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ABSTRACT

The climate is continually changing for the worse as there are poor decisions being
made in the rapidly constructed built environment. In an effort to reduce the impact on the built
environment, the typical residential roof assemblies that are currently being used in the U.S.
desert southwest are not the best for the environment. Through research and simulations, this
paper compares several residential roof assemblies to the standard code compliant construction
and provides cost breakdowns of simple payback and cost of save energy for each of the
simulated systems. A case study was also designed for the U.S. Department of Energy, Race to
Zero Student Design Competition using the information of this paper. The case study verified
that the results work for the climate and demonstrate that low energy use residential buildings in
the U.S. Desert Southwest are possible. The results of this paper will allow designers to work

toward the goal of creating net-zero energy housing.
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CHAPTER 1: INTRODUCTION

1.1 Buildings

The largest consumer of energy in the United States is the building sector consuming

47.6% of the total energy used (Fig. 1.1), with 5.9% of the total energy consumed by building

construction and materials alone (Fig. 1.2) (Why the Building Sector).

Buildings 47.6%

(45.2 QBtu)

Industry 24.4%
(23.2 QBtu)

Transportation 28.1%
(26.7 OBtu)

U.S. Energy Consumption by Sector

Sowrce: @203 2030, Inc. ¢ Architecture 20300 All Bights Resered.
Diata Sowrce: U5, Enargy Information Administration (2012).

Figure 1.1 U.S. Energy Consumption by Sector (Why the Building Sector)
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Figure 1.2 U.S. Energy Consumption by Sector (Why the Building Sector)
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Figure 1.3 U.S. Electricity Consumption by Sector (Why the Building Sector)



Buildings 44.6%
(2358 MMT CO.e}

Industry 21.1%
(1116 MMT CO.e)

Transportation 34.3%
(1816 MMT COe)

U.S. CO; Emissions by Sector

Sowrce! Q2013 2030, Inc. / Architecture 2030, All Rights Hegserved.
Diata Source: U5, Emergy Information Administration (2012].

Figure 1.4 U.S. CO2 Emissions by Sector (Why the Building Sector)

Of the all electricity consumed in the U.S., building operations consume 74.9% while
industry consumes 24.9% and transportation follows with the remaining 0.2% (Fig 1.3).
Additionally, buildings emit the highest amount of CO2 at 44.6% compared to the industry and
transportation at 21.1% and 34.3% respectively (Fig 1.4).

According to the Buildings Data Book on the US Department of Energy’s website, the
construction statistics show that the average size of single-family residences was 1,740 square
feet in 1980 and has grown to 2,392 square feet in 2010. With the continual increase of the
average square footage, it has become particularly important to dissect and understand the
materials used for construction and the impacts they will have on the environment in the future.
The materials used need to outlast the energy used to manufacture the raw materials over the

life expectancy of the residence.



1.2 Population

The state of Nevada experienced a 1% growth in population per year between 2005 and
2013, resulting in a population of 2,791,494 and 999,016 households in 2013 (Nevada Energy
Fact Sheet, 2015). The population is projected to continue to rise in Nevada and with the rise in
population comes additional energy usage. Logically, if energy use is reduced there will be cost
savings for consumers, a reduction in the creation of new power plants, reduced demand
applied to the ever-aging power infrastructure, and will consequently lower greenhouse gas
emissions. For primary energy consumption per capita, Nevada ranks 41st and 38th in total
energy consumption (Nevada Energy Fact Sheet, 2015). Natural gas is the leading source for
electricity generation at 73% of the total, followed by coal at 16% and renewables at 11% (Fig
1.5). This amounts to the electric utilities using 68% of the total amount of natural gas with the
residential sector using 15%, followed by commercial sector at 12% and the industrial sector

using 5% (Fig 1.6).



2012 Primary Energy Consumption by Energy Source

Renewables
11%

Petrolium
35%
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Figure 1.5 2012 Energy Consumption by Energy Source (Nevada Energy Fact Sheet, 2015)
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Figure 1.6 Primary Energy Consumption by End Use (Nevada Energy Fact Sheet, 2015)

1.3 Climate

Southern Nevada is located in the arid desert southwest, which is heavily reliant on
active systems to condition the indoor spaces, but there is still potential for the reduction of
energy use by using passive systems and properly designed building envelopes. There are
many benefits to proper design of the envelope of the building. Some of the benefits are that the
buildings systems work in there intended ways, and the envelope will last in the climate it was

designed for.



The annual temperature range for Nevada is wide spread, with the design highs and

lows falling far outside the typical comfort zone; this results in the usage of mechanical heating

and cooling for much of the year. The only times of the year that the weather has average highs

that fall within the comfort zone and would support natural ventilation are March, April and

October (Fig 1.7).

The dry bulb temperature for Las Vegas is shown in Figure 1.8; for most times of the

year that the temperature is above the comfort zone or below the comfort zone during the day

and at night. Thus, there are only a few hours per day when the temperatures are considered

comfortable which results in the high use of mechanical conditioning of the indoor spaces.

TEMPERATURE RANGE
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Figure 1.8 Dry Bulb Temperature Range for Las Vegas from Climate Consultant Software

1.4 Roofs

Roofs are a very important part of the building envelope and are ever more important as
todays cities are becoming more dense and compact. “Roof surfaces are key interfaces in the
volumetric exchange of energy because they constitute a large fraction of urban surface areas,
and due to their exposure, they receive considerable solar radiation” (Meyn, 2009). If residential
roof systems with higher R-values are constructed, then the demand created by the houses for

heating and cooling will be reduced.



1.5 Design Profession

It is up to the design professionals to make a change in how the built environment
consumes energy. Architecture 2030 points out some optimal opportunities where designers
can assist homeowners with residential buildings to ensure energy efficiency. Designers may
intervene and provide design efficiency guidance in the early stages of the design phase of new
construction, existing home purchases, home mortgage refinancing and rebuilding after natural
disasters (Effective Intervention Points for the Building Sector, 2010). The first intervention point
is the design phase, which is considered the ideal time to create a better performing residence;
there are many opportunities to design efficiently and to provide construction administration to
verify that the structure is built as the plans detailed. Design professionals may also provide
guidance during existing home purchases and home mortgage refinances. The opportunities of
increasing the energy efficiency and thus lowering the carbon footprint of the residence are
harder to achieve. The costs of retrofitting existing structures may add significant costs that the
occupant might not be able to afford. Furthermore, retrofitting homes so they are more energy
efficient may result in a loss of net square footage, if for instance walls need to be furred out for
more insulation.

The last intervention point of repairing after natural disasters is similar to the first point
but has additional needs. Measures should be taken to prevent similar disasters and the fate of
the natural disaster on the new structure. This paper focuses on the initial design of residential

structures.



CHAPTER 2: LITERATURE REVIEW

2.1 Energy Use

“Climate change and global warming have been of major concern to the public because
of the potential threat to the ecosystem and living environment” (Wang and Chen, 2014, 428).
Wang and Chen studied the effects that climate change has on all seven climatic regions of the
U.S. on different types of residential and commercial buildings (2014). The results were that
there would be more energy used in the future with occupants of zones 1-4 and there would be
decreased energy usage in zones 6-7 (Wang and Chen, 2014). One suggestion from their
findings is that code officials could require higher insulation for envelopes and with higher

performing glazing to help reduce the effects of global warming (Wang and Chen, 2014).

10
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Figure 2.1 ASHRAE Climate Zones (Climate Zones, 2015)

Roofs make up a large percentage of the urban surface area and are major influences in
the exchange of energy due to the amount of solar radiation received by the roof surface (Meyn
and Oke, 2009). Meyn and Oke suggest that studying the heat absorbed by different roof
systems is complex because roofs are comprised of multiple layers, each with their own thermal
properties, and this complicates the modeling of heat fluxes and measurements through roofs
(2009). Meyn and Oke state the indexing of urban heat storage could be vastly improved with
increased interest and better studies of how roofs store versus radiate heat in suburban settings
(2009).

With the recent understanding of the need to reduce buildings’ negative impacts on the

environment; there has been a rise in rating systems to help develop green buildings (Kallaos

11



and Bohne, 2012). Kallaos and Bohne (2012) say that the common goals of most of these rating
systems are to reduce the impact on the environment while increasing the overall use of
resources efficiently. The green building rating systems originated for commercial building
purposes, and when the popularity for residential ratings started, some of the design methods
were transferred to this sector. These methods included using the floor area to calculate energy
efficiency, which is not useful in the residential sector, as it allows for a false sense of the
increase in energy efficiency by increasing the size of the building all while hiding the increase
of material use. This results in more embodied energy used, increased greenhouse gases and
use-phase energy (Kallaos and Bohne, 2012).

With continual population increase and growth of the residential market comes the
construction industries’ higher energy use. The energy used is higher than the amount of energy
used in the existing buildings when embodied energy is accounted for (Treloar et al., 2001).
Treloar et al. suggest, that the use of a hybrid input-output (I-O) analysis method is needed; this
method shows the energy paths of the residential construction sector (2001). In the study by
Treloar et al., a medium-density residential subject was analyzed using the hybrid I-O method
for determining data about the embodied energy of the building that were not so commonly
known, such as the services sector, by modifying the known information, with none of the
materials accounted for in more than one category (Treloar et al., 2001). The conclusions of the
author’s study showed that 48% of the embodied energy of the residence comprised I-O data
that would have gone unused which suggests that the 1-O data needs to be included for
completeness and reliability of determining the energy efficiency of a residence (Treloar et al.,

2001).

12



2.2 Simulation and Modeling

There are many options when it comes to residential building energy simulation
software. The various software options permit the designer to review the energy usage and
overall efficiency of simulated home modeled projects and allow for predictions of various
potential energy savings, which may be implemented early on in the design phases (Valovcin et
al., 2014). These programs are not perfect, as they make assumptions that can cause biased
results in areas such as actual versus assumed behaviors of occupants. Also, because they are
physics based, they could be inaccurate if there are errors in date inputs (Valovcin et al., 2014).
Nevertheless, the information is useful and allows for the information to be understood prior to

construction.

2.3 Cost Analysis

A study by Ferrara et al. (2014) was conducted to find the best cost for the return using
the regulations of the Energy Performance of Buildings Directive (EPDR) and also to effectively
provide a way to model a large number of options and configurations of buildings for a typical
french residence. Ferrara et al. states that in Europe, according to the Buildings Performance
Institute Europe, 40% of the energy used is currently from the building sector, along with 36% of
carbon emissions, and that the EPDR would require all new construction to be nearly net zero
energy buildings by 2020 as one of the main objectives (2014). To achieve the reduction of
energy and increased sustainability required by the EPDR, there would have to be analyses of
the financial impacts in order to verify the feasibility and profit potential for developers (Ferrara
et al., 2014). The results of the authors’ study was a ranking of the twelve models tested

including envelope options, energy systems and costs of the various combinations.

13



With commercial buildings, the improvement of energy efficiency is one of the most
economical options even with the added initial costs for the building owner, The building owner
would significantly lower the building’s energy usage, operating costs and carbon footprint over
the life of the building (Kneifel, 2010). Joshua Kneifel’s study researched new commercial
buildings that utilized an integrated design approach for conventional energy efficiency through
an analysis of life-cycle energy savings, reduction of carbon emissions and cost feasibility
(2010). During the course of this study, Kneifel researched the original building cost, the
maintenance or repairs required, the annual energy costs and the building’s residual value at
the end of the study for four different lengths of time and for each of the commercial building

types studied (2010).

2.4 Standard Building Practices

The standard constructions of roofs in the Las Vegas valley are currently based on the
2012 International Residential Code (2012 IRC) requirements and the 2009 International Energy
Conservation Code (2009 IECC). Concrete roofing tiles are the most commonly used roofing
material for the Las Vegas valley; section R-905.3 of the 2012 IRC states that the construction
is to be installed over solid sheathing or spaced structural sheathing boards with an
underlayment that meets ASTM D226 Type Il; ASTM D 2626 Type |; or ASTM D 6380 Class M
mineral surfaced roll roofing. The roof tiles themselves shall adhere to ASTM C 1492 for
concrete roof tiles (2012 IRC, 442-443). The 2009 IECC requires for the region of Clark County
(3B) that the ceiling has an R-value of R-30 minimum with an equivalent U-factor of 0.035 or

less (2009 IECC, 27-28).

14



2.5 Best Building Practices

Local production builder Pulte Homes, designed a community in which all homes were
built to LEED (Leadership in Energy and Environmental Design) Platinum certification standards
with a HERS (Home Energy Rating System) that is greater than 50% more efficient than
similarly sized homes built with standard building practices (France, 2009). In the Las Vegas
valley, Pulte Homes in conjunction with UNLV designed a community that would represent high
performing residential houses that featured solar panels, continuous insulation at the exterior
layer of the building envelope and technological features to help the homeowner see how well
the house performs and what they can do to continue to improve the performance. The roof

construction was R-30 spray insulation at the roof with an unvented attic.

2.6 Roof Ponds

Roof ponds can serve multiple duties besides simply being a roof; they can aide in
passive heating and cooling. Roof ponds aid in cooling during the summer months by being
covered with insulated panels during the day and exposed to the night air to radiate the built up
heat from the daytime (Brown and Dekay, 2001, 176). The roof ponds use the metal deck that
they are resting on to aid in becoming sponges of the thermal build-up in the spaces below them
during the day, which is released at night through natural convection to the black body of the
clear night skies (AZ Solar Center). Roof ponds aid in heating in the winter by being exposed to
the sun during the day and covered during the night to allow the heat to radiate into the home
during the night (Brown and Dekay, 2001, 176). “They should have an unobstructed path toward
the zenith (directly overhead). Adjacent trees, walls and other buildings can impact the cooling

rate by reducing radiation to the night sky. Trees and walls also absorb solar heat by day and
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radiate this energy into the ponds at night. Cloud cover can interfere with the cooling
performance of a roof pond system.” (AZ Solar Center)

“For best cooling results, ponds can range from 6-12 inches deep, depending on location
and local conditions, and should cover as much of the roof as possible. An average tract home
in the southwest, with good heat gain control, can easily gain 200,000 to 400,000 BTU's on a
hot July day. A 6-inch-deep roof pond covering the entire roof, will rise in temperature by only 4-
8°F from this heat gain, and with nighttime cooling rates of 25-30 BTU/hr/ft', all this excess heat
can be released to the outside by daybreak” (AZ Solar Center).

The most exposed element of the building is the roof, which would allow for a wide range
of options to dissipate heat for cooling purposes (Spanaki et al., 2011). Roof ponds have the
potential to be very cost effective, simply “by enclosing water in plastic bags, metal or fiberglass
tanks with rigid transparent plastic covers” (Spanaki et al., 2011, 3524). In Spanaki et al.’s 2001
study, the authors test twelve different options for roof ponds ranging from the traditional
uncovered variation with and without water spraying overtop, to more recently developed
ventilated roof ponds to allow for parameters to demonstrate which system to use for the
various construction types and climate zones (Spanaki et al., 2011). The seven parameters that
were used by the authors were: “cooling more than one floor, application in uninsulated
concrete roof, absence of demand for daily attention, walkability of the roof, low contamination,
winter function, easy to construct (availability of materials and devices), low initial costs, null
maintenance and function cost, and widespread know how” (Spanaki et al., 2011, 3531). The
authors concluded that roof ponds are very popular to be used for passive cooling in the
climates that favor evaporative and/or radiative cooling. This is due in part to the fact that the
only construction requirements are that the roof is watertight, can support the dead load of the
water, and also that they have low initial installation and implementation costs (Spanaki et al.,

2011). Furthermore, the authors also state that if roof ponds are used as a passive solar
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technique, then they have a good chance to reduce the energy required by the building sector
(Spanaki et al., 2011).

One of the newer techniques being used for roof ponds is a ventilated roof pond with a
reflective layer that is suspended above the water to allow air to circulate between the two
layers (Spanaki et al., 2014). The roof pond tested in Spanaki et al.’s study is mostly for cooling
purposes and might require that the water is drained during the winter and replaced with
insulation to meet the insulation required for the heating months (Spanaki et al., 2014). The roof
proposed in this study is similar to the vented roof pond with a secondary roof proposed by
Baruch Giovani, which would use an aluminum cover to reflect solar radiation during the day
and act as a radiator during the night (Spanaki et al., 2014). During the 35 day testing period of
a small building in Crete, Greece, the minimum temperature of the water was close to the
ambient air temperature, while the highest temperature was 8-13°C (46.4-55.4°F) lower than the
highest ambient air temperature (Spanaki et al., 2014).

In a 2003 study, Tang et al. (2003) studied the effects of a roof pond with a floating
wetted cloth (pond 1) and how it compared to five other cooling techniques. For this study, two
test cells were built and placed on a roof just outside of Negev, Israel, during the hot and dry
season to test the techniques which are: comparing pond 1 and open pond, comparing pond 1
and a covered pond, comparing pond 1 to a pond with moveable insulation, comparing pond 1
with a shaded roof pond, and comparing the shaded pond to the open pond (Tang et al., 2003).
The results showed that when compared to the covered pond (highest performing of the
comparative ponds and was claimed to be the preferred evaporative cooling roof) the floating
wetted cloth model performed better by having more heat flux from the building and by keeping
the temperature of the bottom of pond cooler (Tang et al., 2003). One observation of the authors
was that in order to prevent stratification of temperatures that occur during the night readings of
pond 1, the mesh holding the cloth needed to be as open as possible to allow the cold water
from the cloth to mix with the warm water of the pond (Tang et al., 2003). This version of pond

17



does not require the user to cover the pond in the morning and uncover it at night, which eases
the operation of this roof pond (Tang et al., 2003).

In a 2004 study, Tang and Etzion researched the effects of a roof pond that used gunny
bags on the surface of the water through simulations (2004). Using information from an earlier
study by Tang et al., the authors discuss how the evaporation rate of a wetted surface is
different from a free water surface (Tang and Etzion, 2004). In the study, they collected data
from three types of buildings with different roof types: a well-insulated concrete roof with mass
walls, a poorly insulated with metal deck roof and light walls, and a well-insulated metal deck
roofed mass wall building; and with all data, they simulated the wetted gunny bags and roof
pond with gunny bags (Tang and Etzion, 2004). The authors concluded that the roof pond with
gunny bags provided a more even temperature range and higher heat flux out of the buildings
than the wetted gunny bags, which were previously thought to be the best performing (Tang and

Etzion, 2004).

2.7 Double-Skin Roofs

Double roof systems consist of two separate roof systems that are separated by either a
ventilated or unventilated air cavity that allows for the thermal gains of the outermost roof to not
affect the inner roof.

In a study by Biwole, Woloszyn and Pompeo, the effects of ventilated and reflective
double-skin roofs were analyzed to see if they would assist in the reduction of cooling needs
during the summer in France by recording the systems potential to reflect solar radiation that is
absorbed by traditional roofs (2008). In this study, the authors looked at the spacing required
between the metal roof layer and the metal screen layer as well as the performance of the roof
at different angles (Biwole et al., 2008). The results showed that as the angle increase, the
temperature went down and the velocity of the interstitial air went up which aided in the
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reduction of the solar radiation that actually reached the interior of the structure (Biwole et al.,
2008). The conclusions of this study were that the emissivity of the roof and screen need to be
as low as possible, the insulation value as high as possible, and between 6-10 cm (2.3-3.9 in.)
of separation between outer screen and roof; the optimal option tested was spaced at 10 cm
apart, with 5 cm of insulation below the roof and set at a 30° angle (Biwole et al., 2008).

A study done in Taiwan by Lai, Huang and Chiou looked into the use of double-skin
roofs to replace the traditional low-cost metal sheet roofs of the area, which would allow for the
reduction of greenhouse gas emissions from space conditioning (2007). Lai et al. study focuses
on the optimal spacing between the different planes of the roof as their research showed there
was a lack of research in this area (2008). The authors created an experimental mock-up to be
able to test the different spacing and the angle to find the optimal setup (Lai et al., 2008). The
results of this study concluded similar results to the Biwole et al. study that a 30° angle is the
optimal angle to extract the most amount of thermal radiation.

“The ventilation of a roof or attic has become one of the greatest interests for building
researchers in the last several decades” (Susanti and Matsumoto, 2011, 211). Sustani and
Matsumoto did a study of the implementation of double-skin roofs as a potential energy saver
and as increasing thermal comfort in a factory setting (2011). The location of this study was in
Toyohashi City, Japan, and the model was based on a one-story factory building, with the
thermal comfort to be recorded for both naturally ventilated and air conditioned modes (Susanti
and Matsumoto, 2011). The double-skin model showed a reduction in energy required for
cooling ranging from 47-52% over the traditional single roof model (Susanti and Matsumoto,
2011). Other notable conclusions were that when openings were at a ratio of 50% of the cavity
space at both the top and bottom, the double skin roof performed the best. Also, the air velocity
increased as the solar radiation became stronger such as would happen during the summer.
Finally, during the air conditioning tests the thermostat could be raised 7.6°C (45.68°F) higher
than that of the single roof model (Susanti and Matsumoto, 2011).
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2.8 Green Roofs

Another potential way roofs can contribute to the energy reduction of a building is to
incorporate a green roof (La Roche and Berardi, 2014). In this study by La Roche and Berardi, a
more intelligent green roof system is investigated in three different climate zones that allows for
the level of insulation to be modified through the use of a plenum space located below the roof
and above the ceiling (2014). Using Sailors simulation that is included in EnergyPlus, buildings
were simulated to test the effects of different aspects of green roofs along with the base case
which was a cool roof (which is the requirement in California) for their energy efficiency (La
Roche and Berardi, 2014). The authors also used test cells with varying types of vegetation that
were observed for seven years with the only varying item being the roofs systems (La Roche
and Berardi, 2014). The results of the testing were that even though the standard green roofs
with high mass and night ventilation often kept the space cooler than the control cell, some
overheating was observed; this is why the assembly with variable insulation was tested. The
model with the variable insulation had the lowest temperatures during the summer cooling
months when a ventilation fan was running and reversed roles during the winter when the fan
was shut and insulation was added to perform better (La Roche and Beradi, 2014).

David J. Sailor developed a module for EnergyPlus that allows designers to test green
roofs (or ecoroofs) using more reliable data that was physically based on the energy balance of
the systems and components (2008). In the module, various options can be modified by the
designer that include the “growing media depth, thermal properties, plant canopy density, plant
height, stomatal conductance (ability to transpire moisture), and soil moisture conditions
(including irrigation and precipitation)” (Sailor, 2008, 1467-1468). To test the validity of the
ecoroof module, Sailor replicated a project located at the University of Central Florida’s student
union building, which has sensors that monitor performance, in the EnergyPlus software, which
showed predictions similar to the recorded data from the test roof (Sailor, 2008). With the
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implementation of this software module, designers have a method to test various ecoroof
options, which will help establish qualitative estimates of green roof systems and the potential of
energy use reduction and ultimately result in data for the analyses of life-cycle costs (Sailor,
2008).

Sailor and Hagos, expanded on the earlier study by Sailor (2008) that included analysis
of materials mostly found in western U.S. locations, researched soil compaction and a wider
library of growing media for different regions of the U.S. (Sailor and Hagos, 2011). The
compaction of the growing media happens naturally over time, which affects the amount of
oxygen that is available for the plants to grow and also the thermal conductivity of the roof
(Sailor and Hagos, 2009). With the results of this study, the authors were able to create useful
information that the building information modeling users can utilize when analyzing the various
green roof design options. The resulting data will illustrate the reduction of urban heat island
effects and increase of energy efficiency (Sailor and Hagos, 2011).

A further area of green roof modeling that needed to be researched according to Moody
and Sailor is how to integrate thermal performance values into energy calculations (Moody and
Sailor, 2013). The thermal characteristics of green roofs cannot be classified as one R-value as
it is variable depending on the time of year and it needs a way in which the true performance
can be analyzed in energy modeling software (Moody and Sailor, 2013). With the EnergyPlus
ecoroof module, the authors tested different green roof options, which were then compared to
physical results of the green roof test modules located on the Portland State University campus
in order to validate the method (Moody and Sailor, 2013). The authors then used the information
to test in four cities (Chicago, Houston, Atlanta and Portland) using different ecoroof options and
options for thermal connectivity to the building to compile data that shows how the systems

would perform based on climate and season (Moody and Sailor, 2013).
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2.9 Cool Roofs

Cool roofs are composed of high albedo roof components to help to reflect as much of
the suns radiation back into the atmosphere. Cool roofing materials are another option to be
investigated to help lower the effects of the urban heat island effects. The heat island effect is
often a result of cities not having open green spaces and using dark materials on the rooftops,
which absorb thermal radiation and raise the internal temperatures of structures, the
temperature of surrounding areas and raise building operating costs (Santamouris et al., 2011).
The materials that are used in cool roofs have high solar reflectivity and infrared emittance
which help to keep the surface of the buildings envelope cooler, which will then reduce the
urban heat island effect as well as reduce the energy consumption required to condition the
building (Santamouris et al., 2011). There are cool roof options for nearly every type of roofing
used in both commercial and residential construction industries, as well as for both low and
steep sloped roofs (Santamoures et al., 2011). The authors conclude that the use of cool roofs
reduce the cooling load, but can increase the heating load required and can also lose
performance characteristics as the products age and become discolored (Santamoures et al.,

2011).

2.10 Structural Insulated Panels

Structural Insulated Panels (SIP) are composed of a rigid insulation core usually either
extruded polystyrene insulation (XPS) or expanded polystyrene insulation (EPS) sandwiched
between Oriented Strand Board (OSB) or Metal. James M Tracy describes the uses of SIPs are
primarily for walls and roofs but can be used for floors also (2000). One good thing about SIPs
over conventional framing is the R-value of the system is higher as there is no framing in the
middle of the panels to create thermal bridges that are averaged in the calculation and lower the
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intended total insulation. Mullens and Mohammed say a SIP panel with a 3.5” core would have
a continuous R-value of R-14 as compared to a traditionally framed wall that would have an R-
value of only R-9.8 that had R-11 in the cavities. (2006)

Another important factor of SIP panels are that they are manufactured in controlled
factory settings. Having the panels manufactured in factories allows for the products to be flatter
requiring less shimming for finish products and also require less skilled labor as the SIP panels
interlock with each other and take out the interpretations of drawings. (Mullens and Mohammed,

2006)
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CHAPTER 3: RESEARCH QUESTION

3.1 Purpose

Residential buildings provide comfort, shelter, and many other benefits to the occupants
that inhabit them, but also account for a majority of the negative energy consumption impacts
that face the global environment (Kallaos and Bohne, 2013). Energy efficiency is a very
important element to think about when designing in the U.S. desert southwest. However, most
builders would rather take higher profits, use the most economical building materials and forego
looking at the embodied energy or energy efficiency of the products to help the end user with
lower energy bills or a lower impact on the environment. Some of the possible solutions that
have been investigated to help reduce the cooling load in hot climates are shading, earth
shelters, plant protection of buildings, roof cooling using roof ponds and water sprays, double
skin walls and ventilation (Kharrufa and Adil, 2012). Some of these same strategies can be used
in the U.S. desert southwest to reduce the demand for energy intense air conditioning.

Armed with the proper knowledge, design professionals and contractors will be more apt
to construct the most efficient roof assembilies, as they have economic advantage over
competitors. Designing and building more efficiently will help the consumer save over time the
money that they invested as a premium upon the initial purchase. Then, as more and more
designers, contractors and owners improve over their neighbors and competitors, the

consumers and planet will benefit.

3.2 Research Question

This research project aims to answer the main question “Which residential roof assembly

is the best for the U.S. desert southwest using studies and simulations for the three sub-
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problems?” The sub problems to be researched are (1) the cost associated with different roof
assemblies, (2) energy efficiency of the options, and (3) any possible embodied energy factors
accounted for. The article “Beyond the code: Energy, carbon and cost savings using
conventional technologies” by Joshua Kneifel (2010) looks at the different strategies that can be
used in commercial buildings to reduce energy consumption and costs while also looking at life-
cycle assessments. Similar to this article, the researcher would like to study energy efficiency,
cost comparisons and life-cycle assessments in the residential sector of the U.S. desert

southwest to be able to determine the best roof assembly for this region.

3.3 Roof Assembly Evaluation

There are many roof assembly options to be tested. Of the many roof assemblies that
are available, several are better suited for the U.S. desert southwest climate. This research
focused on comparing a typical code compliant traditionally framed house with a roof that has
R-30 batt insulation at the ceiling and vented attic to several options. The options of the roof
assemblies that were researched include:

1. Sip Panel with R-27.5,

2. Sip Panel with R-37.5

3. Sip Panel with R47.5

4. Spray insulation with R-30 sprayed on underside of roof (Best Practice of the Area)
5. Spray insulation with R-38 sprayed on underside of roof

6. Spray Insulation with R-49 sprayed on underside of roof

7. Spray Insulation with R-60 sprayed on underside of roof

8. 7” Roof Pond

9. Green Roof with R-30 insulation at ceiling

10. Spray insulation with R-30 sprayed on ceiling
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11. Spray insulation with R-38 sprayed on ceiling
12. Spray insulation with R-49 sprayed on ceiling
The roof assemblies that this research evaluated are compared and tested in four

different orientations (north, south, east and west) and with three different roof pitches (1:12,
3:12 and 6:12) which are commonly seen in the U.S. Desert Southwest. The most common roof
pitch to the mission style house traditionally built in the U.S. desert southwest is mid slope roof
with a pitch of between 2:12 and 4:12. With the exception of the green roof and roof pond, the
roof finishes of the tested roof assemblies remained the same as the control of the typically
used concrete tile of the region. All other components of the house remained as the code
compliant base case with the exception of the HVAC ducting that would either be in the

unconditioned attic space or the conditioned envelope of the house.

3.4 Case Study

The Department of Energy (DOE) Race to Zero Student Design Competition has the
same intent as the effort to generate this research thesis. The information from that competition
can be used to help developers create Net Zero Energy Ready homes. The Race to Zero
Student Deign Competition is an annual competition to help students create houses that can fall
under one of two paths:

1) Redesign an existing builder design to be a high-performance house.

2) Develop a completely new house design that is high-performance.

The team from UNLV for the 2015 Race to Zero Student Design Competition decided to
generate a design using the second option. The team of students would each research different
components required prior to any design of the competition house. The areas researched

included orientation, wall construction, roof construction, openings, and mechanical systems &
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Indoor Air Quality. All of the students’ research was combined to create the design of the house
that would allow for the greatest energy efficiency and ultimately be Net-Zero Energy Ready.

The team used software provided by the National Renewable Energy Laboratory
(NREL), BEopt, to run the simulations for their research. The data that was obtained from the
BEopt simulations allowed the students to establish which of the tested systems or assemblies
would be the optimal system to be used for the competition house.

Once all of the optimal systems were decided, a model using these systems was created
in BEopt to simulate how well the house performed for several categories of data. These
categories that were obtained were site energy used, cost of systems and efficiency

measurements.
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CHAPTER 4: METHODS

4.1 Context

The purpose of this research project is to model several roof assemblies and see how
they compare in terms of cost and energy for ASHRAE zone 3B. From the results of the
simulations, a ranking of the best roof assembly for the U.S. desert southwest is chosen to
answer the research questions. The results of this research will be implemented as part of the
Department of Energy Race to Zero Student Competition. Each student researched a different
building subject area to provide design input for the design of a Net Zero Energy Ready Home.
All the input from the various research areas conducted was combined to create the basis for

the residence for the competition.

4.2 Approach

Modeling packages were evaluated to determine which can perform simulations of
building systems. These programs were Autodesk Revit, Green Building Studio, DOEZ2,
EnergyPlus, BEopt and HEED. Revit and the Green Building Studio were tested for creating the
base model control system to compare the roof assemblies, but they did not allow for the full
control of all systems of the building. This would have not shown the performance differences
that the roof assemblies would have compared to the control and thus were not used. HEED
was tested also, along with BEopt (Building Energy Optimization), and while both programs
allowed for the most control of the building systems, BEopt was ultimately chosen to do the
simulations. BEopt uses data from either the Department of Energy’s EnergyPlus database or
Lawrence Berkley National Laboratory’s DOE2 database. The EnergyPlus database was
ultimately chosen as it includes the ‘ecoroof’ analysis created by David Sailor that enables the
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user to add green roofs to their modelled buildings and simulate their effects (Castleton et al.,
2010).

The different roof assemblies that were studied were compiled into matrices showing
how they perform at different roof pitches and orientations. In BEopt, the test model was built to
simulate a standard 1800 square foot, standard control one-story home typically found in the
U.S. desert southwest. The standard control model built consists of Las Vegas Valley code
compliant construction. The standard model serves as a control that allows the roof assembly to
be changed while all the other data remains constant to show the full effects of the roof
assembly changes on the energy efficiency of the residential structure.

“The BEopt software is a computer program designed to find optimal building designs
along the path to ZNE and to accelerate the process of developing high-performance building
designs. In addition to an optimization search, the BEopt software includes (1) a main input
screen that allows the user to select, from many predefined options, those to be used in the
optimization, (2) an output screen that allows the user to display detailed results for many
optimal and near-optimal building designs, and (3) an options library spreadsheet that allows a
user to review and modify detailed information on all available options.” (Christensen et al.,

2006, 4)

4.3 Roof Pond Calculations:

Roof ponds are not an integral part of the simulation software BEopt. The simulation
software allows custom roof types to be created if all of the parameters of the system are
entered. To obtain the information required for testing roof ponds, the calculation in Appendix A
utilizes climatic information for the U.S. desert southwest to find the delta change to be entered
in BEopt. The equation and data in Appendix A are from Stein and Reynolds Mechanical and
Electrical Equipment for Buildings, 9th Edition. (2000)
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4.4 Green Roofs

The components that create a green roof system come in a wide variety of products.
This can make for simulating the green roof a challenge. Fortunately, green roof information is
available in EnergyPlus, which is a database that BEopt utilizes for running the simulations. For
the green roof simulation, a soil thickness of 6” was assumed with desert landscape cover.
There was also R-30 spray insulation added under the roof deck to help with the prevention of

thermal heat transfer.

4.5 Assemblies Tested

The standard code compliant base case of the region consists of 2x wood framing for

the roof and ceiling structure spaced. It consists of insulation added on top of the ceiling

assembly and a vented attic space. Figure 4.1 shows the construction of components of the

standard code compliant roof assembly.
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Roofing Material (Shingles, etc.)
Roof Sheathing

Roof Structure

Blow-in Insulation
at Ceiling

Figure 4.1 Standard Code Compliant Assembly

The best practices of the area consists of 2x wood framing for the roof and ceiling
structure. It consists of insulation added on the underside of the roof assembly and an un-
vented attic space. Figure 4.2 shows the construction of components of the spray insulation on

underside of the roof.
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Roofing Material (Shingles, etc.)
Roof Sheathing

Spray Insulation at Roof

Roof Structure

Figure 4.2 Spray Insulation at Roof Assembly

The roof assembly of spray insulation applied to the ceiling consists of 2x wood framing
for the roof and ceiling structure. It consists of spray insulation added on top of the ceiling
assembly and a vented attic space. Figure 4.3 shows the construction of components of the

standard code compliant roof assembly.
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Roofing Material (Shingles, etc.)
Roof Sheathing

Roof Structure

Spray Insulation at Ceiling

Figure 4.3 Spray Insulation at the Ceiling Assembly

The roof assembly of structural insulated (SIP) panels consists of rigid insulation
sandwiched between oriented strand board (osb) that make up the structure of the roof with no

attic. Figure 4.4 shows the construction of components of the SIP panel roof assembly.
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Roofing Material (Shingles, etc.)

Structural Insulated Panel (SIP)

Figure 4.4 Structural Insulated Panel Assembly

The roof assembly of a roof pond consists of bags of water on top of metal deck over
framing structure. The water acts as the insulation and radiates heat from the space at night
during the summer and into the space during the daytime hours of winter. In order to control
unwanted gains or losses, movable insulation is installed over the water bags. Figure 4.5 shows

the construction of components of the roof pond assembly.
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7" Deep Water Bag

Metal Deck over
Structure

Figure 4.5 Roof Pond Assembly

The green roof consists of vegetation planted in a soil media with drainage and
waterproofing measures over metal deck and building structure. The simulated system also
includes R-30 spray insulation on the underside of the building structure. Figure 4.6 shows the

construction of components of the green roof assembly.

35



Vegetation
Soil
Drainage, Aeration and
Water Storage
Insulation
Membrane Protection
and Root Barrier-

Roofing Membrane

Roof Structure

Figure 4.6 Green Roof Assembly

The roof pitch chosen for the design is an important decision. For this research three
roof pitches were simulated — 1:12 low slope roof, 3:12 mid slope roof and 6:12 steep slope
roof. The 1:12 roof slopes are considered a flat roof. The dominant roof pitches of the U.S.
desert southwest are the 1:12 and 3:12. Figure 4.7 shows the different roof pitches of the
research.

Figure 4.8 shows how the construction of the sloped roof pond and green roof

assemblies were assumed in the simulations.
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1:12 Slope Roof

3:12 Slope Roof

6:12 Slope Roof

Figure 4.7 Roof Pitch Diagram

37



Figure 4.8 Sloped Green Roof and Roof Pond Construction Diagram
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CHAPTER 5: RESULTS

5.1 Simulation Outputs for Site Energy Use

The outputs of site energy use from the BEopt simulations are below. The first twelve

simulations (Tables 5.1-5.12) show the comparison of the thirteen tested roof systems for each

of the four orientations as well as for the three distinct roof pitches. The total site energy use for

each system is listed above the bar graphs.
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= Vent Fan (E)

20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51

BHVAC Fan/Pump (E) | 501.03 | 442.43 | 418.99 | 404.34 | 442.43 | 427.78 | 413.13 | 407.27 | 404.34 | 395.55 | 489.31 | 474.66 | 457.08

= Cooling (E)
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Table 5.1 Site Energy Use South Orientation 1:12 Roof Pitch
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The results of the simulations for the orientation of the building facing south with a low
pitch roof, table 5.1, shows that the base case roof was the second worst performer with a total
site energy use of 6,053.38 kWh/yr. The worst performer was the R-30 spray insulation at the
ceiling with the vented attic with a total site energy use of 6,103.19 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 4,978.07 kWh/yr.
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Base | R-27.5|R-37.5|R-47.5| nat | SPraY | SPray | SPray | gu ¢ isulatio | isulatio | isulatio
isulatio | isulatio | isulatio Roof w/
Case SIP SIP SIP roof pond n at n at n at
n at n at n at R-30 - - -
(Best roof roof roof ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
= Vent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 495.17 | 454.15 | 430.71 | 416.06 | 454.15 | 439.5 | 424.85 | 416.06 | 410.2 | 407.27 | 489.31 | 471.73 | 460.01
= Cooling (E) 1450.35(1303.85|1245.25| 1201.3 |1295.06|1254.04|1221.81| 1201.3 | 1113.4 [1116.33(1415.19|1371.24|1341.94
Heating (G) 3987.73|3876.39|3627.34|3469.12|3891.04|3724.03|3577.53| 3486.7 |4113.72|3946.71|4157.67(3932.06(3759.19

Table 5.2 Site Energy Use South Orientation 3:12 Roof Pitch

The results of the simulations for the orientation of the building facing south with a mid

slope roof, table 5.2, shows that the base case roof was the second worst performer with a total
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site energy use of 5,953.76 kWh/yr. The worst performer was the R-30 spray insulation at the

ceiling with the vented attic with a total site energy use of 6,082.68 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 5,106.99 kWh/yr.
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spray | o ag R-49 R-60 R-30 R-38 | R-49
isulatio spray | spray | spray Green | SPray | spray | spray
Base | R-27.5| R-37.5 | R-475| nat |. vl i 7 | 7" roof isulatio | isulatio |isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio ond Roof w/ n at n at n at
(Best :‘oz} :‘oz} :‘oz} P R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 492.24 | 471.73 | 448.29 | 433.64 | 471.73 | 454.15 | 442.43 | 433.64 | 410.2 | 395.55 | 489.31 | 471.73 | 457.08
= Cooling (E) 1438.63(1344.87(1283.34|1242.32(1336.08|1292.13(1262.83|1242.32|1122.19(1098.75|1409.33|1368.31(1333.15
H Heating (G) 3990.664058.05|3797.28|3630.27|4075.63|3899.83|3747.47|3650.78|4099.07|3732.82|4148.88|3923.27|3724.03

Table 5.3 Site Energy Use South Orientation 6:12 Roof Pitch

The results of the simulations for the orientation of the building facing south with a steep

slope roof, table 5.3, shows that the base case roof was the second worst performer with a total

site energy use of 5,942.04 kWh/yr. The worst performer was the R-30 spray insulation at the

ceiling with the vented attic with a total site energy use of 6,068.03 kWh/yr. The best performing
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roof assembly is the green roof with R-30 insulation with a total site energy use of 5,247.63

kWhyr.
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spray g ~ g R-30 R-38 | R-49
isulatio R-38 R-49 R-60 spray | spray | spray

spray | spray | spray | .. .| Green

. ol : . ? isulatio | isulatio |isulatio
isulatio | isulatio | isulatio Roof w/

Base | R-27.5|R-37.5 | R-47.5| nat

Case SIP SIP SIP roof n at n at n at pond R-30 n _at n _at n gt
(Best roof roof roof ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)

mVent Fan (E)

20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51

mHVAC Fan/Pump (E) | 518.61 | 460.01 | 436.57 | 421.92 | 460.01 | 442.43 | 430.71 | 421.92 | 421.92 | 410.2 | 506.89 | 492.24 | 474.66

= Cooling (E)

1520.67(1321.43| 1259.9 (1218.88(1312.64|1268.69|1236.46|1218.88|1145.63/1133.91| 1465 |1429.84|1391.75

Heating (G)

4140.09(3870.53|3624.41|3466.19|3891.04| 3721.1 |3577.53| 3486.7 |4216.27| 3955.5 |4266.08|4078.56|3858.81

Table 5.4 Site Energy Use West Orientation 1:12 Roof Pitch

The results of the simulations for the orientation of the building facing west with a low

slope roof, table 5.4, shows that the base case roof was the second worst performer with a total

site energy use of 6,199.88 kWh/yr. The worst performer was the R-30 spray insulation at the

ceiling with the vented attic with a total site energy use of 6,258.48 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 5,127.5 kWh/yr.
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Site Energy Use West Orientation Mid Slope Roof
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1500
1000
500
0 R-30
.spray R-38 R-49 R-60 R-30 R-38 R-49
isulatio spra spra spra Green | SPray | spray | spray
Base |R-27.5|R-37.5|R-47.5| nat | SPray | SPray | Spray | . ., isulatio | isulatio | isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio ond Roof w/ n at n at n at
(Best :‘o'g} :‘o'g} :‘o'g} P R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 2051 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 509.82 | 468.8 | 445.36 | 430.71 | 468.8 | 451.22 | 439.5 | 430.71 | 421.92 | 418.99 | 506.89 | 489.31 | 477.59
u Cooling (E) 1500.16| 1347.8 [1286.27[1245.25(1339.01(1295.06| 1262.83|1245.25[1157.35(1157.35 1467.93[1426.91 1397 .61
Heating (G) 4058.05/3940.85| 3691.8 |3536.51|3958.43(3788.49/3644.92(3554.09(4184.04|4017.03(4230.92|4008.24|3835.37

Table 5.5 Site Energy Use West Orientation 3:12 Roof Pitch

The results of the simulations for the orientation of the building facing west with a mid
slope roof, table 5.5, shows that the base case roof was the second worst performer with a total
site energy use of 6,088.54 kWh/yr. The worst performer was the R-30 spray insulation at the
ceiling with the vented attic with a total site energy use of 6,226.25 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 5,232.98 kWh/yr.
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Site Energy Use West Orientation Steep Slope Roof
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1500
1000
500
0 R-30
_spray R-38 R-49 R-60 R-30 R-38 R-49
isulatio spra spra spra Green | SPr@y | spray | spray
Base | R-27.5|R-37.5|R-47.5| nat | SPaY | SPray | SPray | u ¢ isulatio | isulatio | isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio ond Roof w/ n at n at n at
(Best :‘o'g} :‘o'g} :‘o'g} P R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 509.82 | 480.52 | 457.08 | 442.43 | 480.52 | 465.87 | 451.22 | 442.43 | 424.85 | 410.2 | 506.89 | 489.31 | 474.66
= Cooling (E) 1494.3 |1380.03| 1318.5 (1277.48|1371.24|1327.29(1295.06|1277.48|1166.14|1145.63| 1465 |1423.98/1388.82
Heating (G) 4049.26(4084.42|3829.51(3668.36| 4102 |3932.06|3782.63|3688.87|4166.46/3806.07|4210.41|3987.73|3794.35

Table 5.6 Site Energy Use West Orientation 6:12 Roof Pitch

The results of the simulations for the orientation of the building facing west with a steep
slope roof, table 5.6, shows that the base case roof was the second worst performer with a total
site energy use of 6,073.89 kWh/yr. The worst performer was the R-30 spray insulation at the
ceiling with the vented attic with a total site energy use of 6,202.81 kWh/yr. The best performing
roof assembly is the green roof with R-30 insulation with a total site energy use of 5,382.41

KWhyr.
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Site Energy Use North Orientation Low Slope Roof
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R-30
.spray R-38 R-49 R-60 R-30 R-38 R-49
isulatio spra spra spra Green spray | spray | spray
Base |R-27.5|R-37.5|R-47.5| nat | SPray | SPray | Spray | . ., isulatio | isulatio | isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio ond Roof w/ n at n at n at
(Best :‘o'g} :‘o'g} :‘o'g} P R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 501.03 | 442.43 | 421.92 | 404.34 | 442.43 | 427.78 | 413.13 | 407.27 | 407.27 | 395.55 | 489.31 | 474.66 | 457.08
= Cooling (E) 1465 |1268.69(1207.16|1166.14| 1259.9 |1215.95(1183.72|1166.14|1095.82| 1084.1 | 1406.4 [1371.24|1330.22
Heating (G) 4107.86|3832.44(3583.39|3425.17|3850.02|3680.08 | 3536.51(3445.68|4181.11|3917.41|4227.99|4040.47|3820.72

Table 5.7 Site Energy Use North Orientation 1:12 Roof Pitch

The results of the simulations for the orientation of the building facing north with a low

slope roof, table 5.7, shows that the base case roof was the second worst performer with a total

site energy use of 6,094.4 kWh/yr. The worst performer was the R-30 spray insulation at the

ceiling with the vented attic with a total site energy use of 6,144.21 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 5,016.16 kWh/yr.
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Site Energy Use North Orientation Mid Slope Roof
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spray | o ag R-49 R-60 R-30 R-38 | R-49
isulatio spra spra spra Green | SPray | spray | spray
Base |R-27.5|R-37.5|R-47.5| nat | SPray | SPray | Spray | . ., | isulatio | isulatio |isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio pond Roof w nat nat n at
(Best :‘o'g} :‘o'g} :‘o'g} R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 2051 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 495.17 | 454.15 | 433.64 | 416.06 | 454.15 | 430.5 | 424.85 [ 418.99 | 410.2 | 407.27 | 489.31 | 471.73 | 460.01
u Cooling (E) 1447.42]1303.85(1242.32| 1201.3 [1295.06(1251.11[1218.88] 1201.3 [1110.47] 1113.4 [1412.26[1368.31[1339.01
Heating (G) 4031.683917.41/3668.36/3510.14|3934.99(3765.05|3621.48|3527.72(4157.67|3990.66(4201.62|3976.01|3803.14

Table 5.8 Site Energy Use North Orientation 3:12 Roof Pitch

The results of the simulations for the orientation of the building facing north with a mid
slope roof, table 5.8, shows that the base case roof was the second worst performer with a total
site energy use of 5,994.78 kWh/yr. The worst performer was the R-30 spray insulation at the
ceiling with the vented attic with a total site energy use of 6,123.7 kWh/yr. The best performing

roof assembly is the R-47.5 SIP with a total site energy use of 5,148.01 kWh/yr.
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Site Energy Use North Orientation Steep Slope Roof
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1500
1000
500
0 R-30
spray | o ag R-49 R-60 R-30 R-38 | R-49
isulatio spra spra spra Green | SPray | spray | spray
Base | R-27.5|R-37.5|R-47.5| nat | SPaY | SPray | SPray | u ¢ isulatio | isulatio | isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio ond Roof w/ n at n at n at
(Best :‘o'g} :‘o'g} :‘o'g} P R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 492.24 | 471.73 | 448.29 | 433.64 | 471.73 | 454.15 | 442.43 | 433.64 | 413.13 | 395.55 | 489.31 | 471.73 | 457.08
= Cooling (E) 1435.7 |1341.94/1280.41/1239.39|1333.15|1292.13| 1259.9 (1242.32|1122.19|1098.75| 1406.4 |1365.38/|1330.22
Heating (G) 4037.54(4099.07 | 3838.3 (3671.29|4119.58|3940.85|3788.49| 3691.8 |4143.02|3776.77|4192.83|3967.22|3767.98

Table 5.9 Site Energy Use North Orientation 6:12 Roof Pitch

The results of the simulations for the orientation of the building facing north with a steep
slope roof, table 5.9, shows that the base case roof was the second worst performer with a total
site energy use of 5,985.99 kWh/yr. The worst performer was the R-30 spray insulation at the
ceiling with the vented attic with a total site energy use of 6,109.05 kWh/yr. The best performing
roof assembly is the green roof with R-30 insulation with a total site energy use of 5,291.58
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Site Energy Use East Orientation Low Slope Roof
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isulatio sora spra sora Green | SPray | spray | spray
Base | R-27.5 |R-375|R47.5| nat | ShE¥ | SV | SBEY 17 roof | TS0 Lisulatio | isulatio | isulatio
Case SIP SIP SIP roof nat n at n at pond R-30 n at n at n at
(Best roof roof roof ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 518.61 | 460.01 | 436.57 | 421.92 | 460.01 | 442.43 | 430.71 | 421.92 | 421.92 | 410.2 | 506.89 | 492.24 | 474.66
= Cooling (E) 1523.6 |1321.43| 1259.9 |1218.88|1312.64|1271.62(1236.46(1218.88|1145.63|1136.84|1467.93|1429.84|1391.75
Heating (G) 4137.16| 3867.6 [3621.48(3463.26(3888.11(3718.17| 3574.6 (3483.77(4213.34(3952.57(4260.22(4075.63|3855.88

Table 5.10 Site Energy Use East Orientation 1:12 Roof Pitch

The results of the simulations for the orientation of the building facing east with a low
slope roof, table 5.10, shows that the base case roof was the second worst performer with a
total site energy use of 6,199.88 kWh/yr. The worst performer was the R-30 spray insulation at
the ceiling with the vented attic with a total site energy use of 6,255.55 kWh/yr. The best

performing roof assembly is the R-47.5 SIP with a total site energy use of 5,124.57 kWh/yr.
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Site Energy Use East Orientation Mid Slope Roof
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0 R-30
spray | o ag R-49 R-60 R-30 R-38 | R-49
isulatio spra spra spra Green | SPr@y | spray | spray
Base | R-27.5|R-37.5|R-47.5| nat | SPaY | SPray | SPray | u ¢ isulatio | isulatio | isulatio
isulatio | isulatio | isulatio Roof w/
Case SIP SIP SIP roof pond n at n at n at
(Best :‘o'g} :‘o'g} :‘o'g} R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 509.82 | 468.8 | 445.36 | 430.71 | 468.8 | 451.22 | 439.5 |430.71 | 421.92 | 418.99 | 506.89 | 489.31 | 477.59
= Cooling (E) 1503.09| 1347.8 |1286.27|1245.25/1339.01|1295.06|1262.83|1245.25|1157.35(1157.35(1467.93|1426.91|1397.61
Heating (G) 4055.12(3934.99|3688.87(3530.65|3952.57|3785.56|3641.99|3551.16/4181.11| 4014.1 |4227.99|4005.31|3832.44

Table 5.11 Site Energy Use East Orientation 3:12 Roof Pitch

The results of the simulations for the orientation of the building facing east with a mid

slope roof, table 5.11, shows that the base case roof was the second worst performer with a

total site energy use of 5,227.12 kWh/yr. The worst performer was the R-30 spray insulation at

the ceiling with the vented attic with a total site energy use of 6,223.32 kWh/yr. The best

performing roof assembly is the R-47.5 SIP with a total site energy use of 5,227.12 kWh/yr.
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Site Energy Use East Orientation Steep Slope Roof
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Base | R-27.5| R-37.5 | R-47.5| nat |. Yol ol I ? | 7" roof fw/ isulatio | isulatio |isulatio
Case SIP SIP SIP roof isulatio | isulatio | isulatio pond Roof w n at n at n at
(Best ;‘O'g} ;‘O'g} ;‘O'g} R-30" | ceiling/ | ceiling/ | ceiling/
Practic vented | vented | vented
es)
mVent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
mHVAC Fan/Pump (E) | 509.82 | 480.52 | 457.08 | 442.43 | 480.52 | 465.87 | 451.22 | 442.43 | 424.85 | 410.2 | 506.89 | 489.31 | 474.66
= Cooling (E) 1494.3 |1380.03| 1318.5 |1277.48|1371.24|1330.22(1295.06(1277.48|1166.14|1145.63| 1465 |1426.91/1391.75
Heating (G) 4043.4 |14081.49|3826.58|3665.43|4099.07(3929.13| 3779.7 [3685.94(4166.46(3803.14|4207.48| 3984.8 |3791.42

Table 5.12 Site Energy Use East Orientation 6:12 Roof Pitch

The results of the simulations for the orientation of the building facing north with a steep

slope roof, table 5.12, shows that the base case roof was the second worst performer with a

total site energy use of 6,068.03 kWh/yr. The worst performer was the R-30 spray insulation at

the ceiling with the vented attic with a total site energy use of 6,199.88 kWh/yr. The best

performing roof assembly is the green roof with R-30 insulation with a total site energy use of

5,379.48 kWhl/yr.

The results below are the thirteen roof systems compared to each other for the four

orientations simulated as well as for the three roof pitches simulated (Tables 5.13-5.25). These

results show how the different systems perform side by side for the different orientations and
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pitches so that the highest performing orientations and pitches are able to be chosen for a

particular roof assembly. These results will allow for further analysis of the roof assemblies to

see if orientation and roof slope have effects on the overall performance of the energy

consumption of the residential structure.
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1:12 3:12 6:12 1:12 3:12 6:12 1:12 3:12 6:12 1:12 3:12 6:12
North North North East East East South | South | South | West West West

Vent Fan (E)

20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51

HVAC Fan/Pump (E) | 501.03 | 495.17 | 492.24 | 518.61 | 509.82 | 509.82 | 501.03 | 495.17 | 492.24

518.61 | 509.82 | 509.82

e Cooling (E)

1465 |1447.42| 1435.7 | 1523.6 |1503.09| 1494.3 (1467.93|1450.35|1438.63|1520.67 |1500.16 | 1494.3

4107.864031.68|4037.54 |4137.16(4055.12| 4043.4 |4063.91|3987.73|3990.66 |4140.09|4058.05|4049.26

Table 5.13 Site Energy Use Base Case - Orientation & Roof Slope

When comparing the results of simulating the base case roof assembly for all

orientations and roof pitches Table 5.13, the site energy used for heating varies between

3987.73 kWh/yr with a south orientation with a mid slope pitch to 4,140.09 kWh/yr with an east
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orientation and low slope pitch. The site energy used for cooling varies from 1,435.7 kWh/yr with
a north orientation and steep slope pitch to 1,523.6 kWh/yr with an east orientation and low
slope pitch. The site energy used for the HVAC fan/pump varies from 492.24 kWh/yr with either
a south or north orientation and steep slope to 518.61 kWh/yr with either an east or west
orientation and low slope pitch. The vent fan site energy use was unaffected by orientation or
roof slope and remained constant at 20.51 kWh/yr. The base case assembly performs better for
heating with a mid slope for north and south orientations, and performs better with a steep slope
for east and west orientations. The base case also performs better for cooling with a steep

slope, for HVAC fan/pump with a steep slope, and for vent fan, all slopes were the same.

R-27.5 SIP - Orientation and Roof Slope
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0 1:12 3:12 6:12 1:12 3:12 6:12 1:12 3:12 6:12 1:12 3:12 6:12
North | North | North East East East | South | South | South | West | West | West
Vent Fan (E) 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51
HVAC Fan/Pump (E) | 442.43 | 454.15 | 471.73 | 460.01 | 468.8 | 480.52 | 442.43 | 454.15 | 471.73 | 460.01 | 468.8 | 480.52
e CoOling (E) 1268.69/1303.85(1341.94|1321.43 | 1347.8 |1380.03|1271.62|1303.85|1344.87|1321.43| 1347.8 |1380.03
Heating (G) 3832.44|3917.41|4099.07 | 3867.6 |3934.99(4081.49|3791.42|3876.39|4058.05|3870.53(3940.85|4084.42

Table 5.14 Site Energy Use R-27.5 SIP - Orientation & Roof Slope
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When comparing the results of simulating the R-27.5 SIP roof assembly for all
orientations and roof pitches Table 5.14, the site energy used for heating varies between
3,791.42 kWh/yr with a south orientation with a low slope pitch to 4,099.07 kWh/yr with a north
orientation and steep slope pitch. The site energy used for cooling varies from 1,268.69 kWh/yr
with a north orientation and low slope pitch to 1380.03 kWh/yr with either an east orientation or
west orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
442.43 kWh/yr with either a south or north orientation and low slope to 480.52 kWh/yr with
either an east or west orientation and steep slope pitch. The vent fan site energy use was
unaffected by orientation or roof slope and remained constant at 20.51 kWh/yr. The R-27.5 SIP
assembly performs better for heating with a low slope, for cooling with a low slope, for HVAC

Fan/Pump with a low slope, and for vent fan, all slopes were the same.
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R-37.5 SIP - Orientation and Roof Slope
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North | North | North East East East | South | South | South | West | West | West
e \/ent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
HVAC Fan/Pump (E) | 421.92 | 433.64 | 448.29 | 436.57 | 445.36 | 457.08 | 418.99 | 430.71 | 448.29 | 436.57 | 445.36 | 457.08
s Co0liNg (E) 1207.16|1242.32|1280.41| 1259.9 (1286.27| 1318.5 |1210.09|1245.25/1283.34| 1259.9 |1286.27| 1318.5
Heating (G) 3583.39|3668.36 | 3838.3 |3621.48|3688.87 (3826.58|3542.37|3627.34|3797.28|3624.41| 3691.8 [3829.51

Table 5.15 Site Energy Use R-37.5 SIP - Orientation & Roof Slope

When comparing the results of simulating the R-37.5 SIP roof assembly for all
orientations and roof pitches Table 5.15, the site energy used for heating varies between
3,542.37 kWh/yr with a south orientation with a low slope pitch to 3,829.51 kWh/yr with west
orientation and steep slope pitch. The site energy used for cooling varies from 1,207.16 kWh/yr
with a north orientation and low slope pitch to 1,318.5 kWh/yr with either an east or west
orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
418.99 kWh/yr with a south orientation and low slope to 448.29 kWh/yr with either a north or

south orientation and steep slope pitch. The vent fan site energy use was unaffected by

orientation or roof slope and remained constant at 20.51 kWh/yr. The R-37.5 SIP assembly
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performs better for heating with a low slope, for cooling with a low slope, for HYAC fan/pump

with a low slope, and for vent fan, all slopes were the same.

R-47.5 SIP - Orientation and Roof Slope
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North | North | North East East East | South | South | South | West | West | West
Vent Fan (E) 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51 20.51
HVAC Fan/Pump (E) | 404.34 | 416.06 | 433.64 | 421.92 | 430.71 | 442.43 | 404.34 | 416.06 | 433.64 | 421.92 | 430.71 | 442.43
e Co0ling (E) 1166.14| 1201.3 |1239.39(1218.88(1245.25|1277.48|1169.07 | 1201.3 |1242.32(1218.88|1245.25|1277.48
Heating (G) 3425.17|3510.14 | 3671.29|3463.26 | 3530.65 [ 3665.43 | 3384.15|3469.12|3630.27 | 3466.19|3536.51 | 3668.36

Table 5.16 Site Energy Use R-47.5 SIP - Orientation & Roof Slope

When comparing the results of simulating the R-47.5 SIP roof assembly for all
orientations and roof pitches Table 5.16, the site energy used for heating varies between
3,384.15 kWh/yr with a south orientation with a low slope pitch to 3,668.36 kWh/yr with west
orientation and steep slope pitch. The site energy used for cooling varies from 1,166.14 kWh/yr

with a north orientation and low slope pitch to 1,277.48 kWh/yr with either an east or west
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orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
404.34 kWh/yr with either a north or south orientation and low slope to 442.43 kWh/yr with
either an east or west orientation and steep slope pitch. The vent fan site energy use was
unaffected by orientation or roof slope and remained constant at 20.51 kWh/yr. The R-47.5 SIP
assembly performs better for heating with a low slope, for cooling with a low slope, for HVAC

fan/pump with a low slope, and for vent fan all, slopes were the same.

R-30 Spray Insulation at Roof - Orientation and Roof Slope (Best Practice)
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North | North | North East East East | South | South | South | West | West | West

Vent Fan (E) 20.51 | 2051 | 2051 | 2051 | 2051 | 20.51 | 20.51 | 2051 | 2051 | 20.51 | 20.51 | 20.51

s HVAC Fan/Pump (E) | 442.43 | 454.15 | 471.73 | 460.01 | 468.8 | 480.52 | 442.43 | 454.15 | 471.73 | 460.01 | 468.8 | 480.52

s Co0ling (E) 1259.9 [1295.06|1333.15(1312.64 | 1339.01[1371.24| 1262.83| 1295.06 | 1336.08 | 1312.64 | 1339.01| 1371.24

Heating (G) 3850.02|3934.99|4119.58|3888.11|3952.57|4099.07| 3809 |3891.04(4075.63|3891.04|3958.43| 4102

Table 5.17 Site Energy Use R-30 Spray Insulation at Roof - Orientation & Roof Slope (Best

Practice)
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When comparing the results of simulating the R-30 Spray insulation at roof assembly for
all orientations and roof pitches Table 5.17, the site energy used for heating varies between
3,809 kWh/yr with a south orientation with a low slope pitch to 4,119.58 kWh/yr with north
orientation and steep slope pitch. The site energy used for cooling varies from 1,259.9 kWh/yr
with a north orientation and low slope pitch to 1,371.24 kWh/yr with either an east or west
orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
442.43 kWh/yr with either a north or south orientation and low slope to 480.52 kWh/yr with
either an east or west orientation and steep slope pitch. The vent fan site energy use was
unaffected by orientation or roof slope and remained constant at 20.51 kWh/yr. The R-30 Spray
insulation at roof assembly performs better for heating with a low slope, for cooling with a low

slope, for HVAC fan/pump with a low slope, and for vent fan, all slopes were the same.
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R-38 Spray Insulation at Roof - Orientation and Roof Slope
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North | North | North East East East | South | South | South | West | West | West
s \/eNt Fan (E) 2051 | 2051 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
HVAC Fan/Pump (E) | 427.78 | 439.5 | 454.15 | 442.43 | 451.22 | 465.87 | 427.78 | 439.5 | 454.15 | 442.43 | 451.22 | 465.87
e Coo0ling (E) 1215.95|1251.11(1292.13|1271.62| 1295.06 | 1330.22| 1218.88 | 1254.04 | 1292.13| 1268.69 | 1295.06 | 1327.29
Heating (G) 3680.08|3765.053940.85|3718.17 | 3785.56 | 3929.13 | 3639.06 | 3724.03| 3899.83 | 3721.1 |3788.49(3932.06

Table 5.18 Site Energy Use R-38 Spray Insulation at Roof - Orientation & Roof Slope

When comparing the results of simulating the R-38 Spray insulation at roof assembly for
all orientations and roof pitches Table 5.18, the site energy used for heating varies between
3,639.06 kWh/yr with a south orientation with a low slope pitch to 3,940.85 kWh/yr with north
orientation and steep slope pitch. The site energy used for cooling varies from 1,215.95 kWh/yr
with a north orientation and low slope pitch to 1,330.22 kWh/yr with an east orientation and
steep slope pitch. The site energy used for the HVAC fan/pump varies from 427.78 kWh/yr with

either a north or south orientation and low slope to 465.87 kWh/yr with either an east or west
orientation and steep slope pitch. The vent fan site energy use was unaffected by orientation or

roof slope and remained constant at 20.51 kWh/yr. The R-38 Spray insulation at roof assembly
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performs better for heating with a low slope, for cooling with a low slope, for HYAC fan/pump

with a low slope, and for vent fan, all slopes were the same.

kWh/yr

R-49 Spray Insulation at Roof - Orientation and Roof Slope
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North | North | North | East | East | East | South | South | South | West | West | West
e \/ent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
e H\/AC Fan/Pump (E) [413.13|424.85|442.43|430.71| 439.5 |451.22|413.13|424.85|442.43|430.71| 439.5 (451.22
e COOliNG (E) 1183.721218.88 1259.9/1236.461262.831295.061186.651221.811262.831236.461262.831295.06
Heating (G) 3536.513621.483788.49 3574.6 3641.99 3779.7 3495.493577.533747.473577.533644.923782.63

Table 5.19 Site Energy Use R-49 Spray Insulation at Roof - Orientation & Roof Slope

When comparing the results of simulating the R-49 Spray insulation at roof assembly for

all orientations and roof pitches Table 5.19, the site energy used for heating varies between

3,495.49 kWh/yr with a south orientation with a low slope pitch to 3,788.49 kWh/yr with north

orientation and steep slope pitch. The site energy used for cooling varies from 1,183.72 kWh/yr

with a north orientation and low slope pitch to 1,295.06 kWh/yr with either an east or west
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orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
413.13 kWh/yr with either a north or south orientation and low slope to 451.22 kWh/yr with
either an east or west orientation and steep slope pitch. The vent fan site energy use was
unaffected by orientation or roof slope and remained constant at 20.51 kWh/yr. The R-49 Spray
insulation at roof assembly performs better for heating with a low slope, for cooling with a low

slope, for HVAC fan/pump with a low slope, and for vent fan, all slopes were the same.

R-60 Spray Insulation at Roof - Orientation and Roof Slope
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Vent Fan (E) 20.51 | 2051 | 2051 | 2051 | 2051 | 20.51 | 20.51 | 2051 | 2051 | 20.51 | 20.51 | 20.51
e HVAC Fan/Pump (E) | 407.27 | 418.99 | 433.64 | 421.92 | 430.71 | 442.43 | 407.27 | 416.06 | 433.64 | 421.92 | 430.71 | 442.43
s Co0ling (E) 1166.14| 1201.3 |1242.32(1218.88|1245.25(1277.48|1169.07| 1201.3 | 1242.32|1218.88(1245.25|1277.48
Heating (G) 3445.68|3527.72| 3691.8 |3483.77|3551.16|3685.94 | 3404.66 | 3486.7 [3650.78| 3486.7 |3554.09|3688.87

Table 5.20 Site Energy Use R-60 Spray Insulation at Roof - Orientation & Roof Slope
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When comparing the results of simulating the R-60 Spray insulation at roof assembly for
all orientations and roof pitches Table 5.20, the site energy used for heating varies between
3,404.66 kWh/yr with a south orientation with a low slope pitch to 3,691.8 kWh/yr with north
orientation and steep slope pitch. The site energy used for cooling varies from 1,166.14 kWh/yr
with a north orientation and low slope pitch to 1,277.48 kWh/yr with either an east or west
orientation and steep slope pitch. The site energy used for the HVAC fan/pump varies from
407.27 kWh/yr with either a north or south orientation and low slope to 442.43 kWh/yr with
either an east or west orientation and steep slope pitch. The vent fan site energy use was
unaffected by orientation or roof slope and remained constant at 20.51 kWh/yr. The R-60 Spray
insulation at roof assembly performs better for heating with a low slope, for cooling with a low

slope, for HVAC fan/pump with a low slope, and for vent fan, all slopes were the same.
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7" Roof Pond- Orientation and Roof Slope
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e \/ent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51

e HVVAC Fan/Pump (E) [407.27| 410.2 |413.13|421.92|421.92|424.85|404.34| 410.2 | 410.2 |421.92|421.92|424.85

s=m CoOling (E) 1095.821110.471122.191145.631157.351166.141095.821113.41122.191145.631157.351166.14
Heating (G) 4181.114157.674143.024213.344181.114166.464137.164113.724099.074216.274184.044166.46

Table 5.21 Site Energy Use 7” Roof Pond - Orientation & Roof Slope

When comparing the results of simulating the roof pond assembly for all orientations and
roof pitches Table 5.21, the site energy used for heating varies between 4,099.07 kWh/yr with a
south orientation with a steep slope pitch to 4,216.27 kWh/yr with west orientation and low slope
pitch. The site energy used for cooling varies from 1,095.82 kWh/yr with either a north or south
orientation and low slope roof to 1,166.14 kWh/yr with either an east or west orientation and
steep slope pitch. The site energy used for the HVAC fan/pump varies from 404.34 kWh/yr with
a south orientation and low slope to 424.85 kWh/yr with either an east or west orientation and
steep slope pitch. The vent fan site energy use was unaffected by orientation or roof slope and

remained constant at 20.51 kWh/yr. The roof pond performs better for heating with a steep
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slope, for cooling with a low slope, for HVAC fan/pump with a low slope, and for vent fan, all

slope

s were the same.
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Green Roof with R-30 - Orientation and Roof Slope
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North | North | North East East East South | South | South | West West West

Vent Fan (E)

20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51

HVAC Fan/Pump (E) | 395.55 | 407.27

395.55 | 410.2 | 418.99 | 410.2 | 395.55 | 407.27 | 395.55 | 410.2 | 418.99 | 410.2

e Cooling (E)

1084.1 | 1113.4 {1098.75|1136.84 | 1157.35|1145.63|1087.03|1116.33(1098.75|1133.91|1157.35|1145.63

3806.07

Heating (G)

3917.41|3990.66 | 3776.77 | 3952.57 | 4014.1 |3803.14|3873.46|3946.71|3732.82| 3955.5 |4017.03

Table 5.22 Site Energy Use Green Roof with R-30 - Orientation & Roof Slope

When compa

ring the results of simulating the green roof with R-30 insulation assembly

for all orientations and roof pitches Table 5.22, the site energy used for heating varies between

3,803.14 kWh/yr with an east orientation with a steep slope pitch to 4,017.03 kWh/yr with west

orientation and mid slope pitch. The site energy used for cooling varies from 1,084.1 kWh/yr

with a north orientation and low slope roof to 1,157.35kWh/yr with either an east or west
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orientation and mid slope roof. The site energy used for the HVAC fan/pump varies from 395.55
kWh/yr with either a south or north orientation and either a low or steep slope to 418.99 kWh/yr
with an east orientation and mid slope pitch. The vent fan site energy use was unaffected by
orientation or roof slope and remained constant at 20.51 kWh/yr. The green roof performs better
for heating with a steep slope, for cooling with a low slope, for HVAC fan/pump with either a low

slope or steep slope, and for vent fan, all slopes were the same.

R-30 Spray Insulation at Ceiling, Vented - Orientation and Roof Slope
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s Co0ling (E) 1406.4 [1412.26| 1406.4 |1467.93|1467.93| 1465 [1409.33|1415.19/1409.33| 1465 [1467.93| 1465
Heating (G) 4227.99|4201.62|4192.83(4260.22|4227.99|4207.48 | 4184.04 | 4157.67 | 4148.88 | 4266.08 | 4230.92 | 4210.41

Table 5.23 Site Energy Use R-30 Spray Insulation at Ceiling, Vented - Orientation & Roof Slope
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When comparing the results of simulating the R-30 Spray insulation at ceiling with
vented attic assembly for all orientations and roof pitches Table 5.23, the site energy used for
heating varies between 4,148.88 kWh/yr with a south orientation with a steep slope pitch to
4,266.08 kWh/yr with west orientation and low slope pitch. The site energy used for cooling
varies from 1,406.4 kWh/yr with a north orientation and either a low or steep slope roof to
1,467.93 kWh/yr with either an east or west orientation and either a low or mid slope roof. The
site energy used for the HVAC fan/pump varies from 489.31 kWh/yr with either a north or south
orientation and any slope to 506.89 kWh/yr with either an east or west orientation and any slope
pitch. The vent fan site energy use was unaffected by orientation or roof slope and remained
constant at 20.51 kWh/yr. The R-30 Spray insulation at ceiling with vented attic assembly
performs better for heating with a steep slope, for cooling with either a low or steep slope, for

HVAC fan/pump with any slope, and for vent fan all slopes were the same.
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R-38 Spray Insulation at Ceiling, Vented - Orientation and Roof Slope
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500 +- -
O 1402 T3z | 612 | 142 | a12 | 642 | 142 | 512 | 642 | 112 | 542 | 612
North | North | North | East | East East | South | South | South | West | West | West
Vent Fan (E) 2051 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
e HVAC Fan/Pump (E) | 474.66 | 471.73 | 471.73 | 492.24 | 480.31 | 489.31 | 474.66 | 471.73 | 471.73 | 492.24 | 489.31 | 489.31
Cooling (E) 1371.24/1368.31|1365.381429.84[1426.91(1426.91(1374.17|1371.24/1368.31|1429.84/1426.91(1423.98
Heating (G) 4040.47|3976.01(3967.22/4075.63|4005.31| 3984.8 [3996.523932.06(3923.27|4078.56/4008.24|3987.73

Table 5.24 Site Energy Use R-38 Spray Insulation at Ceiling, Vented - Orientation & Roof Slope

When comparing the results of simulating the R-38 Spray insulation at ceiling with
vented attic assembly for all orientations and roof pitches Table 5.24, the site energy used for
heating varies between 3,923.27 kWh/yr with a south orientation with a steep slope pitch to
4,078.56 kWh/yr with west orientation and low slope pitch. The site energy used for cooling
varies from 1,365.38 kWh/yr with a north orientation and a steep slope pitch to 1,429.84 kWh/yr
with either an east or west orientation and a low slope pitch. The site energy used for the HVAC
fan/pump varies from 471.73 kWh/yr with either a north or south orientation and either a mid or
steep slope pitch to 492.24 kWh/yr with either an east or west orientation and a low slope pitch.
The vent fan site energy use was unaffected by orientation or roof slope and remained constant

at 20.51 kWh/yr. The R-38 Spray insulation at ceiling with vented attic assembly performs better
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for heating with a steep slope, for cooling with a steep slope, for HVAC fan/pump with either a

mid or steep, and for vent fan, all slopes were the same.

R-49 Spray Insulation at Ceiling, Vented - Orientation and Roof Slope
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e \/ent Fan (E) 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51 | 20.51
HVAC Fan/Pump (E) | 457.08 | 460.01 | 457.08 | 474.66 | 477.59 | 474.66 | 457.08 | 460.01 | 457.08 | 474.66 | 477.59 | 474.66
e COOlING (E) 1330.22(1339.01(1330.22|1391.75|1397.61/1391.75/1333.15(1341.94(1333.15(1391.75|1397.61/1388.82
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Table 5.25 Site Energy Use R-49 Spray Insulation at Ceiling, Vented - Orientation & Roof Slope

When comparing the results of simulating the R-49 Spray insulation at ceiling with
vented attic assembly for all orientations and roof pitches Table 5.25, the site energy used for
heating varies between 3,724.03 kWh/yr with a south orientation with a steep slope pitch to
3,858.81 kWh/yr with west orientation and low slope pitch. The site energy used for cooling
varies from 1,330.22 kWh/yr with a north orientation and either a low or steep slope pitch to

1,397.61 kWh/yr with either an east or west orientation and a mid slope pitch. The site energy
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used for the HVAC fan/pump varies from 457.08 kWh/yr, with either a north or south orientation
and with either a low or steep slope pitch to 477.59 kWh/yr with either an east or west
orientation and a mid slope pitch. The vent fan site energy use was unaffected by orientation or
roof slope and remained constant at 20.51 kWh/yr. The R-49 Spray insulation at ceiling with
vented attic assembly performs better for heating with a steep slope, for cooling with either a
low or steep slope, for HVAC fan/pump with either a low or steep slope, and for vent fan, all

slopes were the same.

5.2 Costs of Systems

The cost of the roof systems are important to review. Along with seeing how well a
system performs in different orientations and pitches, the cost of the overall system to achieve
those results weighs in heavily. There needs to be a good return for the investment for the
system selected and if there is a system that performs as well and lowers the cost it would be
worth looking at further.

To help in the analysis of the roof systems, construction cost data was compiled from the
tests performed in BEopt. The construction costs of the different roof systems including costs for

the three tested roof slopes are below.
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Roof Assembly Construction Costs

$70,000
$60,000
$50,000
$40,000
$30,000
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$o R-38

R-30 ifg&fgi R-49  R-60 R30 R-38 R-49

Standar ¢ 075 R375 R475 P ong  SPray  Spray gup, Green | Spray - Spray - Spray

) sIp SIp ) insulati Roof insulati insulati Pond* Roof w/ insulati insulati = insulati

Practice on at (Best on at on at R-30 on at on at on at

Roof Practice Roof  Roof ceiling ceiling ceiling

)
mLow-Sloped Roof ~ $53,142 $56,887 $57,758 $58,916 $55,496 $56,410 $57,663 $58,937 $47,201 $59,821 $56,244 $56,758 $57,115

®Mid-Sloped Roof ~ $54,147 $58,266 $59,160 $60,350 $56,837 $57,775 $59,062 $60,371 $48,833 $61,772 $57,249 $57,763 $58,120
Steep_Sloped Roof $56,477 $61,411 $62,381 $63,671 $59,879 $60,878 $62,274 $63,694 $50,971 $61,318 $59,580 $60,094 $61,628

Table 5.26 Roof Assembly Construction Costs

The results in Table 5.26, show that the standard practice roof types are the most

economical for the three roof pitches of traditional roofs. The roof pond is more economical with

up-front costs by a few thousand dollars but the cost does not include the replacement of the

water holding media that would need to be replaced. “Given that the bags are only exposed to

solar radiation during the heating season, the lifespan of the water bags is somewhere between

two and four times the stated duration of the UV protection (which assumes daily exposure to

solar radiation). Most UV protected polyethylene plastics are guaranteed for four years, and

therefore their expected lifespan in a roofpond building would be anywhere from eight to sixteen
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years.” (Fernandez-Gonzalez, 2014) The other systems are using the concrete tile in the

simulations with the exception of the green roof.

5.3 Annual Utility Costs

The energy usage of the different roofing systems are important to analyze as it will
show how efficient the roofing system is. During the testing, the loads that analyzed were the
heating and cooling loads as they would show the most information and are what all of
occupants of the U.S. Desert Southwest would use. The results below show the annual utility
costs for the different roof systems at four cardinal orientations (North, East, South and West)
as well as three different pitches (1:12, 3:12 and 6:12). The different orientations and pitches
show the information on how well the roof systems continue to perform when applied to different
orientations and designs of houses in the U.S. Desert Southwest. The assumed costs for the

utilities are .11 $/kWh for electricity and .73 $/therm for gas.
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Annualized Utility Bills North Orientation Low Slope Roof

$600.00 - = = = =~~~ = =
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s X
3 $300.00
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e —— e /
$100.00 + - c—— — I
$0.00
ot R30 | R-38 | R-49
A | R38 | R49 | R60 SPRA | SPRA | SPRA
UL | SPRA | SPRA | SPRA GREE | Y Y Y
Y Y Yy | 7 N | INSUL | INSUL | INSUL
BASE |R275IRSTS RATS IATION | INSUL | INSUL | INSUL | ROOF | ROOF | ATION | ATION | ATION
RoGF | ATION | ATION | ATION | POND | W/R- | AT | AT | AT
oy | AT | AT | AT 30 | CEILIN|CEILIN | CEILIN
ROOF | ROOF | ROOF GIVEN | GIVEN | GIVEN
PRAC TED | TED | TED
TICE)
e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$219.78/$191.75($182.37/$176.16/$190.68|$184.19/8179.10/$176.19|$168.30/$166.12|$212.03($206.42/$200.23
Energy Charge (G) |$102.56| $95.66 | $89.52 | $85.60 | $96.14 | $91.92 | $88.33 | $86.05 |$104.42| $97.83 [$105.60/$100.91| $95.48
Total $514.30($479.40|$463.90|$453.70($478.80/$468.10|$459.40|$454.20/$464.70|$455.90|$509.60/$499.30|$487.70

Table 5.27 Annual Utility Bills North Orientation 1:12 Roof Pitch

The utility cost associated with the north orientation and low slope roof Table 5.27, show
that the base case costs $514.30 for the year for heating and cooling. This is the lowest
performing system. The best practice of the area, the R-30 spray insulations at roof, uses
$478.80 for the year. If you compare the similar R- values the R-27.5 Sip panel cost is similar to
the R-30 spray insulation at the roof uses $479.40 even though it has less insulation. The
systems that cost the least for energy usage are the roof pond and the green roof with R-30
insulation at $464.70 and $455.70 respectfully. The other SIP panels tested have less utility

costs than the spray insulation equivalents.
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Annualized Utility Bills North Orientation Mid Slope Roof
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e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$217.13($196.83($187.47|5181.16/$195.69|$189.25/5184.19|$181.32|$170.40($170.49|$212.63($206.02/$201.27
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Total $509.80|$486.60|$471.00|$460.80($485.90/$475 30|$466.60|$461.40/$466.20|$462.10|$509.60/$497.30|$488 20

Table 5.28 Annual Utility Bills North Orientation 3:12 Roof Pitch

The utility cost associated with the north orientation and mid-slope roof Table 5.28, show
that the base case costs $509.80 for the year of heating and cooling. This is the lowest
performing system. The best practice of the area, the R-30 spray insulations at roof, uses
$485.90 for the year. If you compare the similar R- values the R-27.5 Sip panel cost is similar to
the R-30 spray insulation at the roof uses $486.60 even though it has less insulation. The
systems that cost the least for energy usage are the roof pond and the green roof with R-30
insulation at $464.20 and $462.10 respectfully. The other SIP panels tested have less utility

costs than the spray insulation equivalents.
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Annualized Utility Bills North Orientation Steep Slope Roof
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e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
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Table 5.29 Annual Utility Bills North Orientation 6:12 Roof Pitch

The utility cost associated with the north orientation and steep slope roof Table 5.29,
show that the base case costs $508.30 for the year of heating and cooling. This is the second
lowest performing system tested. The R-30 spray insulation at the ceiling with vented attic at
$508.70 per year costs the most of all systems. The best practice of the area, the R-30 spray
insulations at roof, uses $496.60 for the year. If you compare the similar R- values, the R-27.5
Sip panel with utility cost of $497.20 is similar to the R-30 spray insulation at the roof with utility
cost of $496.60, even though it has less insulation. The systems that cost the least for energy

usage are the roof pond and the green roof with R-30 insulation at $467.40 and $453.80
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respectfully. The other SIP panels tested have less utility costs than the spray insulation

equivalents.
Annualized Utility Bills South Orientation Low Pitch Roof
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Table 5.30 Annual Utility Bills South Orientation 1:12 Roof Pitch

The utility cost associated with the South orientation and low slope roof Table 5.30,
show that the base case costs $513.60 for the year of heating and cooling. This is the most
costly roof system tested. The best practice of the area, the R-30 spray insulations at roof, uses
$477.90 for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility cost

of $478.60 is similar to the R-30 spray insulation at the roof with utility cost of $477.90, even
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though it has less insulation. The system that cost the least for energy usage was the R-47.5
SIP at $452.90 per year. The other SIP panels tested have less utility costs than the spray

insulation equivalents.

Annualized Utility Bills South Orientation Mid Slope Roof
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Total $509.00($485.70/$470.20/$460.00|$485.10($474.40|$465.80/$460.60|$465.30($461.20($508.70/$496.50$487.40

Table 5.31 Annual Utility Bills South Orientation 3:12 Roof Pitch

The utility cost associated with the south orientation and mid slope roof Table 5.32, show
that the base case costs $509.00 for the year of heating and cooling. This is the most costly of
systems for annual utility costs. The best practice of the area, the R-30 spray insulations at roof,

uses $485.10 for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility
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cost of $485.70 is similar to the R-30 spray insulation at the roof with utility cost of $485.10,
even though it has less insulation. The system that cost the least for energy usage was the R-
47.5 SIP at $460.00 annually. The other SIP panels tested have less utility costs than the spray

insulation equivalents.

Annualized Utility Bills South Orientation Steep Slope Roof
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Total $507.60($496.40/$480.60/$470.20|$495.80($485.00($476.20/$470.90|$466.40($452.80($507.80/$495.70/$485.20

Table 5.32 Annual Utility Bills South Orientation 6:12 Roof Pitch

The utility cost associated with the south orientation and steep slope roof Table 5.32,
show that the base case costs $507.60 for the year of heating and cooling. This is the second

lowest performing system tested. The R-30 spray insulation at the ceiling with vented attic at
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$507.80 per year costs the most of all systems. The best practice of the area, the R-30 spray

insulations at roof, uses $495.80 for the year. If you compare the similar R- values, the R-27.5

Sip panel with utility cost of $496.40 is similar to the best practice of the area, even though it

has less insulation. The systems that cost the least for energy usage are the roof pond and the

green roof with R-30

tested have less utilit

insulation at $466.40 and $452.80 respectfully. The other SIP panels

y costs than the spray insulation equivalents.

Annualized Utility Bills East Orientation Low Pitch Roof

$600.00 - - — = = — = .
$500.00 - — — S oo f = -
$400.00 - — = = = © — =
s 1
2 $300.00
$200.00 _____\ ___________
$100.00 + - —— S o
$0.00
R0 R30 | R-38 | R-49
A R38 | R49 | R60 SPRA | SPRA | SPRA
NeUL | SPRA | SPRA | SPRA GREE | Y Y Y
Y Y Yy | 7 N | INSUL | INSUL | INSUL
SASE |R2TS|RBTS RATS|ATION | INSUL | INSUL | INSUL |ROOF | ROOF | ATION | ATION | ATION
RoGF | ATION |ATION | ATION | POND | W/R- | AT | AT | AT
oy | AT | AT | AT 30 | CEILIN|CEILIN|CEILIN
ROOF | ROOF | ROOF GIVEN | GIVEN | GIVEN
PRAC TED | TED | TED
TICE)
—— Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$228.11/$199.36/$189.97 $183.77|$198.24/$191.81/$186.75/$183.81/$175.59/$173.42/$220.60($215.05/$208.91
Energy Charge (G) |$103.33| $96.62 | $90.42 | $86.49 | $97.07 | $92.86 | $89.24 | $86.97 |$105.17| $98.73 |$106.40|$101.73| $96.31
Total $523.40($488.00|$472.40|$462.20($487.30/$476.70|$468.00[$462.80/$472.70|$464.10/$519.00/$508.80|$497 20

Table 5.33 Annual Utility Bills East Orientation 1:12 Roof Pitch
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The utility cost associated with the east orientation and low slope roof Table 5.33, show
that the base case costs $523.40 for the year of heating and cooling. This is the most costly of
systems for annual utility costs. The best practice of the area, the R-30 spray insulations at roof,
uses $487.30 for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility
cost of $488.00 is similar to the best practice of the area, even though it has less insulation. The
system that cost the least for energy usage was the R-47.5 SIP at $462.20 annually. The other

SIP panels tested have less utility costs than the spray insulation equivalents.

Annualized Utility Bills East Orientation Mid Slope Roof
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v R-38 R-49 R-60 SPRA | SPRA | SPRA
INSUL SPRA | SPRA | SPRA GREE Y Y Y
Y Y Y 7" N INSUL | INSUL | INSUL
gﬁgg R-82"73'5 R-S3"7:.5 R-S4”73'5 ATX?N INSUL | INSUL | INSUL | ROOF |ROOF | ATION | ATION | ATION
ROOF ATION | ATION | ATION | POND | W/ R- AT AT AT
(BEST AT AT AT 30 CEILIN | CEILIN | CEILIN
PRA ROOF | ROOF | ROOF G/VEN | G/VEN | G/VEN
C TED TED TED
TICE)
e Fixed Charge (E) $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$224.98($203.18($193.83|$187.54/$202.14|$195.66($190.62($187.68/$177.18/$176.76|$220.72($214.19/$209.55
Energy Charge (G) ($101.31| $98.35 | $92.12 | $88.20 | $98.77 | $94.54 | $90.95 | $88.68 |$104.40($100.21($105.60/$100.00| $95.65
Total $518.30($493.50($477.90/$467.70|$492.90/$482.20|$473.60/$468.30|$473.60({$469.00/|$518.30/$506.20/$497.20

Table 5.34 Annual Utility Bills East Orientation 3:12 Roof Pitch
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The utility cost associated with the east orientation and mid slope roof Table 5.34, show
that the base case costs $518.30 for the year of heating and cooling. This is the most costly of
systems for annual utility costs, along with the R-30 spray insulation at ceiling and vented attic
at the same cost. The best practice of the area, the R-30 spray insulations at roof, uses $492.90
for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility cost of
$493.50 is similar to the best practices of the area, even though it has less insulation. The
system that cost the least for energy usage was the R-47.5 SIP at $467.70 annually. The other

SIP panels tested have less utility costs than the spray insulation equivalents.

Annualized Utility Bills East Orientation Steep Slope Roof
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gﬁgg R'SZIZ,'5 R‘Sﬂf’ R'S“”735 AT | INSUL | INSUL | INSUL | ROOF |ROOF | ATION | ATION | ATION

ROOF | ATION | ATION | ATION |POND | W/R- | AT | AT | AT

(BEST| AT | AT | AT 30 | CEILI | CEILI | CEILI
PRAC | ROOF | ROOF | ROOF NG/VE | NGIVE | NGIVE

TICES NTED | NTED | NTED

)

e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
—— Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$223.85/$208.30|$198.80/$192.53($207.29|$200.76|$195.67|$192.69|$178.48($174.45)$220.40/$214.08/$208.53
Energy Charge (G) |$101.02($101.93] $95.56 | $91.54 [$102.37| $98.10 | $94.37 | $92.02 |$104.03| $94.96 [$105.08| $99.53 | $94.71
Total $516.90|$502.20|$486.30/$476.10($501.60|$490.80|$482.00|$476.70|$474.50($461.40($517 50|$505.60|$495 20

Table 5.35 Annual Utility Bills East Orientation 6:12 Roof Pitch
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The utility cost associated with the east orientation and steep slope roof Table 5.35,
show that the base case costs $516.90 for the year of heating and cooling. This is the second
lowest performing system tested. The R-30 spray insulation at the ceiling with vented attic at
$517.50 per year costs the most of all systems. The best practice of the area, the R-30 spray
insulations at roof, uses $501.60 for the year. If you compare the similar R- values, the R-27.5
Sip panel with utility cost of $502.20 is similar to the best practice of the area, even though it
has less insulation. The systems that cost the least for energy usage are the roof pond and the
green roof with R-30 insulation at $474.50 and $461.40 respectfully. The other SIP panels

tested have less utility costs than the spray insulation equivalents.

Annualized Utility Bills West Orientation Low Pitch Roof
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PRAC TED | TED | TED
TICE)
= Fixed Charge (E) |$95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
= Fixed Charge (G) |$95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
= Energy Charge (E) |$227.94/$199.22$189.89/$183.65($198.15$191.72/$186.61/$183.73|$175.49($173.32($220.48/$214.91/$208.80
Energy Charge (G) |$103.42] $96.66 | $90.49 | $86.54 | $97.15 | $92.90 | $89.32 | $87.04 |$105.29| $98.77 [$106.52/$101.81 $96.37
Total $523.30|$487.90|3472.40($462.20($487 .30|$476.60|$467.90|$462.80|$472.80($464.10|$519.00$508.70|$497 20

Table 5.36 Annual Utility Bills West Orientation 1:12 Roof Pitch
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The utility cost associated with the west orientation and low slope roof Table 5.36, show
that the base case costs $523.30 for the year of heating and cooling. This is the highest costing
system tested. The best practice of the area, the R-30 spray insulations at roof, uses $487.30
for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility cost of
$487.90 is similar to the best practice of the area, even though it has less insulation. The
system that costs the least for energy usage is the R-47.5 SIP at $462.20 annually. The other

SIP panels tested have less utility costs than the spray insulation equivalents.

Annualized Utility Bills West Orientation Mid Slope Roof
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PRAC TED | TED | TED
TICE)
e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
———Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$224.86($203.15/3193.68/$187.50($202.04/$195.56($190.49|$187.54|$177.08|$176.63/$220.60|$214.06/$209.42
Energy Charge (G) [$101.34 $98.38 | $92.22 | $88.27 | $98.80 | $94.66 | $91.04 | $88.74 |$104.49($100.29/$105.64$100.08| $95.81
Total $518.20|$493.50/$477.90|$467.80|$492.80|$482.20|$473.50|$468.30|$473.60|$468.90|$518.20|$506.10|$497 20

Table 5.37 Annual Utility Bills West Orientation 3:12 Roof Pitch
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The utility cost associated with the west orientation and low slope roof Table 5.37, show
that the base case costs $518.20 for the year of heating and cooling. This is the most costly of
systems for annual utility costs, along with the R-30 spray insulation at ceiling and vented attic
at the same cost. The best practice of the area, the R-30 spray insulations at roof, uses $492.80
for the year. If you compare the similar R- values, the R-27.5 Sip panel with utility cost of
$493.50 is similar to the best practice of the area, even though it has less insulation. The
system that costs the least for energy usage is the R-47.5 SIP at $467.80 annually. The other

Sip Panels tested have less utility costs than the spray insulation equivalents.

Annualized Utility Bills West Orientation Steep Slope Roof

§600.00 1 - - -~ - .
$500.00 | - S iiiiiiiiiicoioe
$400.00 - - -~ Ll
s B
£ $300.00

e —
$200.00 - o — S — -
$100.00 - - — —--

$0.00 —

SPRA R30 | R-38 | R-49
Y | R38 | R49 | R60 SPRA | SPRA | SPRA

INSUL | SPRA | SPRA | SPRA GREE | Y Y Y
ATION| Y Y Yy | 7 N | INSUL | INSUL | INSUL
gﬁgg R'SZIZ,'5 R‘Sﬂf’ R'S“”735 AT | INSUL | INSUL | INSUL | ROOF |ROOF | ATION | ATION | ATION

ROOF | ATION | ATION | ATION |POND | W/R- | AT | AT | AT

(BEST| AT | AT | AT 30 | CEILI | CEILI | CEILI
PRAC | ROOF | ROOF | ROOF NG/VE | NGIVE | NGIVE

TICES NTED | NTED | NTED

)

e Fixed Charge (E) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
—— Fixed Charge (G) | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99 | $95.99
e Energy Charge (E) |$223.66/$208.20|$198.68/$192.37|$207.16($200.66/$195.56/$192.57|$178.40($174.29|$220.27|$213.97|$208.43
Energy Charge (G) |$101.07($102.00] $95.65 | $91.62 [$102.48 $98.13 | $94.49 | $92.10 |$104.03| $95.04 [$105.17 $99.57 | $94.78
Total $516.70|$502.20|$486.30/$476.00($501.60|$490.80|$482.00|$476.70|$474.40($461.30|$517.40/$505.50|$495 20

Table 5.38 Annual Utility Bills West Orientation 6:12 Roof Pitch
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The utility cost associated with the east orientation and steep slope roof Table 5.38,
show that the base case costs $516.70 for the year of heating and cooling. This is the second
lowest performing system tested. The R-30 spray insulation at the ceiling with vented attic at
$517.40 per year costs the most of all systems. The best practice of the area, the R-30 spray
insulations at roof, uses $501.60 for the year. If you compare the similar R- values, the R-27.5
Sip panel with utility cost of $502.20 is similar to the best practice of the area, even though it
has less insulation. The systems that cost the least for energy usage are the roof pond and the
green roof with R-30 insulation at $474.40 and $461.30 respectfully. The other SIP panels

tested have less utility costs than the spray insulation equivalents.

5.4 Embodied Energy

Embodied energy is the calculation of all products from their extraction to the final
material product that is installed by the end user. Embodied energy information for products in
the United States is not as readily available as it is in other countries. The distance from the
supplier also has great effects on how much embodied energy a certain product has.

Companies are starting to release their product information in Environmental Product
Declarations (EPD) mostly from countries located within the European Union (EU). The EPD’s
show what standards are used in the manufacturing process, products that go into the final
product, technical properties of the final products, the manufacturing process and the
environmental, health and safety required during production stage. The EPD’s also show the life
cycle analysis of the product.

Being as these items are not the same as the products from manufacturers in the United

States, embodied energy is not factored.
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CHAPTER 6: CONCLUSION

6.1 Competition

For the competition, several students on the team from UNLV, Desert Sunrise
collaborated to produce a design that would meet the competition requirements of being a Net
Zero Energy Ready Home. The students involved also wanted to incorporate requirements and
design elements into the house that could be potentially used by the Paiute Indians of the Las
Vegas Valley as they had recently experienced damaging flooding. Upon further research, the
team discovered that Paiutes had not had any new housing built on their reservation since the
mid 1970’s. The designed house had 1,387 square feet with two bedrooms and one bathroom.
The ultimate design that resulted was a house that was oriented with the long axis of the house
having a south/north orientation. This allowed for a large open gathering space that the Paiute
Indians had said was a requirement, as they are always having large groups at their houses.
The group analyzed the research compiled for the roofs as well as other components and

created the envelope of the building.

6.2 Roof Analysis

From the research, simulations conducted and the requirements of the competition, the
roofs assemblies were analyzed. The Structural Insulated Panels were consistently performing
as the assembly with the least site energy use for low and mid slope pitches. The R-27, R-37.5
and R-47.5 SIP assemblies also had lower R-values than did the other simulated assemblies.
The green roof outperformed the SIP panel assemblies for all orientations for the steep slope
pitch with as little as 25kWH/yr less and as much as 650kWh/yr more. Overall, the SIP panel
assemblies performed the best with a southern orientation.
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Based on the research outcomes, simulations conducted for costs, the requirements of
the competition and the Paiute Tribe requests, the SIP Panel assemblies were not the most
economical. However, SIP panel assemblies do have many benefits over traditional framing.
These include being manufactured off-site in controlled environments, which not only saves time
during framing but also all the way to finishing with truer surfaces resulting in less shimming and
shaving. In addition, since the panels are manufactured off site, the panels can be pre-cut to the
design requirements, allowing for faster install times. One other benefit to having the panels
manufactured off-site is that there is a higher probability that the waste will be recycled and not
contribute to landfills.

During the design phase of the competition, the SIP panel assembly was chosen to take
advantage of the aforementioned benefits as well as to work with the wall assemblies, which
were also SIP panels. This allowed the whole house to be designed on a grid to save in
materials and labor.

The design of the roof was ultimately decided to be south facing residence with a mid
slope reverse pitch butterfly roof to allow for both the catchment of rain water, and also allow for
more daylighting in the residence. When considering the rain catchment from the roof, there
came a need to examine different roof finishes beyond the simulated concrete tile roof of the
tested assemblies. To better allow for the catchment of rainwater, a metal roof with a high
albedo finish was simulated for the three different SIP assemblies and a mid slope pitch. The
results of the comparison of roof finishes are found in table 6.1. Site energy was reduced by 30-
117 kWh/yr by changing out the roof finish to metal with a high albedo coating. The R-37.5 SIP
panel were chosen with the metal roof as it had lower energy costs and also was in the budget

of the project.
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Site Energy Use Roof Comparison SIP Panels Low Slope

KWh/yr
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3000 F-----" ~------- coo-o-oo mo—mom— mmomooo coomoooo oo -
D[ e e e e -
D[ e e -
1500
1000
500
0 R-27.5 SIP R-37.5 SIP R-47.5 SIP
BASE émﬁmm R-27.5 SIP émﬁmm R-37.5 SIP émﬁmm R-47.5 SIP
CASE Tile Light Metal Tile Light Metal Tlle Light Metal
mVent Fan (E) 20.51 20.51 20.51 20.51 20.51 20.51 20.51
mHVAC Fan/Pump (E) 518.61 454 .15 457.08 427.78 430.71 427.78 413.13
m Cooling (E) 1523.6 1306.78 1315.57 1242.32 1248.18 1248.18 1204.23
Heating (G) 4137.16 3873.46 3841.23 3615.62 3592.18 3530.65 3431.03

Table 6.1 Site Energy Use Roof Comparison SIP 1:12 Roof Pitch South Orientation
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Site Energy Use Roof Comparison SIP Panels Mid Slope South Orientation

KWhiyr

4500 o mm e e e e oo
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0 R-27.5 SIP R-37.5 SIP R-47.5 SIP
BASE c_:on}: rote | R27.58IP c_:on'c rote | R37.58IP C-on.c rote | R47.58IP
CASE Tile Light Metal Tlle Light Metal Tlle Light Metal
mVent Fan (E) 20.51 20.51 20.51 20.51 20.51 20.51 20.51
®HVAC Fan/Pump (E) 509.82 465.87 468.8 442.43 442.43 439.5 427.78
= Cooling (E) 1503.09 1341.94 1353.66 1277.48 1286.27 1274.55 1239.39
Heating (G) 4055.12 3961.36 3929.13 3703.52 3677.15 3603.9 3518.93

Table 6.2 Site Energy Use Roof Comparison SIP 3:12 Roof Pitch South Orientation
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Site Energy Use Roof Comparison SIP Panels Steep Slope
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0 R-27.5 SIP R-37.5 SIP R-47.5 SIP
BASE C-)on.crete R-27.5 SIP C-on-crete R-37.5 SIP C-on-crete R-47.5 SIP
CASE Tile Light Metal Tile Light Metal Tlle Light Metal
mVent Fan (E) 20.51 20.51 20.51 20.51 20.51 20.51 20.51
mHVAC Fan/Pump (E) 509.82 483.45 486.38 460.01 460.01 454.15 44243
m Cooling (E) 1494.3 1385.89 1394.68 1321.43 1327.29 1309.71 1283.34
Heating (G) 4043.4 4151.81 4116.65 3882.25 3855.88 3741.61 3685.94

Table 6.3 Site Energy Use Roof Comparison SIP 6:12 Roof Pitch South Orientation

Another deciding factor for the metal roof change was to allow for the installation of solar

panels either during or after construction. With the use of corrugated metal roofing, attachment

blocks, these can be added at the high points of the roof profile that the solar panels can attach

to. These blocks can either be added during initial construction or as an easy retrofit later.

Once the roof analysis was completed to compare the change in the use of metal with a

high albedo finish, the cost was re-analyzed utilizing the database of costs from BEopt. With the

change of the roof material from concrete tile to metal, the cost dropped just under $10,000 for

construction costs as shown in Table 6.4. This brought the cost to below the base case of the

standard home being built in the Las Vegas Valley.
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Roof Assembly Finish Construction Costs
$70,000

$60,000

$50,000

$40,000

$30,000

$20,000

$10,000

S0 R-2758SIP- | R-27.5SIP- | R-37.5SIP- | R-375SIP- | R-475SIP- | R-47.5SIP -
Base Case | Concrete Tile | Light Metal | Concrete Tile | Light Metal | Concrete Tile | Light Metal
Roof Roof Roof Roof Roof Roof
Mid-Slope Roof|  $53,142 $56,969 $47,088 $57,822 $47,964 $58,979 $49,153
Table 6.4 Roof Assembly Finish Construction Costs Mid Slope
6.3 Methods

It is evident that change needs to happen in the way that the built environment is
constructed and maintained. Design professionals have a monumental role, as they need to
conduct the proper research on products prior to ever putting their ideas on paper. Contractors
also have an important role; they need to build to the design intents of the professional and
monitor where construction waste ends up. The consumer has the largest role in the whole
process as they are the ones paying for the design professional and contractor to allow their
dreams to become reality. They need to know all the repercussions of the products being used
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in their houses. They need to know that the product will perform as intended and not be harmful
to the environment, not only during manufacturing processes, but also during its entire life cycle.

The research conducted for this paper and for the competition was based on the climate
and design characteristics of the U.S. desert southwest. By simulating the roof assembly
typically used in the region, as well as twelve additional options, values are seen in the different
roof assemblies, next to each other representing how well they perform in the four different
orientations as well as in the three different roof slopes.

The assessment of the results showed that the structural insulated panels (SIP) were the
most desirable assembly option for the desert southwest, as they performed best in the low and
mid slope simulations for all orientations. The desert southwest has a majority of the roofs being
mid slope which would allow the SIPs to perform optimally.

When the costs are factored in, the SIPs do cost more initially, but with a lower amount
of thermal breaks per panel over the other assembilies, there will be less energy wasted in the
overall roof assembly. The other added benefits of the SIPs are available as a manufactured,
precut product to the design needs, thus eliminating a majority of the opportunity for errors and
wasted materials in the field.

Referring to the 2010 research by Joshua Kniefel, the results of the roof assemblies
simulations were analyzed for an assumed 30-year life span. The results below in tables 6.5
through 6.16 show the energy use break down of each roof assembly in kBTU per square foot
per year, the system cost per square foot, the utility cost in dollars per square foot per year, the
cost of saved energy (CSE) per square foot and the simple payback per square foot in years.
The base case of the standard code compliant house is used as a comparison to the other
assemblies that were tested for that orientation and roof pitch to see how long before the initial
investment is paid back. As many of these assemblies last longer than the payback it would be
up to the budget of the client to see if increasing the insulation or changing to more of an
untraditional construction would be beneficial to them.
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1:12
Slope
East

Energy Use
(kBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($/sflyr)

Heating | Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/KWH)

Simple
Payback
(yrs)

Base
Case

7.84

2.89

$29.52

$0.00

$0.00914

$0.01463

Base

Base

R-27.5
SIP

7.33

2.51

$31.60

$2.08

$0.00883

$0.01333

$0.36

68.4

R-37.5
SIP

6.87

2.39

$32.09

$2.57

$0.00854

$0.01290

$0.27

52.1

R-47.5
SIP

6.57

2.31

$32.73

$3.21

$0.00836

$0.01261

$0.27

52.1

R-30
Spray
insulation
at Roof

7.37

2.49

$30.83

$1.31

$0.00885

$0.01328

$0.23

44 1

R-38
Spray
insulation
at Roof

7.05

2.41

$31.34

$1.82

$0.00865

$0.01298

$0.22

42.5

R-49
Spray
insulation
at Roof

6.78

2.34

$32.04

$2.52

$0.00848

$0.01275

$0.25

46.9

R-60
Spray
insulation
at Roof

6.61

2.31

$32.74

$3.22

$0.00838

$0.01261

$0.28

53.3

7" Roof
Pond*

7.99

217

$26.22

-$3.30

$0.00923

$0.01224

-$0.76

Green
Roof w/
R-30

7.49

2.16

$33.23

$3.71

$0.00892

$0.01214

$0.50

95.2

R-30
Spray
insulation
at ceiling

8.08

2.78

$31.25

$1.73

$0.00928

$0.01427

$2.85

542.2

R-38
Spray
insulation
at ceiling

7.73

2.71

$31.53

$2.01

$0.00906

$0.01401

$1.02

193.1

R-49
Spray
insulation
at ceiling

7.31

2.64

$31.73

$2.21

$0.00881

$0.01372

$0.44

84.4

Table 6.5 Simple Payback Costs Low Slope East Orientation
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3:12
Slope
East

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($/sf/yr)

Heating | Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/kWh)

Simple
Payback
(yrs)

Base
Case

7.69

2.85

$30.08

$0.00

$0.00913

$0.01486

Base

Base

R-27.5
SIP

7.46

2.56

$32.37

$2.29

$0.00900

$0.01385

$0.66

126.3

R-37.5
SIP

6.99

2.44

$32.87

$2.79

$0.00871

$0.01342

$0.40

75.2

R-47.5
SIP

6.69

2.36

$33.53

$3.45

$0.00853

$0.01313

$0.37

69.9

R-30
Spray
insulation
at Roof

7.49

2.54

$31.58

$1.50

$0.00902

$0.01380

$0.45

85.1

R-38
Spray
insulation
at Roof

7.18

2.46

$32.10

$2.02

$0.00882

$0.01350

$0.35

65.7

R-49
Spray
insulation
at Roof

6.91

2.39

$32.81

$2.73

$0.00865

$0.01327

$0.35

65.8

R-60
Spray
insulation
at Roof

6.73

2.36

$33.54

$3.46

$0.00855

$0.01313

$0.38

71.8

7" Roof
Pond*

7.93

219

$27.16

-$2.92

$0.00928

$0.01265

-$0.87

Green
Roof w/
R-30

7.61

2.19

$34.32

$4.24

$0.00908

$0.01263

$0.82

154.9

R-30
Spray
insulation
at ceiling

8.02

2.78

$31.81

$1.73

$0.00933

$0.01466

$1.18

224

R-38
Spray
insulation
at ceiling

7.59

2.71

$32.09

$2.01

$0.00907

$0.01436

$1.26

239.4

R-49
Spray
insulation
at ceiling

7.27

2.65

$32.29

$2.21

$0.00887

$0.01415

$0.56

107

Table 6.6 Simple Payback Costs Mid Slope East Orientation
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6:12
Slope
East

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/sflyr)

Simple
Payback
(yrs)

Base
Case

7.67

2.83

$31.38

$0.00

$0.00912

$0.01481

Base

Base

R-27.5
SIP

7.74

2.62

$34.12

$2.74

$0.00916

$0.01409

$2.39

453.3

R-37.5
SIP

7.26

2.50

$34.66

$3.28

$0.00887

$0.01365

$0.68

128.5

R-47.5
SIP

6.95

2.42

$35.37

$3.99

$0.00868

$0.01336

$0.55

105.1

R-30
Spray
insulation
at Roof

7.77

2.60

$33.27

$1.89

$0.00918

$0.01404

$1.80

3411

R-38
Spray
insulation
at Roof

7.45

2.52

$33.82

$2.44

$0.00899

$0.01374

$0.70

132.1

R-49
Spray
insulation
at Roof

7.17

2.46

$34.60

$3.22

$0.00881

$0.01350

$0.57

107.7

R-60
Spray
insulation
at Roof

6.99

2.42

$35.39

$4.01

$0.00870

$0.01336

$0.57

109

7" Roof
Pond*

7.90

2.21

$28.32

-$3.06

$0.00926

$0.01271

-$0.97

Green
Roof w/
R-30

7.21

2.17

$34.07

$2.69

$0.00884

$0.01252

$0.36

68.2

R-30
Spray
insulation
at ceiling

7.98

2.78

$33.10

$1.72

$0.00931

$0.01465

$1.20

227.6

R-38
Spray
insulation
at ceiling

7.56

2.71

$33.39

$2.01

$0.00905

$0.01436

$1.26

2394

R-49
Spray
insulation
at ceiling

7.19

2.64

$34.24

$2.86

$0.00883

$0.01410

$0.67

128.1

Table 6.7 Simple Payback Costs Steep Slope East Orientation
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1:12
Slope
North

Energy Use
(kBTU/sflyr)

System Cost (per

sq.ft.)

Utility Cost ($/sflyr)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/KWH)

Simple
Payback
(yrs)

Base
Case

7.79

2.78

$29.52

$0.00

$0.00919

$0.01462

Base

Base

R-27.5
SIP

7.27

2.41

$31.60

$2.08

$0.00887

$0.01332

$0.36

68.4

R-37.5
SIP

6.79

2.29

$32.09

$2.57

$0.00859

$0.01289

$0.27

52.1

R-47.5
SIP

6.49

2.21

$32.73

$3.21

$0.00841

$0.01260

$0.27

51.9

R-30
Spray
insulation
at Roof

7.30

2.39

$30.83

$1.31

$0.00889

$0.01327

$0.23

43.8

R-38
Spray
insulation
at Roof

6.98

2.31

$31.34

$1.82

$0.00870

$0.01297

$0.22

42.3

R-49
Spray
insulation
at Roof

6.71

2.24

$32.04

$2.52

$0.00853

$0.01274

$0.25

46.8

R-60
Spray
insulation
at Roof

6.53

2.21

$32.74

$3.22

$0.00843

$0.01260

$0.28

53.3

7" Roof
Pond*

7.93

2.08

$26.22 | -$3.30

$0.00928

$0.01224

-$0.78

Green
Roof w/
R-30

7.43

2.06

$33.23

$3.71

$0.00897

$0.01213

$0.50

95.6

R-30
Spray
insulation
at ceiling

8.02

2.67

$31.25

$1.73

$0.00933

$0.01426

$3.19

606.1

R-38
Spray
insulation
at ceiling

7.66

2.60

$31.53

$2.01

$0.00912

$0.01400

$0.98

187

R-49
Spray
insulation
at ceiling

7.24

2.52

$31.73

$2.21

$0.00886

$0.01371

$0.44

82.8

Table 6.8 Simple Payback Costs Low Slope North Orientation
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3:12
Slope
North

Energy Use For

(MM

BTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($/sf/yr)

Heating | Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/kWh)

Simple
Payback
(yrs)

Base
Case

7.64

2.74

$30.08

$0.00

$0.00911

$0.01450

Base

Base

R-27.5
SIP

7.43

2.47

$32.37

$2.29

$0.00897

$0.01356

$0.70

133.7

R-37.5
SIP

6.96

2.36

$32.87

$2.79

$0.00868

$0.01312

$0.41

77.3

R-47.5
SIP

6.66

2.28

$33.53

$3.45

$0.00850

$0.01283

$0.37

711

R-30
Spray
insulation
at Roof

7.46

2.46

$31.58

$1.50

$0.00899

$0.01350

$0.47

90.2

R-38
Spray
insulation
at Roof

7.14

2.37

$32.10

$2.02

$0.00880

$0.01321

$0.36

68

R-49
Spray
insulation
at Roof

6.87

2.31

$32.81

$2.73

$0.00863

$0.01297

$0.35

67.2

R-60
Spray
insulation
at Roof

6.69

2.28

$33.54

$3.46

$0.00852

$0.01284

$0.38

731

7" Roof
Pond*

7.88

2.11

$27.16

-$2.92

$0.00925

$0.01233

-$0.91

Green
Roof w/
R-30

7.57

2.11

$34.32

$4.24

$0.00906

$0.01234

$0.84

159.8

R-30
Spray
insulation
at ceiling

7.97

2.68

$31.81

$1.73

$0.00930

$0.01429

$1.23

234.2

R-38
Spray
insulation
at ceiling

7.54

2.59

$32.09

$2.01

$0.00904

$0.01398

$1.17

221.7

R-49
Spray
insulation
at ceiling

7.21

2.54

$32.29

$2.21

$0.00884

$0.01376

$0.55

103.6

Table 6.9 Simple Payback Costs Mid Slope North Orientation
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6:12
Slope
North

Energy Use For
(MMBTU/sflyr)

System Cost (per

sq.ft.)

Utility Cost ($)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/sflyr)

Simple
Payback
(yrs)

Base
Case

7.66

2.72

$31.38

$0.00

$0.00911

$0.01442

Base

Base

R-27.5
SIP

7.77

2.54

$34.12

$2.74

$0.00918

$0.01384

$4.77

906.5

R-37.5
SIP

7.28

2.43

$34.66

$3.28

$0.00888

$0.01341

$0.76

143.6

R-47.5
SIP

6.96

2.35

$35.37

$3.99

$0.00869

$0.01312

$0.59

1121

R-30
Spray
insulation
at Roof

7.81

2.53

$33.27

$1.89

$0.00920

$0.01379

$4.23

803.9

R-38
Spray
insulation
at Roof

7.47

2.45

$33.82

$2.44

$0.00900

$0.01349

$0.81

153

R-49
Spray
insulation
at Roof

7.18

2.39

$34.60

$3.22

$0.00883

$0.01326

$0.62

118.4

R-60
Spray
insulation
at Roof

7.00

2.36

$35.39

$4.01

$0.00871

$0.01313

$0.62

1171

7" Roof
Pond*

7.86

213

$28.32

-$3.06

$0.00924

$0.01240

-$0.98

Green
Roof w/
R-30

7.16

2.08

$34.07

$2.69

$0.00881

$0.01220

$0.36

67.6

R-30
Spray
insulation
at ceiling

7.95

2.67

$33.10

$1.72

$0.00929

$0.01426

$1.28

243.9

R-38
Spray
insulation
at ceiling

7.52

2.59

$33.39

$2.01

$0.00903

$0.01396

$1.15

2176

R-49
Spray
insulation
at ceiling

7.14

2.52

$34.24

$2.86

$0.00880

$0.01370

$0.64

121.7

Table 6.10 Simple Payback Costs Steep Slope North Orientation
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1:12
Slope
South

Energy Use
(kBTU/sflyr)

System Cost (per

sq.ft.)

Utility Cost ($/sflyr)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/KWH)

Simple
Payback
(yrs)

Base
Case

7.71

2.78

$29.52

$0.00

$0.00914

$0.01463

Base

Base

R-27.5
SIP

7.19

2.41

$31.60

$2.08

$0.00883

$0.01333

$0.36

68.8

R-37.5
SIP

6.72

2.29

$32.09

$2.57

$0.00854

$0.01290

$0.27

52.1

R-47.5
SIP

6.42

2.22

$32.73

$3.21

$0.00836

$0.01261

$0.27

52.1

R-30
Spray
insulation
at Roof

7.22

2.39

$30.83

$1.31

$0.00885

$0.01328

$0.23

44 1

R-38
Spray
insulation
at Roof

6.90

2.31

$31.34

$1.82

$0.00865

$0.01298

$0.22

42.5

R-49
Spray
insulation
at Roof

6.63

2.25

$32.04

$2.52

$0.00848

$0.01275

$0.25

46.9

R-60
Spray
insulation
at Roof

6.46

2.22

$32.74

$3.22

$0.00838

$0.01261

$0.28

53.4

7" Roof
Pond*

7.84

2.08

$26.22 | -$3.30

$0.00923

$0.01224

-$0.77

Green
Roof w/
R-30

7.34

2.06

$33.23

$3.71

$0.00892

$0.01214

$0.50

95.6

R-30
Spray
insulation
at ceiling

7.93

2.67

$31.25

$1.73

$0.00928

$0.01427

$3.19

606.1

R-38
Spray
insulation
at ceiling

7.58

2.61

$31.53

$2.01

$0.00906

$0.01401

$0.98

187

R-49
Spray
insulation
at ceiling

7.16

2.53

$31.73

$2.21

$0.00881

$0.01372

$0.44

82.8

Table 6.11 Simple Payback Costs Low Slope South Orientation
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3:12
Slope
South

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($/sf/yr)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/kWh)

Simple
Payback
(yrs)

Base
Case

7.56

2.75

$30.08

$0.00

$0.00905

$0.01451

Base

Base

R-27.5
SIP

7.35

2.47

$32.37

$2.29

$0.00892

$0.01356

$0.70

133.7

R-37.5
SIP

6.88

2.36

$32.87

$2.79

$0.00864

$0.01313

$0.41

77.3

R-47.5
SIP

6.58

2.28

$33.53

$3.45

$0.00845

$0.01284

$0.37

711

R-30
Spray
insulation
at Roof

7.38

2.46

$31.58

$1.50

$0.00894

$0.01351

$0.47

89.3

R-38
Spray
insulation
at Roof

7.06

2.38

$32.10

$2.02

$0.00875

$0.01321

$0.36

68.3

R-49
Spray
insulation
at Roof

6.78

2.32

$32.81

$2.73

$0.00858

$0.01298

$0.35

67.2

R-60
Spray
insulation
at Roof

6.61

2.28

$33.54

$3.46

$0.00848

$0.01285

$0.38

72.8

7" Roof
Pond*

7.80

2.11

$27.16

-$2.92

$0.00920

$0.01234

-$0.91

Green
Roof w/
R-30

7.48

212

$34.32

$4.24

$0.00901

$0.01235

$0.84

159.8

R-30
Spray
insulation
at ceiling

7.88

2.68

$31.81

$1.73

$0.00925

$0.01430

$1.23

234.2

R-38
Spray
insulation
at ceiling

7.46

2.60

$32.09

$2.01

$0.00899

$0.01400

$1.17

221.7

R-49
Spray
insulation
at ceiling

7.13

2.54

$32.29

$2.21

$0.00879

$0.01377

$0.55

103.6

Table 6.12 Simple Payback Costs Mid Slope South Orientation
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6:12
Slope
South

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/sflyr)

Simple
Payback
(yrs)

Base
Case

7.57

2.73

$31.38

$0.00

$0.00906

$0.01444

Base

Base

R-27.5
SIP

7.69

2.55

$34.12

$2.74

$0.00914

$0.01385

$5.37

1019.8

R-37.5
SIP

7.20

2.43

$34.66

$3.28

$0.00883

$0.01341

$0.77

145.8

R-47.5
SIP

6.88

2.36

$35.37

$3.99

$0.00864

$0.01313

$0.93

177.3

R-30
Spray
insulation
at Roof

7.73

2.53

$33.27

$1.89

$0.00916

$0.01379

$4.56

865.8

R-38
Spray
insulation
at Roof

7.39

2.45

$33.82

$2.44

$0.00895

$0.01350

$0.81

154.6

R-49
Spray
insulation
at Roof

7.11

2.39

$34.60

$3.22

$0.00878

$0.01327

$0.63

119.8

R-60
Spray
insulation
at Roof

6.92

2.36

$35.39

$4.01

$0.00867

$0.01314

$0.62

117.6

7" Roof
Pond*

7.77

213

$28.32

-$3.06

$0.00918

$0.01241

-$0.97

Green
Roof w/
R-30

7.08

2.08

$34.07

$2.69

$0.00876

$0.01220

$0.36

67.6

R-30
Spray
insulation
at ceiling

7.87

2.67

$33.10

$1.72

$0.00924

$0.01427

$1.25

238.2

R-38
Spray
insulation
at ceiling

7.44

2.59

$33.39

$2.01

$0.00898

$0.01397

$1.17

221.7

R-49
Spray
insulation
at ceiling

7.06

2.53

$34.24

$2.86

$0.00875

$0.01371

$0.64

122.5

Table 6.13 Simple Payback Costs Steep Slope South Orientation
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112
Slope
West

Energy Use
(kBTU/sflyr)

System Cost (per

sq.ft.)

Utility Cost ($/sflyr)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/kWH)

Simple
Payback
(yrs)

Base
Case

7.85

2.88

$29.52

$0.00

$0.00923

$0.01500

Base

Base

R-27.5
SIP

7.34

2.51

$31.60

$2.08

$0.00892

$0.01367

$0.36

68.8

R-37.5
SIP

6.87

2.39

$32.09

$2.57

$0.00863

$0.01324

$0.27

52.2

R-47.5
SIP

6.57

2.31

$32.73

$3.21

$0.00845

$0.01295

$0.27

52.2

R-30
Spray
insulation
at Roof

7.38

2.49

$30.83

$1.31

$0.00894

$0.01362

$0.23

44.3

R-38
Spray
insulation
at Roof

7.06

2.41

$31.34

$1.82

$0.00874

$0.01332

$0.22

42.5

R-49
Spray
insulation
at Roof

6.78

2.34

$32.04

$2.52

$0.00858

$0.01308

$0.25

47

R-60
Spray
insulation
at Roof

6.61

2.31

$32.74

$3.22

$0.00847

$0.01295

$0.28

53.4

7" Roof
Pond*

7.99

217

$26.22 | -$3.30

$0.00932

$0.01257

-$0.77

Green
Roof w/
R-30

7.50

2.15

$33.23

$3.71

$0.00902

$0.01247

$0.50

95.2

R-30
Spray
insulation
at ceiling

8.09

2.78

$31.25

$1.73

$0.00938

$0.01465

$2.71

5156.1

R-38
Spray
insulation
at ceiling

7.73

2.71

$31.53

$2.01

$0.00916

$0.01439

$1.03

196.2

R-49
Spray
insulation
at ceiling

7.32

2.64

$31.73

$2.21

$0.00891

$0.01411

$0.45

84.9

Table 6.14 Simple Payback Costs Low Slope North Orientation
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3:12
Slope
West

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($/sf/yr)

Heating | Cooling

Over

Absolute Base

Heating

Cooling

CSE
($/kWh)

Simple
Payback
(yrs)

Base
Case

7.69 2.84

$30.08 | $0.00

$0.00914

$0.01485

Base

Base

R-27.5
SIP

7.47 2.56

$32.37 | $2.29

$0.00900

$0.01385

$0.68

128.7

R-37.5
SIP

7.00 2.44

$32.87 | $2.79

$0.00871

$0.01341

$0.40

75.5

R-47.5
SIP

6.71 2.36

$33.53 | $3.45

$0.00853

$0.01312

$0.37

70.4

R-30
Spray
insulation
at Roof

7.51 2.54

$31.58 | $1.50

$0.00902

$0.01380

$0.46

86.7

R-38
Spray
insulation
at Roof

7.18 2.46

$32.10 | $2.02

$0.00883

$0.01350

$0.35

66.1

R-49
Spray
insulation
at Roof

6.91 2.39

$32.81 | $2.73

$0.00866

$0.01326

$0.35

66.1

R-60
Spray
insulation
at Roof

6.74 2.36

$33.54 | $3.46

$0.00855

$0.01313

$0.38

72

7" Roof
Pond*

7.93 219

$27.16 | -$2.92

$0.00928

$0.01264

$(0.88)

Green
Roof w/
R-30

7.62 2.19

$34.32 | $4.24

$0.00909

$0.01262

$0.82

155.9

R-30
Spray
insulation
at ceiling

8.02 2.78

$31.81 $1.73

$0.00933

$0.01466

$1.15

219.2

R-38
Spray
insulation
at ceiling

7.60 2.71

$32.09 | $2.01

$0.00908

$0.01435

$1.29

2443

R-49
Spray
insulation
at ceiling

7.27 2.65

$32.29 | $2.21

$0.00888

$0.01414

$0.57

107.9

Table 6.15 Simple Payback Costs Mid Slope North Orientation
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6:12
Slope
West

Energy Use For
(MMBTU/sflyr)

System Cost (per
sq.ft.)

Utility Cost ($)

Heating

Cooling

Absolute

Over
Base

Heating

Cooling

CSE
($/sflyr)

Simple
Payback
(yrs)

Base
Case

7.68

2.83

$31.38

$0.00

$0.00912

$0.01480

Base

Base

R-27.5
SIP

7.74

2.62

$34.12

$2.74

$0.00917

$0.01408

$2.32

441

R-37.5
SIP

7.26

2.50

$34.66

$3.28

$0.00887

$0.01364

$0.67

127.7

R-47.5
SIP

6.96

2.42

$35.37

$3.99

$0.00869

$0.01335

$0.55

104.7

R-30
Spray
insulation
at Roof

7.78

2.60

$33.27

$1.89

$0.00919

$0.01403

$1.74

331

R-38
Spray
insulation
at Roof

7.46

2.52

$33.82

$2.44

$0.00899

$0.01373

$0.68

129.7

R-49
Spray
insulation
at Roof

7.17

2.46

$34.60

$3.22

$0.00882

$0.01350

$0.56

107.1

R-60
Spray
insulation
at Roof

6.99

2.42

$35.39

$4.01

$0.00871

$0.01336

$0.57

108.5

7" Roof
Pond*

7.90

2.21

$28.32

-$3.06

$0.00926

$0.01270

-$0.95

Green
Roof w/
R-30

7.03

2.17

$34.07

$2.69

$0.00884

$0.01251

$0.36

67.9

R-30
Spray
insulation
at ceiling

7.98

2.78

$33.10

$1.72

$0.00931

$0.01464

$1.23

232.8

R-38
Spray
insulation
at ceiling

7.56

2.70

$33.39

$2.01

$0.00905

$0.01435

$1.21

230.2

R-49
Spray
insulation
at ceiling

7.19

2.63

$34.24

$2.86

$0.00883

$0.01409

$0.66

126.2

Table 6.16 Simple Payback Costs Steep Slope North Orientation
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6.4 Future Steps

With this research conducted, there are a few paths of expansion. One step could be
taken to researching other roof finishes to see how they affects the energy efficiency of the roof
assembly. One could also build test modules to simulate the effects of the different roof

assemblies with affects of weather and site conditions.
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APPENDIX A: ROOF POND CALCULATION

STEP 1 106 | maximum dry bulb (temperature °F)
30 | mean daily range
76 | minimum db temperature (°F)
70 | design wet bulb (2.5%)
19 | average maximum rh for July
90 | July Average Temperature (°F)
53 | minimum wet bulb temperature (°F)
340 | average July operating hours for residential AC
STEP 2 9= | UxAxDETD
g= | .66 X 1800 SF x 49
g= | 58212
STEP 3 230 | Btu/h heat gain per person
Qe= (Btu/h, peak hourly gain) X (N, hours for July)
31, days in July
Qe= (920 Btu/h, peak hourly gain) X (340)
31
Qe= (920 Btu/h, peak hourly gain) X (340)
31
Qe= 10090.3
STEP 4 1200 | btu/h internal gain
STEPS Qi= internal gains/h x daily hours of building occupancy
Qi= 1600 x 24
Qi= 28800
STEP 6 Qp= 4(Ac)(4 x DB max - DB min - 200)
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Qp=

.4(1800)(4 x 106- 76 - 200)

Qp= 106560
STEP 7 1.25 | h
STEP 8 80 | Top
STEP 9 Timax= | Top+F
Timax=| 80+4
Timax= ‘ 84
STEP 10.a max. pond T= Timax - (peak total hourly gain, including internal gains, Btu/h)
h(Ac)
max. pond T= 84 - 38890.3
1.25 (1800)
max. pond T= 66.7
STEP 10.b.1 | water depth (dry) 2"
min. pond Tdry= DBmin + 1.5°F % corrections °F
min. pond Tdry= 76 +15°F-1.5
min. pond Tdry= 76°F
water depth (dry) 4"

min. pond Tdry=

DBmin + 1.5°F * corrections °F

min. pond Tdry=

76+15°F+0
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min. pond Tdry=

77.5°F

water depth (dry) 6"
min. pond Tdry= DBmin + 1.5°F % corrections °F
min. pond Tdry= 76 +15°F +.7
min. pond Tdry= 78.2°F
water depth (dry) 10"
min. pond Tdry= DBmin + 1.5°F + corrections °F
min. pond Tdry= 76 + 1.5°F +1
min. pond Tdry= 78.5°F
STEP 10.b.2 min. pond Twet= DBmin - Dbmin éWBmin
min. pond Twet= 76 - 76 é 53
min. pond Twet= 64.5°F
STEP 10.c water depth (dry) 2"
ATpdry= max. pond T - min. pond Tdry
ATpdry= 66.7-76
ATpdry= -9.3
water depth (dry) 4"
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ATpdry= max. pond T - min. pond Tdry
ATpdry= 66.7-77.5
ATpdry= -10.8

water depth (dry) 6"
ATpdry= max. pond T - min. pond Tdry
ATpdry= 66.7-78.2
ATpdry= -11.5

water depth (dry) 10"

ATpdry= max. pond T - min. pond Tdry

ATpdry= 66.7-78.5

ATpdry= -11.8

ATpwet= max. pond T - min. pond Twet

ATpdry= 66.7-64.5

ATpdry= 2.2

STEP 11 D= (0.19)(Qe + Qi + Qp)
(ATp)(Ac)
D= (0.19)(10090.3 + 28800 + 106650)

(2.2)(1800)

107




6.98 inches
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