coefficient of performance (COP) was 2.21. Electric
heat mode required an average energy input of 5.87 kWh, average time of 1.34 hours, and an
average power input of 4.37 kW for a full heating cycle. For the discharge test, the energy output
was found to be 5.43 kWh, average discharge time was 0.11 hours, and average coefficient of
performance (COP) was 0.93 (Table 35).
The comparison between the modes (energy saver and electric heat) was done in an
open vented attic, so there was no door position data. Although the energy input (kilowatt-hours)
of the electric heat mode was 128% higher than energy saver mode, the average power input
(kilowatts) was actually 134% higher for the electric heat mode. The energy output to the
collection tank compared to the energy input was 119% higher for the energy saver mode and
7.5% lower for the electric heat mode. The energy saver mode had a COP 138% higher than the
electric heat mode COP. Electric heat mode produced less heat than the energy required to
produce it (Table 35).
When comparing the house 1 indoor HPWH to the attic HPWH, the equivalents of each
HPWH were compared; these include comparisons of the indoor energy saver mode and the attic
energy saver mode, as well as the indoor electric heat mode and the attic electric heat mode.
The first test compared the energy saver mode in alternate locations. Although the
energy input (kilowatt-hours) of the indoor HPWH was 115% higher than the attic HPWH, the
average power input (kilowatts) was actually 259% higher for the indoor HPWH. The energy
output to the collection tank compared to the energy input was 8% lower for the indoor HPWH
and 117% higher for the attic HPWH. The attic HPWH had a COP 138% higher than the indoor
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HPWH COP. The indoor HPWH produced less heat than the energy required to produce it (Table
35).
The other test compared the electric heat mode in alternate locations. Although the
energy input (kilowatt-hours) of the attic HPWH was 7.3% higher than the indoor HPWH, the
average power input (kilowatts) was actually 2.1% higher for the attic HPWH. The energy output
to the collection tank compared to the energy input was 5.5% higher for the indoor HPWH and
8.5% lower for the attic HPWH. The indoor HPWH had a COP 4.3% higher than the attic HPWH
COP. Both locations produced less heat than the energy required to produce it (Table 35).
For house 2, there were three combinations of variables tested, all of which were set to
120F for the temperature. The three combinations were open door in eHeat mode, open door in
standard mode, and closed door in eHeat mode. The open door eHeat mode required an average
energy input of 1.9 kWh, average time of 4.54 hours, and an average power input of 0.42 kW for
a full heating cycle. For the discharge test, the energy output was found to be 5.8 kWh, average
discharge time was 0.2 hours, and average coefficient of performance (COP) was 3.05. The open
door standard mode required an average energy input of 5.45 kWh, average time of 1.14 hours,
and an average power input of 4.81 kW for a full heating cycle. For the discharge test, the energy
output was found to be 5.25 kWh, average discharge time was 0.2 hours, and average COP was
0.97. The closed door eHeat mode required an average energy input of 2.4 kWh, average time of
5.87 hours, and an average power input of 0.41 kW for a full heating cycle. For the discharge test,
the energy output was found to be 5.8 kWh, average discharge time was 0.18 hours, and average
COP was 2.43 (Table 35).
The open and closed-door test was conducted in eHeat mode only. Although the energy
input (kilowatt-hours) of the closed door was 26.3% higher than the open door, due to the longer
length of time required to finish the cycle, average power input (kilowatts) was actually 2.4%
lower with the closed-door test. The energy output to the collection tank compared to the energy
input was 205% higher for the open door and 142% higher for the closed door. The open door
had a COP 25.5% higher than the closed-door COP, although they were both efficient (Table 35).
The comparison between the modes (eHeat and Standard) was done with an open door.
Although the energy input (kilowatt-hours) of the standard mode was 190% higher than eHeat
mode, the average power input (kilowatts) was actually 1,045% higher for the standard mode due
to the time required to complete a cycle. The energy output to the collection tank compared to the
energy input was 205% higher for the eHeat mode and 3.6% lower for the standard mode. The
eHeat mode had a COP 68.2% higher than the standard mode COP. Standard mode produced
less heat than the energy required to produce it (Table 35).
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When comparing house 1 to house 2, the equivalents of each house were compared;
these include combinations such as the Rheem energy saver versus the GE eHeat mode (open
door), Rheem energy saver versus the GE eHeat mode (closed door), and Rheem electric heat
versus GE standard mode.
The first test comparing the Rheem energy saver mode to the GE eHeat mode was
conducted with the doors open. Although the energy input (kilowatt-hours) of the energy saver
mode was 195% higher than eHeat mode, the average power input (kilowatts) was actually
1,500% higher for the energy saver mode. The energy output to the collection tank compared to
the energy input was 8% lower for the energy saver mode and 205% higher for the eHeat mode.
The eHeat mode had a COP 228% higher than the energy saver mode COP. Energy saver mode
produced less heat than the energy required to produce it (Table 35).
The second test comparing the Rheem energy saver mode to the GE eHeat mode was
conducted with the doors closed. Although the energy input (kilowatt-hours) of the energy saver
mode was 117% higher than eHeat mode, the average power input (kilowatts) was actually
1,012% higher for the energy saver mode. The energy output to the collection tank compared to
the energy input was 11.5% higher for the energy saver mode and 142% higher for the eHeat
mode. The eHeat mode had a COP 117% higher than the energy saver mode COP (Table 35).
The final comparison between the houses looked at the Rheem electric heat and the GE
standard mode. There was no difference in the energy input (kilowatt-hours) between the modes,
but the standard mode average power input (kilowatts) was 12.4% higher than the electric heat
mode. The energy output to the collection tank compared to the energy input was 5.5% higher for
the electric heat mode and 3.6% lower for the standard mode. There was no COP difference
between the two modes. Both modes produced less heat than the energy required to produce it
(Table 35).
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Table 35: HPWH Energy Usage Testing

2.14.5 HPWH Conclusion
The coefficient of performance (COP) is a good indicator if how well a heat pump is
operating; it indicates how much heat is transferred per energy input. An efficient heat pump
should have a COP greater than one. When comparing HPWHs, the best device has the highest
COP.
The indoor HPWH in house 1 had a higher COP with the door closed rather than open;
the open-door test actually yielded a COP less than one. The HPWH in house 2 was the opposite
with a higher COP with an open door rather than closed. The COPs for the HPWH in house 2
was two to three times higher than the COPs of house 1.
The indoor HPWH in house 1 had a higher COP in electric heat mode activated rather
than energy saver mode; the attic HPWH had a higher COP in energy saver mode rather than
electric heat mode. Energy saver mode indoor and electric heat mode in the attic had a COP less
than one. The HPWH in house 2 had a higher COP in eHeat mode rather than standard mode;
standard mode had a COP less than one.
This testing demonstrated that the efficiency of a HPWH is dependent on things such as
the model, location, mode setting, and even door state. The GE device, which had a 4500 watt
rating, tested with a higher COP than the Rheem device, which had a 2500 watt rating. The
location efficiency depended on the mode; energy saver tested better in the attic, where electric
heat tested better in the mechanical room. The mode settings varied by model and location;
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energy saver tester better in the attic, but worse in the house. eHeat tested way better than the
other settings on both the same HPWH and the other HPWH in house 1. The door state was
better open with the HPWH in house 1 and closed with the HPWH in house 2.
The most optimal setup in house 1 was the HPWH located in the attic set on energy
saver mode. The most optimal setup in house 2 was the HPWH with the door open set on eHeat.
Given that only heat pump style water heaters were evaluated, it is unknown if the benefits
outweigh the purchasing costs of a HPWH in the case of the TxAIRE houses. If the prices on
HPWHs were lowered, then it would be feasible to convince more consumers to replace their
existing traditional electric water heaters, thereby decreasing energy usage in the entire US.

2.15 Simulated Energy Usage & Costs for the TxAIRE Houses through
HERS Analysis
2.15.1 HERS Introduction
HERS is the Home Energy Rating System and was developed to standardize energy
efficiency ratings for residential buildings; the system is maintained by the Residential Energy
Services Network (RESNET). The HERS index was developed in 2006 and is a modern iteration
of the HERS score. If the house was built to code, the index works on a scale of 100, with 100
being a baseline code built structure. The HERS index can only be calculated by certified raters
(“What is the HERS Index?,” 2017).

2.15.2 HERS Problem Statement
In order to decrease the use of energy on a house, there must be an initial understanding
of where the usage is coming from. Using a HERS simulation and analysis, high energy use can
be pinpointed to individual structural elements, mechanical equipment, or appliances. The
TxAIRE HERS analysis includes the consumption, loads, design loads, costs, and the energy
efficiency certificates associated with the simulation for both houses.

2.15.3 HERS Materials & Methods
The software used to simulate the energy usage in the TxAIRE homes was REM/Rate
Residential Energy Analysis and Rating Software v12.95. The calculations in the software were
compared to the ASHRAE 90.2, IECC 2006, and IECC 2009 energy efficiency standards.
ASHRAE and IECC were used in simulation to cover standards in both the United States and
internationally. When the simulations were completed, IECC 2009 was fairly new, so IECC 2006
was used as well.
The simulation software allowed for specification of the individual components in the
models; Table 36 summarizes these specifications. All of the component specifications were the
same for the simulations of energy usage, ASHRAE 90.2, IECC 2006, and IECC 2009. The
bolded values on the table were the specific components used in the energy usage simulations.
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Table 36: Component Specifications (Nielson, 2011)
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2.15.4 HERS Data & Analysis
Energy usage data was calculated by Energy Concepts of Tyler, Texas using REM/Rate
Residential Energy Analysis and Rating Software v12.95 for both the structural system
components as well as consumer app licenses present in the houses (Table 37-Table 43). These
calculations were used to assess the energy star eligibility for the construction of house 1 and
house 2, as well as to compare the calculated effect of differences between the construction. The
assessment provides critical data for baseline comparison of the designs and allows for real world
verification of both the models and the design.
The following components were assessed for consumption, load, and design load for
both heating and cooling seasons in both houses; ceiling/roofs, rim/band joists, above grade
walls, foundation walls, doors, windows/skylights, frame floors, crawl space, slab floors,
infiltration, mechanical ventilation, ducts, active solar, sunspaces, internal heat gains, and whole
house ventilation. The component consumption (MMBtu/yr) is the total amount of energy used by
the HVAC system to bring the structure back to a homogeneous state from heat loss or gain
through specific components in the structure. The component load (MMBtu/yr) is the energy load
required to power the HVAC system to bring the structure back to a homogeneous state from
heat loss or gain through specific components in the structure. The component design load
(kBtu/hr) is the maximum energy load per hour required to power the HVAC system to bring the
structure back to a homogeneous state from heat loss or gain through specific components in the
structure. Some of these components were included in the simulation but are not features present
in the structures and therefore are represent a null value; these components are rim/band joists,
foundation walls, frame floors, crawl space, active solar, and sunspace (Table 37).
The three energy usage types calculated for the ceiling/roofs component for house 1 was
calculated to be approximately 40% and 55% of house 2’s energy usage for the heating and
cooling season respectively; this is likely due to the parameters of the simulation only having
insulation on the vault of the attic in house 2, whereas house 1 has insulation on both the vault
and the floor of the attic. The above grade walls had a similar but inverse relationship between
the houses; house 2 was calculated to be approximately 56% of house 1’s energy usage for both
seasons. This is likely due to the parameters of the simulation for house 2 having a U-value 53%
lower than the U-value in house 1, and the 3% difference in percentage is likely due to the way
the simulation is calculated. With the energy usages for the doors that had a non-zero value,
house 1 was calculated to be approximately 66% of house 2’s energy usage for both seasons.
This is likely due to the parameters of the simulation for house 1 having a U-value difference of
66% as compared to house 2. The energy usages for the doors that had a zero value were likely
below the threshold of 100 kBtu/yr. The windows/skylights energy usage in house 2 was
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calculated to be approximately 60% of house 1’s energy usage for both seasons; this is likely due
to the parameters of the simulation for house 2 having a U-value 60% lower than the U-value in
house 1. The slab floor energy usage in was the the same for both houses regardless of season;
this is likely due to the parameters of the simulation for both houses having the same U-value.
Energy usages that fell below the threshold of 100 kBtu/yr showed up as zero on the report.
Consumption and load energy usage for the infiltration component of house 2 was calculated to
be approximately 74% and 52% of house 1’s energy usage for the heating and cooling season
respectively; design load energy usage for house 2 was calculated to be 74% for both seasons.
The consistency between the design loads, and heating seasons is likely due to the 74%
difference between house 1 and house 2 for the parameters. It is unknown why there is a 52%
difference for the cooling seasons. Only house 2 contained mechanical ventilation in the
simulations; consumption energy usage was the same regardless of season, load energy usage
was higher for the cooling season, and design load energy usage was higher for the heating
season. The load energy usage being higher for the cooling season is likely due to the higher
humidity that exists during the summer; the vents are running more to dehumidify the
environment. House 2 likely had energy usages for the duct system that fell below the threshold
of 100 kBtu/yr so they all showed up 0.0 to 0.1 0.1MMBtu/yr on the report. House 1 showed a
higher energy usage for the cooling season. The higher energy usage for the cooling season is
likely that the temperature difference between the summer attic air and the duct air is significantly
greater than that of the winter attic air and the duct air. The lower energy usage in house 2 is
likely due to the insulated space that the ducts are located in and the lower duct leakage. The
internal gain energy usage is the amount of energy required by the HVAC system to bring the
structure back to a homogeneous state from heat loss or gain due to lighting, appliance heat,
computers, and occupants. The internal gain energy consumption and load for the heating
season was -3.0 MMBtu/yr for both houses and the design load was below the threshold of 100
kBtu/hr for both houses. The reason the heating seasons had energy consumption below zero or
negative is that the heat from these previously mentioned items actually decreased the energy
useage to heat the house otherwise. The internal gain energy consumption and load was 8% and
4% different between the two houses respectively. Only the cooling season was included in the
simulations for whole house ventilation; consumption energy gain was the same regardless of
house, load energy gain was higher for house 1, and design load energy usage fell below the
threshold of 100 kBtu/hr. The load energy gain was likely higher for house 1 due to the extra heat
that existed in the attic space that was able to be removed. For the most components, there was
an overall higher energy use for the heating season (Table 37).
117

Table 37: Component Load Summary (Nielson, 2011)

The consumption and costs were also simulated for common house appliances and
accessories such as the lighting, refrigerator, dishwasher, oven/range, clothes washer, clothes
dryer, mechanical ventilation fans, ceiling fans, and other items (Table 38). The consumption was
calculated the same for both houses for the refrigerator, dishwasher, oven/range, washer, dryer,
ceiling fan, and other; these appliances only different in appearance to provide an upscale image
to house 2. The annual energy consumption projections were as follows: the refrigerator was
500.0 kWh/yr at an estimated $50, the dishwasher was 102.6 kWh/yr at an estimated $10, the
oven/range was 547.5 kWh/yr at $55, the washer was 90 kWh/yr at $9, the dryer was 900.0
kWh/yr at $90, the ceiling fans were 230.4 kWh/yr at $23, and other energy expenditures
constituted 1872.5 kWh/yr at $187. The lighting installed in house 2 was more energy efficient
and had an annual energy consumption of 784.7 kWh/yr ($78), and house 1 was less energy
efficient at 996.3 kWh/year ($100). Since the mechanical ventilation system was only simulated
for house it had a 297.8 kWh/yr ($30) annual energy consumption.
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Table 38: Lights & Appliances Summary (Nielson, 2011)

Detailed energy usage of the broader utilities such as heating, cooling, water heating,
lights and appliances, photovoltaics, and service charges were also simulated (Table 39); these
are integral to the energy footprint of the structure and are required to understand when designing
the rest of the energy efficiency into a house. The heating load was 26% higher in house 1 than
house 2, the cooling load was 45% higher in house 1 than house 2, and the water heating load
was 9% higher in house 1 than house 2; the total load for house 1 is 30% higher than house 2.
Accounting for the photovoltaics, the total annual energy consumption for house 1 was 36.6
MMBtu/yr (10716 kWh/yr), and -6.8 MMBtu/yr (-1980 kWh/yr) for house 2; house 2 was 119%
lower than house 1. When not accounting for the photovoltaics, the total annual energy
consumption for house 2 was 33 MMBtu/yr (9655 kWh/yr); this was 10% lower than house 1. The
total annual energy cost for house 1 was $1,097 and was -$172 for house 2; this means that the
homeowner of house 2 would receive $172 from the energy company if it were feeding the extra
energy back to the grid. The heating design load was 59% higher in house 1 than house 2 and
the cooling load was 44% higher in house 1 than house 2; the total load for house 1 is 67%
higher than house 2.
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Table 39: Performance Summary (Nielson, 2011)

Although it is important to heavily analyze the energy usage of the components of a
structure, it is also important to consider the environmental impact through the simulation and
calculation of greenhouse gases emitted while producing the power for the components. This can
vary greatly by the fuels used inside the home or at the power generation center; for these
estimates, the houses are setup as all electric and the power center uses a site-to-source
average set up by the EPA. Detailed greenhouse gas emissions of the broader utilities such as
heating, cooling, water heating, lights and appliances, and photovoltaics were simulated; the
greenhouse gases evaluated were carbon dioxide, sulfur dioxide, and nitrogen oxides (Table 40).
The annual carbon dioxide produced to fuel house 1 is as follows; heating 1.6 tons,
cooling 1.2 tons, water heating 0.9 tons, and lights and appliances 3.6 tons. The annual carbon
dioxide produced to fuel house 2 is as follows; heating 1.3 tons, cooling 0.8 tons, water heating
0.8 tons, lights and appliances 3.6 tons, and photovoltaics -7.9 tons. This gives house 1 a net
carbon dioxide production of 7.3 tons/yr and house 2 a net decrease of 1.3 tons/yr. The annual
sulfur dioxide produced to fuel house 1 is as follows; heating 7.2 lbs, cooling 5.5 lbs, water
heating 3.8 lbs, and lights and appliances 15.8 lbs. The annual sulfur dioxide produced to fuel
house 2 is as follows; heating 5.8 lbs, cooling 3.7 lbs, water heating 3.5 lbs, lights and appliances
16.0 lbs, and photovoltaics -35.0 lbs. This gives house 1 a net sulfur dioxide production of 32.3
lbs/yr and house 2 a net decrease of 6.0 lbs/yr. The annual nitrogen oxides produced to fuel
house 1 are as follows; heating 2.4 lbs, cooling 1.8 lbs, water heating 1.3 lbs, and lights and
appliances 5.2 lbs. The annual nitrogen oxides produced to fuel house 2 are as follows; heating
1.9 lbs, cooling 1.2 lbs, water heating 1.2 lbs, lights and appliances 5.3 lbs, and photovoltaics -
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11.5 lbs. This gives house 1 a net nitrogen oxide production of 10.6 lbs/yr and house 2 a net
decrease of 2.0 lbs/yr (Table 40).
Table 40: Emissions Summary (Nielson, 2011)

ASHRAE establishes standards required for a structure to be considered an energy
efficient building; these standards were compared to the simulated values for different structures
in the TxAIRE houses. For house 1 the U-values for the vaulted ceilings, above grade frame
walls, and doors were all above the ASHRAE standards; the U-values for the ceilings w/attics,
frame walls adjacent to unconditioned spaces, and the windows/skylights were all below the
ASHRAE standards. For house 2 the U-values for the vaulted ceilings and doors were above the
ASHRAE standards; the U-values for the above grade frame walls, frame walls adjacent to
unconditioned spaces, and the windows/skylights were all below the ASHRAE standards. For the
U-values that were above ASHRAE standards, the load change would be negative, and the load
change would be positive for U-values below ASHRAE standards. In order to comply, the load
change had to be positive; both houses had this positive load change. Although both houses
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passed the ASHRAE 90.2 envelope component compliance, it can also be used to improve the
structure at points that don’t individually comply with the standard (Table 41).
Table 41: ASHRAE 90.2 Envelope Component Compliance (Nielson, 2011)

Like ASHRAE, the International Energy Conservation Code (IECC) establishes standards
required for a structure to be considered an energy efficient building; the 2006 and 2009 IECC
standards were compared to the simulated values for different structures in the TxAIRE houses.
The IECC standards are based on a UA check maximum, which is the component U-value
multiplied by the area of that component occupies in the structure. For the total UA Check
maximum, the 2006 IECC standard was 371.0 for house 1 and 408.9 for house 2; the 2009 IECC
standard was 339.1 for house 1 and 374.9 for house 2; the calculated total UA Check maximum
values for the TxAIRE houses are 326.4 for house 1 and 298.8 for house 2 which met the
insulation levels for 2006 and 2009. The duct insulation R-value was also compared, both the
attic supply and attic return minimums were met. The window SHGC maximum was met for the
2006 standards, but not for the 2009 standards. House 1 and house 2 surpass the requirements
for energy efficiency according to the 2006 standard; they are 12% and 27% less than the
standard respectively. House 1 and house 2 do not meet the requirement for energy efficiency
according to the 2009 standard due to the maximum SHGC in the windows being greater than
0.300 (Table 42).
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Table 42: IECC Overall Building UA Compliance (Nielson, 2011)

The most relatable metric for energy savings is the financial cost of running a household.
Cost savings that can result from energy saving designs can be quite substantial and in the case
of photovoltaics, profitable. ASHRAE and IECC have set values that predict the cost for each of
the utility groups, and where they must fall to be considered an energy efficient building. ASHRAE
90.2, IECC 2006, and IECC 2009 have all been compared to their respective design annual
energy cost estimates for energy efficiency compliance. The costs compared to ASHRAE 90.2
came in at 27% below standard for house 1, 37% below standard for house 2 without the
photovoltaics, and 111% below standard for house 2 with the photovoltaics. The costs compared
to IECC 2006 came in at 24% below standard for house 1, 33% below standard for house 2
without the photovoltaics, and 111% below standard for house 2 with the photovoltaics. The costs
compared to IECC 2009 came in at 2% below standard for house 1, 9% below standard for house
2 without the photovoltaics, and 107% below standard for house 2 with the photovoltaics. The
only requirements not met are the IECC 2009 standards for house 1; the designed energy cost
exceeded that of the standard’s cost for heating energy. Standards are so close to the design of
the houses, that a newer standard would even make house 2 non-compliant, without the use of
photovoltaics (Table 43).
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Table 43: ASHRAE 90.2, IECC 2006, & IECC 2009 Annual Energy Cost Compliance (Nielson,
2011)

The Home Energy Rating Certificate states that house 1, house 2 without photovoltaics,
and house 2 with photovoltaics all get a 5 stars plus confirmed rating. In order to achieve this
rating, a house must have a HERS index of 70 or less. As previously mentioned, the index
typically ranges from 1 to 100, but it can go well over 100 if it is not up to code; being in code
places a house at a 4 star rating immediately.
House 1 had a HERS index of 65, which made it 35% more efficient than the code built
house. Total annual energy consumption was 37.6 MMBtu and total annual energy cost was
$1126. The house met or exceeded the following requirements: EPA ENERGY STAR Version 2
Home, EPA ENERGY STAR Version 2.5 Home, ASHRAE Standard 90.2-1992, 2004
International Energy Conservation Code, and 2006 International Energy Conservation Code
House 2 without the photovoltaic system had a HERS index of 52, which made it 48%
more efficient than the code built house. Total annual energy consumption was 32.9 MMBtu and
total annual energy cost was $989. The house met or exceeded the following requirements: EPA
ENERGY STAR Version 2 Home, EPA ENERGY STAR Version 2.5 Home, ASHRAE Standard
90.2-1992, 2004 International Energy Conservation Code, 2006 International Energy
Conservation Code, and 2009 International Energy Conservation Code.
House 2 with the photovoltaic system had a HERS index of -11, which made it 111%
more efficient than the code built house. Total annual energy consumption was -6.8 MMBtu and
total annual energy cost was -$175. The house met or exceeded the following requirements: EPA
ENERGY STAR Version 2 Home, EPA ENERGY STAR Version 2.5 Home, ASHRAE Standard
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90.2-1992, 2004 International Energy Conservation Code, 2006 International Energy
Conservation Code, and 2009 International Energy Conservation Code.

2.15.5 HERS Conclusion
All three houses had a 5 star plus rating, as well as met most of the energy efficiency; the
exception being house 1 didn’t meet the 2009 IECC standard. Without the photovoltaics, house 2
is 20% more efficient than house 1. With the photovoltaics, house 2 is 117% more efficient than
house 1. Just adding the photovoltaics to house to increases its efficiency by 121%.
This demonstrates the significant cost savings that can be accomplished with adequate
design of a house. The HERS report also indicates the places where the houses lag behind or
are coming close to the standards for energy efficiency. House 1 is a representation of standard
construction practices, and showed that it saves energy over the bare minimum code
construction. House 2 is a representation of advanced construction practices, and shows how
much more can be saved over the construction of house 1. Where the greatest impact lies is in
the addition of a photovoltaic system; on house 2, the impact negated the energy use entirely,
and still netted a profit. It’s ultimately up to the homeowner as to what is more important to them;
whether it be to save money and build a conventional house, build a more advanced house, or
even add a photovoltaic system to their structure.
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OCCUPANT COMFORT
2.16 Introduction to Occupant Comfort
Occupant comfort is a combination of the indoor air quality and energy usage in a house;
it can be further broken down into terms of thermal comfort, indoor air quality, acoustical comfort,
and visual comfort. Although the idea of comfort can vary from person to person, there are
average comfort levels that should be met for each type of occupant comfort. Individual comfort
levels of that range requires an adjustable system; a good design can implement both the
standard range and the adjustable range.

2.16.1 Indoor Air Quality
A house with bad indoor air quality can be detrimental to occupant comfort. Poor indoor
air quality can lead to feeling stifled, increased agitation of allergies, and a general feeling of
sickness; these factors create occupant discomfort. One way to control the indoor air quality is
through the use of ventilation and air filtering; this will reduce the contaminants in the air and
allow fresh air to pass through the house. Another, somewhat overlooked control strategy for
indoor air quality, is through pest control. Rodents and insects can bring allergens and disease
inside the house. If pest control is implemented properly, the risk of illness is reduced
significantly.

2.16.2 Thermal Comfort
The preferred model of measured environmental conditions for the quantification of
physiological heat stress is the Wet-Bulb Globe Temperature (WBGT); this model is a calculated
value that combines ambient air temperature, relative humidity, air velocity, and radiant energy.
The WBGT is a great unit of measure, but requires three thermometers in order to be properly
measured (Nalbone, 2004).
Attempts have been made to calculate and measure the correlation of weather elements
to human thermal discomfort. One of the indices, apparent temperature (AT), was derived from
textile science studies, and the term “sultriness” was coined. Sultriness is the perceived heat
temperature based on both temperature and humidity; it is used similarly to wind chill, which is
cold temperature perception. The index was later developed beyond just temperature and
humidity and took on more weather elements such as radiation effects, barometric pressure, and
wind effects. The AT index was further improved through the addition of wind speed, vapor
pressure, external human body characteristics, human skin properties, body characteristics, body
activity, and clothing characteristics; this became known as the Rothfusz heat index (Nalbone,
2004).
An individual’s contentment with environmental conditions is known as thermal comfort.
Since it is an individual’s perception, thermal comfort disregards air movement, humidity, and
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temperature. Thermal comfort can’t be calculated as easily as the apparent temperature index or
the Rothfusz heat index, but it is still important to consider when designing a structure. There are
controls designed to adjust thermal comfort to the potential needs of the occupant; there are also
thermostat systems designed to learn the comfort needs of the occupants and adjust over time.
The technology isn’t perfect, and still requires implementation of an occupant override (Nalbone,
2004).
Studies have shown a predictable relationship between increases in ambient temperature
and violence. More specifically, there was a predictable relationship between violent crimes and
weather, seasonal cycles, population, and unemployment; summer was the peak of all crimes
apart from gambling (Nalbone, 2004).

2.16.3 Acoustical Comfort
Acoustical comfort comes from an occupant’s ability to audially enjoy their environment.
Since noise can come from both the internal and external environment, it is important to control
both sources as much as possible. For external noise, tight construction can be used to block the
sounds from entering the threshold of the building. For internal noise, control can initially come
from stifling equipment noise; quieter equipment leads to an overall lower noise environment.
Internal noise can also be controlled through the use of sound deadening materials, such as wall
board. Although some ambient sound is important for the sanity of the occupants (e.g. auditory
hallucinations), controlling excessive noise is important throughout a structure.

2.16.4 Visual Comfort
Visual comfort comes from an occupant’s ability to visually enjoy their environment. This
can come from the use of extensive lighting, either natural or artificial depending on the
occupant’s taste; ample natural lighting can come through the use of large windows throughout a
house. Visual comfort can also come from the usage of attractive landscaping; using attractive
flowers that can withstand neglect and extreme temperatures is optimal so that the average
homeowner doesn’t expend excess energy on something that could lead to a considerable
improvement in mental comfort. One final source of visual comfort for many occupants is the lack
of insects visible in a house; although insects are natural, they give some occupants the illusion
of a structure being dirty. Without the visuals of insect debris, the occupant is relieved in believing
the house is hygienic.

2.17 The Effect of Indoor Air Quality on Occupant Comfort
2.17.1 Ventilation & Air Filtering
An occupant’s comfort in terms of air involves the need for the correct temperature,
correct humidity, as well as freedom from contaminants and odors. Through the use of ventilation
and air filtering, the air quality can be improved by removing contaminants and odors. The air
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filtration is used to pull physical biological particles from the air, while the ventilation is used to
create air flow throughout the system in order to bring fresh air into and out of the house
(McMullan & Seeley, 2007).
Ventilation and air filtering are important to the comfort, and more importantly the health
of the occupant; a healthy occupant is a comfortable occupant. With tight construction becoming
more common, it is important that the fresh air flow rates can keep up with the needs of the
occupants. The TxAIRE houses have two types of air filtering systems and a Trane ERV installed
in line with the HVAC system to achieve the needs for occupant health and comfort.
Health is an important factor in occupant comfort; an occupant who feels or is sick will not
be comfortable in their environment. It is important to have good indoor air quality to provide good
health for the occupants, and this can be achieved through proper ventilation and filtration. Both
TxAIRE houses contain whole house ventilation systems along with air purification systems to
test the effectiveness of this technology on occupant comfort.

2.17.2 Pest Control Types & the Effects on Occupant Comfort
Chromated Copper Arsenate (CCA) has been the chemical of choice for pressure treated
wood since the 1940’s up until the end of 2003. There was a voluntary action in 2003 where the
manufacturers eliminated the use of CCA for most residential applications. A few modern
chemicals approved by the EPA for wood treatment are Alkaline Copper Quaternary (ACQ),
Copper Azole (CA), and Disodium Octaborate Tetrahydrate (DOT). ACQ, CA, and DOT are all
insecticides and fungicides that have varying levels of success and health effects (“Overview of
wood preservative chemicals,” 2016).
Disodium Octaborate Tetrahydrate (DOT) is the most common compound used for
termite control and wood preservation. DOT has a higher solubility in water than other
compounds used for preservation, which allows it to be used at a higher concentration. This
compound is stable, not combustible or flammable, and the toxicity for dermal exposure and oral
ingestion is low. The boron content is higher in DOT (20.9%) than in boric acid (17.48%) or borax
(11.4%) (Freeman, McIntyre, & Jackson, 2010).
Two common products used in the US are Tim-Bor and Bora-Care, both manufactured by
Nisus. Tim-Bor comes as a powder, is 98% DOT, and is meant to be added as a pretreatment on
new construction lumber. Bora-Care comes as a liquid concentrate, is 40% DOT and 40-60%
ethylene glycol, and is meant to be used on active infestations. The ethylene glycol in Bora-Care
helps the DOT penetrate beyond the wood surface, whereas Tim-Bor only sticks to the outer
surface. The LD50 for termites with Bora-Care was 256.2 µg/g and Tim-Bor was 408.2 µg/g
(Freeman et al., 2010).
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In termites, the borates create both systemic effects and starve the host. The borates are
ingested by the worker termites and then passed around as tainted food to the rest of the colony.
The borates also diffuse from the food source into the soil, which further eliminates the colonies
(Freeman et al., 2010).
Termites aren’t the only insect that DOT is effective against; it also controls other insects
that destroy wood. The most common of these insects are powder post beetles (Lyctus), old
house borers (Hylotrupes), subterranean termites (Coptotermes formosanus), damp wood
termites (Zootermopsis angusticollis), dry wood termites (Incisitermes), and carpenter ants
(Camponotus). The concentration of DOT retention needed for controlling termites (5.6 kg/m 3) is
much higher than what is needed for boring beetles(0.7 1.0 kg/m3). Carpenter ants are harder to
control than termites since they aren’t using the wood for food; the DOT retention for carpenter
ants is 7.5 kg/m3 (Freeman et al., 2010).
Brown rot fungi are known to develop resistance to preservative treatments that contain
arsenic or copper, but not borates. When tested in 2008, a borate treatment that had been
applied 23 years prior still contained the levels needed to prevent wood decay. Some common
fungi known to cause brown rot are Coniophora puteana, Coriolus versicolor, Gloeophyllum
trabeum, and Lentinus lepidus. Basidiomycetes (Fungi division) has a DOT retention requirement
of 0.8 kg/m3 to 1.25 kg/m3, which is plenty if the wood is being treated for termite requirements
(Freeman et al., 2010).
Although DOT is very effective against fungus that produces brown and white rot, it does
not have much effect on mold. Mold requires high levels of moisture to grow, which means the
sap is hydrated. The hydrated sap contains a large quantity of natural sugars which react with the
borate and render it biologically unavailable. Some common molds known to cause indoor air
quality issues are Aspergillus niger, Cladosporium cladosporioides, Penicillium brevicompactum,
and Stachybotrys chartarum (toxic black mold) (Freeman et al., 2010).
Wood type can also have an effect on the ability of DOT to prevent fungus and insect
damage. The toxic threshold for the fungus Lentinus lepidus is 1.1 kg/m3 to 1.6 kg/m3 for southern
pine and 0.45 kg/m3 to 1.2 kg/m3 for oak. The toxic threshold for the termite Coptotermes
formosanus is 1.7 kg/m3 (Freeman et al., 2010).
In residential construction practices, metal fasteners are used a great deal to join wood
studs together. It’s important to understand the corrosion effects of any treatments that come in
contact with these fasteners; if the fasteners fail in mass, the structure will fail. Table 44 shows
the corrosion rates (in millimeters per year) of various wood treatments and various metals. The
rates associated with the untreated wood indicates there is corrosion happening without the
assistance of added chemicals; this is likely due to the water content in the wood. The corrosion
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rates for ACQ and CA are much higher (232% to 90,909%) than that of DOT or untreated wood
(Freeman et al., 2010).
DOT is known to be a non-corrosive. The corrosion from untreated wood is anywhere
from 130% to 200% greater than the corrosion from DOT treated wood. Given that the other
treatments have much greater corrosion than the untreated wood, this implies DOT may act as a
corrosion barrier between the metals and the wood (Freeman et al., 2010).
Table 44: Corrosiveness of Various Wood Treatments with Various Metals in millimeters per year
(mpy) (Percentages are DOT sample corrosion compared to respective sample corrosion)
(Freeman et al., 2010)

Pesticides that have been previously registered with the EPA must occasionally be
reregistered to determine if they still meet modern regulatory standards. The EPA then puts out a
reregistration eligibility decision (RED) document which discuss the use profile, regulatory history,
human health assessment, environmental assessment, product label changes required, and the
regulatory conclusion. The RED document relevant to DOT is that for boric acids and its sodium
salts. The six sodium salts include with the reregistration of boric acid are disodium ocaborate,
disodium octaborate tetrahydrate (DOT), sodium metaborate, sodium tetraborate, sodium
tetraborate decahydrate, and sodium tetraborate pentahydrate (“R.E.D. Facts: Boric Acid,” 1993).
In the US, Boric acid started out registration as a pesticide in 1948. In 1986, boric acid
and its salts were required to be reregistered. With the only requirement being an update on
current labels and formulas, 43 products were reregistered. There are currently 189 products
containing boric acid or its sodium salts registered as pesticides in the US. Due to natural
occurrence and low toxicity, the EPA has exempted boric acid and the sodium salts from the
maximum residue limit (“R.E.D. Facts: Boric Acid,” 1993).
Boric acid and the associated sodium salts are registered as herbicides, insecticides, and
fungicides in the US. They will either act as a stomach poison, or abrade the exoskeleton of
insects. Borates act as photosynthesis disruptors, desiccant, or algae suppressant when used as
herbicide. The mode of action isn’t fully known, but borates are known to control fungi growth in
wood products (“R.E.D. Facts: Boric Acid,” 1993).
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As a result of subchronic exposure to sodium tetraborate (borax), dogs developed
metabolism disorders, blood disorders, endocrine system effects, and brain weight effects. The
results of animal studies did not find boric acid and borax to be carcinogenic. There were body
weight and testicular effects from high doses. This resulted in boric acid being labeled as a Group
E carcinogen by the EPA. Further animal studies determined there were some reproductive
effects at high dose levels, but did not cause mutations (“R.E.D. Facts: Boric Acid,” 1993).
Boric acid is classified as Toxic Category III with effects being acute and including eye
irritation, skin irritation, dermal toxicity, and oral toxicity. One of the salts, sodium tetraborate, is
classified as Toxic Category I. There is no concern for dietary risks of boric acid and its sodium
salts, nor is there concern for anyone who comes in contact with them for handling or application
purposes (“R.E.D. Facts: Boric Acid,” 1993).
Boron occurs naturally in nature and is essential and nontoxic for many lifeforms such as
insects, birds, fish, and aquatic invertebrates. The EPA concluded that there were no adverse
effects or unreasonable risks to the environment or human health by boric acid or its sodium salts
(“R.E.D. Facts: Boric Acid,” 1993).
Borate wood treatment is utilized in both houses to prevent o prevent termite damage
and wood rot. In order to further prevent insect buildup in the houses, every external weephole
contains a guard to prevent infiltration. Insect and mold infiltration is detrimental to occupant
comfort both physically and mentally. Molds and certain insects, such as cockroaches, can
negatively impact asthma and allergy sufferers. Insects that sting or bite can cause anywhere
from minor irritation to deathly allergic reactions. For many people, the existence of insects in the
home can also cause mental distress. This is why it is important to reduce insect infiltration.
R.H. Tamlyn and Sons was started in 1971 in Bellaire, Texas and is still family owned as
of today. They currently have two locations in Stafford, Texas and Dallas, Texas. Their products
include drainable house wrap, extruded aluminum trim, advanced framing system hardware,
mounting blocks, stainless steel vents, hurricane ready products, and pest control products
(“Tamlyn About Us,” 2015).
Weep hole covers are designed as a physical pest barrier to keep pests such as rodents
and bugs out of the home. The covers accomplish this while continuing to allow the house to vent
moisture from the weep holes. The Tamlyn weep hole covers are designed to retrofit existing
weep holes and are also removable. They can be purchased directly from Tamlyn and are 5” in a
quantity of 25 for $42.65 (“Retrofit Weep Hole CoverTM,” n.d.).
The borate wood preservative treatment was applied to both houses by Home Critic of
Whitehouse, Texas for $890.68. R.H. Tamlyn and Sons of Stafford, Texas donated the weep hole
covers for both houses.
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The usages of borate wood preservative treatments would be a great option when
choosing a safe and environmentally friendly pest control alternative. It has little to no effect on
the health of a human, has a long application life, high resistance to termites, high resistance to
some common fungi, and a low application cost.
Weep hole covers, such as the Tamlyn product, aren’t the best option for preventing
insects from getting into a home. The Tamlyn product has holes that allow moisture to escape,
that are about 1/8” in diameter. That is small enough to keep large pests and rodents out, but not
smaller insects such as ants (Buren, 1972), spiders, or even small cockroaches. A better option
to keep most small insects out would be a netting or mesh weep hole cover.
Currently, only anecdotal evidence is available to determine the efficacy of the pest
control in the houses. During certain time periods, such as the spring, there is usually an influx of
spiders and millipedes that build up in the houses near the windows. This could either be a
testament to the gaps in the windows not being properly sealed or the insects could be getting in
the weepholes and congregating at a point of increased natural light in the house. The wood
studs haven’t been tested yet due to the need to penetrate the walls, and the lack of funds to
repair the penetrations.

2.18 The Effect of the Thermal Environment on Occupant Comfort
Thermal comfort is a perceived feeling of satisfaction with the surrounding environment
and is controlled by the body’s physiological mechanisms. There are four personal variables and
four physical variables that affect thermal comfort. The personal variables are gender, age,
activity, and clothing. The physical variables are air temperature, surface temperature, humidity,
and air movement. Since personal variables are occupant specific, only physical variables will be
discussed since it can be controlled by a system designer (McMullan & Seeley, 2007).

2.18.1 HVAC
All physical variables are controlled through the use of various building practices and
equipment designed to keep the thermal comfort optimal. Air temperature is controlled primarily
through the use of a properly designed HVAC system. The HVAC system performs a heat
transfer cycle that provides comfortable air to the surrounding environment. Occupants believe
this is the only factor in thermal comfort, but there are a few other heat control strategies that
work with the temperature to create a constant and comfortable environment (McMullan &
Seeley, 2007).
Humidity and air movement are smaller but important factors in controlling the thermal
comfort for the occupants. During the heat transfer portion of the HVAC cycle, the air is
dehumidified. Higher humidity can cause the occupant to feel more uncomfortable at a
temperature they would normally be satisfied with. It is important that a system pulls enough
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humidity out of the air, while leaving enough to not completely dry out the occupants, creating a
physical discomfort. Stagnant air can create pockets of hot and cold in an environment, creating a
general occupant discomfort. Constant air flow and ventilation provided by the HVAC system can
create a feeling of comfort without excess use of the AC compressor or furnace. This in turn
saves the occupant money, leaving them not needing to make the decision to sacrifice comfort
(McMullan & Seeley, 2007).
The thermal comfort of a house is primarily produced by an HVAC system. The HVAC
systems on the TxAIRE houses was installed with this in mind, and is used to test if different
systems have a greater impact on thermal comfort. It is not only important to determine if the
thermal comfort is better with one system or another, but also to find out the economic tradeoffs
with comfort between systems.
Modern thermal comfort wouldn’t exist without the extensive use of HVAC systems.
These systems can provide proper ventilation, air flow, and dehumidification to create a
comfortable environment for the occupants. The occupants are also able to control some of the
features on an HVAC system to change with their changing personal variables, such as age and
health. Occupant controlled system variability is an important factor in thermal comfort, since not
all system programs can predict the individual comfort needs from person to person.

2.18.2 Insulation
Insulation may not be thought of as a material that directly attributes to thermal comfort,
but when accounting for energy use it is an important factor. When the HVAC is designed in
conjunction with the insulation levels in a building, the occupant can allow for more comfortable
internal temperatures during periods of extreme external temperatures, without having to worry
about the energy bill (McMullan & Seeley, 2007).
Due to the mechanics of heat transfer, the surface temperature of nearby objects can
create a more volatile thermal comfort environment for the occupant. This can be controlled
through the use of insulative materials. External walls that have proper levels of insulation can
prevent most external radiative heat from transferring through the external walls into the building’s
envelope. Properly designed modern fenestration can also create a satisfactory heat barrier that
will minimally affect thermal comfort (McMullan & Seeley, 2007).
Although a secondary mechanism in providing thermal comfort, insulation is still an
important factor. The TxAIRE houses provide multiple types of insulation, locations, and
installation strategies to test the impact it has on thermal comfort. It is important to know the
impact to be able to determine economic tradeoffs for the occupants.
Thermal comfort can’t be achieved without considering the economic viability of the
system’s ability to provide it. Insulation is an important factor helping provide occupants with the
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ability to choose comfort over cost; it provides less heat losses so that the HVAC system doesn’t
have to work as hard to keep up with the thermal comfort required of the occupant. An occupant
who can’t pay the bill will suffer in their overall comfort.

2.19 The Effect of Audial Disturbances on Occupant Comfort
2.19.1 Wall Board that Functions as a Sound Dampener
Noise pollution is unwanted or undesirable sensory disruption that invades the audial
environment of the occupant, sometimes causing annoyance or harm; it can cause annoyance,
audial irritation, and sleep disturbance in occupants. Sound can also cause detrimental acoustic
trauma such as tinnitus and presbycusis. The maximum safe threshold for hearing is 85 decibels,
which is the point where hearing damage begins to occur under long term exposure. Over 50% of
the population is exposed to more than 55 decibels daily (McMullan & Seeley, 2007).
With the constant exposure of such loud sounds, it is important to reduce it in a
controllable space where the occupant spends approximately fourteen hours a day. Noise can be
controlled through appropriate design for elimination with acoustic screens or barriers; sound
insulation and sound absorption are the two types of acoustic barriers. Sound insulation reduces
the sound energy traveling through air, where sound absorption reduces sound energy reflected
off surfaces. It is especially important to concentrate on eliminating internal noise in residential
construction due to how tight the houses are currently being built; since sound mostly travels
through air, external noise is a minimal issue due to the lack of air infiltration (McMullan & Seeley,
2007).

2.19.2 Wall Board Problem Statement
The house 1 drywall was installed to test the sound absorption properties of the SilentFX
gypsum board. It is important to understand how or if sound can be absorbed, so the occupants
can be comfortable, and not acquire hearing damage in their own house.

2.19.3 Wall Board Materials
The drywall installed on house 1 is Certainteed’s SilentFX Gypsum Board. The SilentFX
technology includes a noise-reducing dense gypsum core and a viscoelastic polymer sheet which
further dampens sound. A standard wall is sound transmission class (STC) 37, while SilentFX is
STC 43, which reduces sound transmission by 90%.
Certainteed donated their SilentFX drywall with an estimated fair market value of
$4,185.00. Nixon Drywall of Tyler, Texas provided drywall installation services at a cost of
$1,131.60. C&C Drywall of Tyler, Texas provided the drywall finishing (tape, bed, texture)
services at a cost of $1,697.00. The total cost for house 2 was approximately $7,013.60 and the
total cost for both houses was approximately $11,237.20.
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2.19.4 Wall Board Conclusion
With the high levels of sound an occupant is exposed to, it is important to use products
that can lower these levels to prevent sound annoyance or damage. Through the usage of
SilentFX gypsum board, sounds that pass through a residence can be absorbed up to 90%. This
will have to be studied through further sound testing to confirm the accuracy of those claims.

2.20 Visual Appeal & Occupant Comfort
Fenestration is a large contributor to the visual comfort of an occupant. It can increase
the transmission of natural lighting into the living space, as well as provide a visibility to the
external environment which could provide visual satisfaction to the occupant. In order to achieve
the visual satisfaction through an external environment, landscaping can be used around the
profile of the house. Unless gardening is an occupant’s hobby, it’s better to choose low
maintenance plants that can survive the environment in which they are installed.

2.20.1 Fenestration
Visual enjoyment of the internal environment requires adequate lighting from either
artificial or natural sources. Throughout a house, lamps should be designed and installed to
provide adequate artificial lighting. With artificial lighting, key factors include the bulb color,
brightness, and type. The type is important since certain lamps can only use certain types of
bulbs such as light emitting diode (LED) or compact fluorescent (CFL). Brightness and color are
occupant specific; certain areas of the house require brighter bulbs, and some occupants prefer
blue lighting over yellow lighting. Overall, the most important concept in designing lighting in a
house is to make sure the lighting will be adequate throughout the house at night. Since there is
no natural lighting provided at night, the occupant is reliant completely on artificial lighting
(McMullan & Seeley, 2007).
Properly designed fenestration provides natural lighting, which is always light provided by
the sun. With natural lighting, key factors include the current weather, fenestration design, internal
surface reflection, and external obstructions. The major source of obstruction for natural lighting is
due to the weather; if there are weather disturbances such as storms or general cloudiness in the
external environment, less solar lighting can pass through to the internal environment. Other
external obstructions can include landscaping, natural landforms, and other buildings (McMullan
& Seeley, 2007).
If the external environment is providing an abundance of natural light to the building, then
it is important fenestration design is appropriate to visual comfort. Proper fenestration provides a
large overall surface area of windows, as well as appropriate positioning to get as much lighting
coverage as possible. Once the lighting enters the envelope of the building, it is important to
consider the internal surface reflection. Some level of reflection provides a way for lighting to pass
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through to points in a house where fenestration can’t be installed. Although, if there is too much
reflection it could bother the occupants. Artificial lighting should always be able to pick up the
slack when natural lighting is inadequate (McMullan & Seeley, 2007).
The artificial lighting built into the TxAIRE houses include incandescent, CFL, and LED
bulbs. These were chosen to compare the modern and classic bulb types at the time of
installation for economics and quality. They can be switch on individually or all together. The
natural lighting is allowed in the TxAIRE houses through many large windows placed precisely
throughout the houses to allow light into as much space as possible.
Occupants can’t visually enjoy their environment if they can’t see it. Through the usage of
extensive natural and artificial lighting, lighting can pass through a residence and provide the
adequate lighting necessary to provide optimal visual comfort for the occupants. The lighting
levels will need to be tested throughout the house to determine if there are any dead spots, and if
they should be corrected.

2.20.2 The Effect Landscaping has on the Comfort of the Occupant
Maintenance of residential landscaping consumes massive amounts of fresh water every
year in Texas; there is an estimated 1,248,206 acres of landscaped area for single and multifamily residential housing as of 2011. This landscaped acreage requires a large amount of
irrigation, consuming an average of 14.2 inches of water per acre every year (Cabrera, Wagner,
Wherley, & Lee, 2013). A majority of this irrigation is devoted to the maintenance of “preferred
landscapes”, which are primary composed of turf grasses, shade trees, and ornamental plants
(Hermitte & Mace, 2012).
The state of Texas’ population is expected to grow to more than 46 million people by the
year 2060, and the water consumption is expected to increase by 38.3% in that same timespan.
The current practices for urban landscape design and maintenance are unsustainable, and as
new development of water resources and residential locations proceed, they should do so with
drought in mind (Hermitte & Mace, 2012). There are three primary ways that this can be
accomplished use of water efficient landscapes and plants, smart irrigation and rain sensors, and
alternative water sources for irrigation (Cabrera et al., 2013).
The selection of native and selected plant species can be adapted to the region of the
state that the landscaper or home owner resides. An active list of appropriate plant species is
maintained by Texas A&M AgriLife extension services and can provide lists of turf grasses, trees,
and ornamental plants that are either native to the different areas of the state or well matched to
the native habitat. The use of these select plants can drastically reduce or eliminate the need for
irrigation. There are some local and state monetary incentives for the use of these well adapted
and native plants as an effort to reduce water demands (Cabrera et al., 2013).
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One major source of waste is unnecessary irrigation; a substantial portion of this is
provided by automated irrigation systems on timers. These systems don’t account for current or
recent rainfall. They can also be set for inefficient time of day; if set during the hottest point of the
day, this results in a substantial amount of evaporation and could even scald the foliage of the
plants. The location and range of the sprinklers are also important in minimizing waste, as
irrigating the street or sidewalk does not aid the plants or grass. Proper set up and use of modern
commercially available sensors allow for the reduction of waste by only putting water where it
needs to be, and at appropriate times. This includes modifying the schedule if the soil is moist or
it is currently raining (Cabrera et al., 2013). Another consideration is that keeping the water closer
to the ground limits evaporative water waste, but may require increased initial setup costs.
Using alternative water sources for irrigation could have a large impact on the waste of
potable water. Sources such as reclaimed water, gray water, condensate water, and brackish
ground water could all provide a meaningful source of irrigation water. The most accessible of
these is the use of reclaimed water; runoff rain water is easily collected from gutters using
cisterns or collection barrels and is moderately free of contaminates. Gray water use is also fairly
accessible for people who already have aerobic septic systems; use of this locally processed
waste water can almost totally replace on grid irrigation. Depending on the ambient humidity in
the different parts of the state, the production of air conditioning condensate can vary; in areas
with high humidity, a substantial amount of condensate can be generated, but in dryer climates
this may not be the case. Texas possesses a large amount of brackish saline ground water, with
proper design and plant selection (salt tolerant plants), this water could be used.
Most of the plants chosen for both houses are highly heat tolerant, require minimal
watering, and have medium to high pest tolerance. The yard type chosen for house 2 is low
maintenance, but a rock yard may not be conducive to the comfort of the occupants. If a family
lives in the house, the children or pets won’t have anywhere to comfortably play. Many people
find landscaping an important part of their occupant comfort; landscaping can turn an ordinary
house into a home with memories attached.
The TxAIRE houses were designed with efficiency in mind. The most important feature in
this respect is the landscape design and plant choice. House 1 employs a more traditional yard
and landscaping; it displays a turf grass lawn composed of centipede grass, a very drought and
temperature tolerant species. House 2 demonstrates the extreme of a rock lawn, using attractive
river rocks instead of turf grass, eliminating the need to water and preform normal lawn
maintenance.
The ornamental plants used with House 1 were all highly drought tolerant and and low
maintenance scoring at least a 9.0 on the E-K Index. The following were the ornamental plants
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used with House 1: ’Bay Breeze’ Indian Hawthorne,’Clara’ Indian Hawthorne, Purple Leaf
Barberry, Carissa Holly, Variegated Liriope, Maiden Grass, Gulf Muhly Grass, and ’Autumn Coral’
Encore Azalea. The following were the trees used on House 1: Yaupon Holly, Shumard Red Oak,
and ’Natchez’ Crepe Myrtle. These plants along with their efficiency indexes are displayed in
Table 45.
Table 45: House 1 Plants

The ornamental plants used with House 2 were also selected for their drought tolerance
and low maintenance, but because of the non-traditional rock yard there is much more
opportunity for a large variety of ornamental plants. The following were the ornamental plants
used on House 2: Crabapple, ’Tuscan Blue’ Rosemary, China Rose ’Mutabilis’, Cotoneaster, Tea
Rose, Glossy Abelia, Blue Rug Juniper, Pomegranate, Mock Orange, Possumhaw, Blue
Plumbago, Cigar Plant, Fire Bush, Lantana, Mealy Cup Sage, Megan Oregano, Rockrose, White
Rail Lily, Miscanthus Zebrinus, Gold Bar Dwarf Zebra, Corynephorus Canescens, Festuca Ovina
Glauca, Carolina Jasmine, Star Jasmine, Coral Vine, Fig Ivy, Lady Banksia Rose, Mermaid Rose,
Rosa x Fortuniana, Asiatic Jasmine, Sage, Oregano, Thyme, Hyssop, Mondarda (Bee Balm),
Yarrow, Chive, French Tarragon, and Lavender. These plants along with their efficiency indexes
are displayed in Table 46.
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Table 46: House 2 Plants
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Both House 1 and House 2 are equipped with irrigation systems that are programmable
and provide automatic override for rain and freezing weather. House 1 uses a pop-up sprinkler
head system that provides better coverage for the turf grass yard. House 2 uses rotary style
heads that provide a larger coverage pattern and drip style system. The supplies for the sprinkler
systems for both houses are listed in Table 47.
Table 47: Irrigation Systems
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Chapter 3
3.1 Conclusion
To achieve optimal living conditions in a structure, three things must be accomplished;
indoor air quality must be elevated to minimum healthy standards, energy use must be reduced,
and the occupant’s comfort must be considered when designing a structure. The TxAIRE houses
were built to not only accomplish these elements, but to also test the technologies that exist for
feasibility and cost effectiveness.

3.1.1 Indoor Air Quality Improvement
The TxAIRE houses have been designed with the improvement of indoor air quality
strongly considered. The foundation sitework was prepared properly then covered with a layer of
aggregate and a polyethylene vapor barrier. Due to the floors being stained instead of covered
with some other material, the dry time wasn’t a consideration. The practices of using the
aggregate and a vapor barrier reduce the long-term moisture movement through the slab, thereby
reducing the potential for mold and moisture buildup on the internal structure of the house.
Another practice for mold prevention is the pre-installation of borate pest control on the framing,
which prevents termite infestations and fungi development.
Both insulation types used in house 1 are formaldehyde free and certified safe for
schools and children; being a loose fill type of material, it could cause respiratory irritations if it
gets loose from the walls and ceiling. The insulation used in house 2 is an open cell foam that
although is unhealthy when wet, doesn’t aerosolize when disturbed, therefor doesn’t cause
respiratory irritations on the long-term scale.
The HVAC system installed in the houses have both ventilation and filtration considered
in the design. Both houses contain an energy recovery ventilator that is rated at 130 cfm and can
be controlled by the occupant in 10% increments. Each house has their own filtration systems
associated with the individual AHUs that are designed to filter out particles, bioaerosols, and
ozone.
Long-term chemical contaminant releases in the TxAIRE houses are controlled by using
zero VOC acrylic latex based paint, and house 2 also uses a low VOC containing stain for the
cabinetry. The wall board in house 2 is also VOC absorbing, so it can be used to remove some of
the VOCs gassed off by other materials in the house. Overall, these practices lower the workload
on the filtration system, and the air is overall healthier.

3.1.2 Energy Use Reduction
The TxAIRE houses have been designed with energy use reduction strongly considered.
The roofing for one house was installed with a conventional shingle, while the other house was
installed with a highly reflective shingle; this was done to compare how effective this technology
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actually is at blocking heat transfer and absorption. Various windows and doors in both houses
have multiple layers of glass, low-e coatings, and alternative gas fills; this is used to determine
the effects these options have on heat transfer into a house. The windows in one house uses
aluminum framing while the other house uses vinyl framing so the effects of frame material on
heat transfer can also be used to determine the detriment to energy usage.
There are various types, thicknesses, and locations of insulation installed throughout both
house. In house 1, testing can determine the effects of loose-fill settling, a comparison between
traditional fiberglass batting and blown in fiberglass, and how well insulation in the ceiling blocks
heat from transferring to the conditioned space. In house 2, testing can determine the effects of
air gaps between the insulation and the external walls, a comparison between foam insulation
and blown-in fiberglass, and how well insulation installed on the roof line blocks heat from
transferring to the conditioned space. Between both houses, the effects of wall thickness (2x4 vs
2x6) and overall insulation type can be compared.
The HVAC systems installed in the houses were chosen to compare various types of
heat pump systems for their energy usage. House 1 contains a traditional ducted heat pump
system in the unconditioned attic, and a ductless heat pump system installed on the walls in the
house. House 2 contains both a traditional ducted heat pump system and a geothermal heat
pump system in the conditioned attic. These systems can all be compared for things such as the
energy usage effect of having a conditioned attic has on the HVAC system, the energy usage
effect of renewable energy usage on the system, the energy usage effect of using a ductless
system, and the overall energy usage effect of the ability to zone the heating and cooling.
House 1 contains two heat pump water heaters, one in the attic and one in the utility
room; the purpose of this was to be able to test the effect of placing a water heater in a
conditioned space compared to in an unconditioned space. House 2 only contains a single heat
pump water heater in the conditioned space, and that was for the purpose of testing water
heaters that have different wattage ratings. The two renewable resources used with the TxAIRE
houses are geothermal and photovoltaic. The geothermal system was installed to test if it actually
reduces energy usage, and also if the ground heating effect causes any issues with that reduction
in energy usage. The photovoltaics were installed as a source of energy generation, and to test
reliability under various weather conditions.

3.1.3 Occupant Comfort Improvement
For indoor air quality and thermal comfort, the TxAIRE houses contain HVAC systems
that have both energy recovery ventilators and air purification systems built in. The heat pump
HVAC systems are the correct size to be able to provide thermal comfort to the occupants, even
on the hotter or colder extremes of weather temperatures that arise in an East Texas
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environment. The wall board installed in house 1 is designed to absorb some of the sound that
passes through the internal environment, thereby creating a quieter living space for the
occupants. Both houses contain a large window area that allows a lot of natural light into the
living space. Furthermore, the landscaping installed was designed to create a level of visual
appeal for the occupants, with minimal effort to keep the plants alive under hotter and dryer
weather conditions.

3.1.4 Intent & Outcomes
The TxAIRE project was initiated to foster cooperation between academic professionals,
local professionals/businesses, and national professionals/businesses in the development of
advanced building practices and product testing. Providing an environment more realistic than a
lab setting, but more controlled than field testing bridges the gap between development and
implementation. Furthermore, the development and testing was to concentrate on three main
areas of study in advanced housing practices: indoor air quality, energy use, and occupant
comfort. Providing an environment for this type of collaboration and study was intended bring
positive economic impact to the Texas economy, more so to the East Texas economic region.
Although performance previously stagnated due to multiple transitions in administrative direction,
TxAIRE has a predicted future of stability due to this available and consolidated informational
report with strong governance to implement it.
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3.2 Future Work
This thesis provides a contextual background and inventory of what is included in the
TxAIRE houses. It provides a basis for many potential projects, due to the abundance of varying
materials built into the houses. The following are some potential project ideas to utilize the
TxAIRE houses to their greatest potential.

3.2.1 Indoor Air Quality
There are two air cleaner systems installed in the houses that can be studied for their
effectiveness. The Lennox PureAir system (house 1), the Trane CleanEffects system (house 2),
and conventional media filters could all be compared to determine their degree of removal of
dust, microbes, or gaseous contaminants. These filters could be tested for content of biological
and chemical content using gas chromatography–mass spectrometry (GC-MS).
Both houses have a Trane FreshEffects ERV whole-house ventilation system installed. It
is important to test if they are actually able to maintain a safe indoor air environment for the
occupants. It is also important to determine if the systems are designed well enough to mitigate
extenuating circumstances involving releases of unwanted gases or chemicals that contributed to
a poor indoor air environment. Testing the air with controlled releases and their ventilation rates is
the best way to test this. Since the ERVs are also designed to exchange heat between the interior
and exterior air, it would be best to also test the energy usage and compare it to the savings from
the process. Finally, it would also be important to compare the energy usage and cost of an ERV
to other ventilation strategies such as exhaust-only or supply-only systems.
If a car is running in the garage for any period, the exhaust could potentially infiltrate the
house, even with the increased tightness construction. Anytime a door is opened into the garage,
the exhaust gases and other contaminants enter the envelope of the occupant’s livable space.
The testing for ventilation could include air quality testing with continuous air flow, or with
intermittent and motion sense based air flow.
All of the wall space in house 2 has CertainTeed’s AirRenew

gypsum board installed.

Contaminant removal is an important component to improving occupant health, and the ability of
the drywall to absorb VOCs must be tested. The testing could include measuring VOCs and VOC
derivative chemicals in the air, taking core samples of the drywall, or even releasing doses of
formaldehyde into the air near the walls to measure exactly how much can be absorbed. It would
also be important to know what chemicals are released during a fire, and if the wallboard can
become saturated with VOCs. Another important factor is how resistant the wallboard is to mold
and moisture buildup, which can be tested through analysis of core samples, since the walls have
been present in the house since 2011.

144

3.2.2 Energy
The windows and doors installed in the houses have varying selections of options built
into them. The comparison between options would include the overall thermal performance, as
well as the cost effectiveness. Important comparisons include aluminum (house 1) and vinyl
(house 2) window frames, argon-filled and air-filled gaps, and the usage of low-emissivity
coatings on the panes. The heat transfer through the windows can the tested with the use of
thermocouples and forward looking infrared (FLIR) technology. With this information, heat profiles
can be created to determine how much energy use is required of each component and type of
window.
House 1 contains mostly Optima

blow in fiberglass insulation, but also has a section of

conventional fiberglass batting. Comparing the heat transfer between the two types, in a side-byside setting, could render important information in the energy and cost savings for using an
alternative insulation type. The houses were built with thermocouples in the walls between the
insulation and the external plywood, as well as between the external plywood and the finish (brick
or siding). Historical information from the thermocouples could be analyzed for the heat transfer
patterns through the walls for determine energy savings due to insulation; this information could
be also used for predictions on how insulation would withstand alternative exterior wall types
(brick, siding, etc.).
House 2 contains mostly Biomax
section of the Optima

open-cell spray foam insulation, but also contains a

fiberglass insulation from house 1. Comparing the heat transfer between

the two types, can create predictive information on how much more energy efficient house 2 is
over house 1. It is also important due to the wall size difference; with the 2x6 framing there is
potential for an extra 2” of insulation, and this can be used to compare to the energy savings from
house 1. The houses were built with thermocouples in the walls between the insulation and the
external plywood, as well as between the external plywood and the finish (brick or siding).
Historical information from the thermocouples could be analyzed for the heat transfer patterns
through the walls for determine energy savings due to insulation; this information, combined with
the data from house 2, could be also used for predictions on how insulation may withstand
alternative wall types.
In some of the house 2 wall sections, the wall space is completely filled with foam,
whereas other sections are filled over a 1” air gap. It would be important to study the heat transfer
effects and usefulness of the air gap in insulating practices. Due to the placement of the
thermocouples in the wall, this can also be studied through historical data and future testing of
heat transfer patterns. The roof on house 2 includes a section with various thicknesses of foam;
the thicknesses include 3”, 6”, 9”, and 12”. Through the use of thermocouples under the differing
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thicknesses of insulation, the thermal performance can be measured and predicted to determine
cost-effectiveness of added thickness.
Installed in the attic for house 1 are two types of blown in insulation; there are sections
containing blow in cellulose, and sections containing the Optima

blown in fiberglass. Through

the use of thermocouples under the differing sections, the thermal performance can be measured
and predicted to determine cost-effectiveness of the types of insulation. Furthermore, the impact
of settling on thermal transmission can be studied since the blown in insulation is on the attic
floor.
The exterior walls on house 1 are mostly constructed with brick, but does have a section
of siding to test thermal transmission based on wall material. With the advanced placement of
thermocouples in the walls behind the siding and the brick, the historical data could be evaluated
to determine the energy loss due to the heat transfer between the two materials. This can then be
further used to conduct an economic analysis on the cost effectiveness of choosing a material for
the external walls. Another important consideration is the thermal capacitance and how it effects
the cooling loads; if the wall is still hot hours after sundown, the air conditioner will still be running
to compensate for the residual heat transfer.
Each house includes a section of Tyvek HomeWrap and Tyvek ThermaWrap weather
barrier. The testing could compare these non-reflective and reflective barriers against their
thermal performance and cost effectiveness. Given that the weather barriers are installed on both
houses, the effect of highly insulated walls compared to normally insulated walls can be observed
as well. Thermocouples placed in the walls have associated historical data that can be used to
determine the thermal transmission under both types of weather barrier. This data can further be
used to analyze their effectiveness under the conditions described previously.
There are two HVAC systems installed in house 1; the ducted system is a Lennox heat
pump, and the ductless system is a Carrier multi-split heat pump. When a comparison is needed
between the two types of system, the major question is how much energy savings can be gained
by using the cheaper alternative of a ductless system. The thermocouples placed throughout the
house can be used to find heat transfer between rooms and throughout the house, for both
systems. This can be further turned into an energy analysis on cost savings between the two
systems. The thermal analysis should also help determine if zoning conditioned air can create a
level of thermal comfort for occupants to even be interested in installing a system such as a
ductless mini-split.
There are two ducted HVAC systems installed in house 2; the ASHP system is a Trane
heat pump, and the GSHP system is a AAON heat pump. Since the two types of systems are
setup in the same house, energy usage between a more traditional air-source system and a
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newer ground-source system. The energy usage analysis can be used to determine if the costs
associated with constructing wells is worth the energy savings. Furthermore, ground temperature
testing could be conducted to determine if exchanging the heat with the ground changes the
baseline ground temperature over time.
The attic in house 1 is an unconditioned space with three venting options installed on the
south roof; the vents are louvered static, a wind turbine, and a solar powered fan vent. They are
all located near enough to each other they could be tested for their air flow capacities with
reasonable comparability. For testing air flow and heat removal, the vents and fans could be
covered up and turned off, unless they are the one being tested. Thermocouples could be placed
on the interior, and exterior of the vent to track inlet and outlet heat flow. The rest of the
thermocouples that are already installed all over the attic space can be used to track heat flow
throughout the whole space. The removal of heat by each fan can be compared and results can
be calculated to determine energy savings by cooling the unconditioned space. The fan types can
also be compared for cost effectiveness.
The attic in house 2 is a completely sealed, unvented, and conditioned space. This space
is conditioned through conduction and convection of air through the ductwork. A major
comparison between the two houses is the energy performance of the unvented attic compared
to the vented attic in house 1. Although keeping the heat from transferring from the attic through
the ceiling into the house, it is also important to consider how much cooling energy is wasted on
the ductwork in the unconditioned attic space. The historical data for the thermocouples can be
obtained and create a thermal transmission profile; this could be compared to energy usage in
both houses to obtain an understanding of performance of a house with and without a conditioned
attic space.
Since energy usage reduction is such a major component to sustainable construction, it
would make sense to incorporate a system that could generate energy on site. TxAIRE house 2
includes a solar photovoltaic system that has simulated potential to achieve a net-zero energy
usage for the home. The best way to go about testing this system would be to run equipment in
the house as if there were occupants, and see if it uses more energy than the solar panels
produce. The goal would be to achieve an annual electric bill that totaled $0. Historical data is
also available to determine if a photovoltaic system is cost effective compared to other renewable
energy sources, or even through the use of grid supplied energy.
With water heating requiring the energy levels it does, it would be helpful to have a
system that runs on renewable resources, such as solar energy. This technology already exists in
Europe and Asia, but there is a lack of use in the US. A system that would be non-reliant on the
electric grid, would be one that didn’t require a pump; thermosiphoning is the answer to this issue.
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The water heater would heat the water during the day, when the sun was heating the solar panel
that naturally pumps the hot water through. The point of this project would be to develop a
cheaper alternative that the US market would be interested in, for decreasing energy use from
water heating.
As energy usage increases, there is more of a need to decrease peak usage. One way of
accomplishing this would be through the use of a backup system. The batteries would be charged
at night, the used during the peak hours of the day, to help offset the grid usage; a bonus is that
when the system goes down, the battery system will help keep the vital systems in the house
running while the utility company gets the grid back online. This project could determine the
incentives for consumers to buy into this idea.

3.2.3 Occupant Comfort
All of the wall space in house 1 has CertainTeed’s SilentFX gypsum board installed.
Since sound absorption is an important component of occupant comfort, these properties should
be tested between the two types of drywall installed in the houses. It’s important to know the cost
benefit of paying nearly 200% more for a drywall that can make the space quieter, and to what
extent. The sound transmission can be tested through the use of tonal or sound machines and
sound meters, the sounds can range anywhere from everyday house sounds, to sounds
associated with heavy residential construction.
Three lighting options were installed in both houses: incandescent, compact fluorescent
(CFL), and light-emitting diode (LED). All of these bulb types could be compared for their
efficiency, quality, and economics. Going a step further, they could be compared between the
houses, and find out if the different insulation types help cut down on heat from the hotter bulb
types.

3.2.4 Conclusion
For most consumers, the economics of indoor air quality improvement, energy efficiency,
and occupant comfort are the most important factor in upgrading systems. The TxAIRE houses
include many features to be tested to determine not only their energy efficiency, but the total cost
of ownership as well; this includes the installation costs and the utility savings. If worth is found in
using the equipment or construction practices, the key is to convince the use through adding the
cost to the mortgage, determining resale values, and prediction for savings over time accounting
for utility rate increases. Not only must the homeowner be convinced of the importance of energy
efficiency, but so must insurers, builders, appraisers, lenders, and realtors. The research for the
real-world situations with the testing can be combined with economic analysis to determine cost
effectiveness, and ease of convincing a consumer about a product.
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Appendix A: Roof Supplemental Materials

Figure 18: Shingle Temperatures on the 3 Coldest Days in Winter (a) 2013, (b) 2014, (c) 2015

Figure 19: Shingle Temperatures on the 3 Hottest Days in Winter (a) 2013, (b) 2014, (c) 2015

Figure 20: Shingle Temperatures on the 3 Coldest Days in Spring (a) 2013, (b) 2014, (c) 2015

Figure 21: Shingle Temperatures on the 3 Hottest Days in Spring (a) 2013, (b) 2014, (c) 2015
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Appendix A (Continued)

Figure 22: Shingle Temperatures on the 3 Coldest Days in Summer (a) 2013, (b) 2014, (c) 2015

Figure 23: Shingle Temperatures on the 3 Hottest Days in Summer (a) 2013, (b) 2014, (c) 2015

Figure 24: Shingle Temperatures on the 3 Coldest Days in Fall (a) 2013, (b) 2014, (c) 2015

Figure 25: Shingle Temperatures on the 3 Hottest Days in Fall (a) 2013, (b) 2014, (c) 2015
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