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ABSTRACT 

 
With the population increase, the high demand of energy from the residential sector, as 

well as the harsh weather conditions of the Las Vegas region, there needs to be careful 

consideration in the design of new homes.   Energy efficiency in a single family residential 

building can be augmented early in the design process by careful consideration of the building 

form and orientation.  A systematic investigation and analysis was taken to study the effects of 

five building forms and different orientations along the cardinal points using the software BEopt 

version 2.4.0.1.  To connect the study to real world circumstances, a residential development in 

the Las Vegas region was modified using the information found in this study to see how 

residential developers can design these communities and their buildings with optimized 

orientations for potential energy savings.   

The cooling study gave the most diverse results for the different shapes analyzed, with 

some of the shapes outperforming others in different orientations. Even though the rectangular 

and square shapes have less surface areas, the L, U and courtyard shapes seemed to have 

benefited from self shading to reduce the cooling loads.  The L and courtyard shapes in 

particular performed the best, with the U shape not far behind them.  The square and 

rectangular shapes used more energy to cool the homes, specially the square shape.  As an 

average between 3-5% more energy was spent in space conditioning in the square and 

rectangular shapes than the courtyard shape.   Moreover, the rectangular shape showed the 

largest delta change and was more sensitive to an orientation change.  The largest variation 

was as much as a 5% increase from south to south west. 

The results for all of the shapes show that the greatest energy use is spent in heating 

the homes,  as an average 3.08 to 4.05 more times than cooling, or 69.3% to 74.2%. of the total 

energy spent in space conditioning. The total heating results were more predictable and not as 

varied as the total cooling loads from the previous analysis.  The smaller and more compact 
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homes responded better and used less energy for space heating, with the square shape 

outperforming the other shapes in all orientations and the rectangle coming a close second.    

The courtyard shape behaved the opposite as it had for cooling, performing the worst of all the 

shapes studied. 

The two shapes that performed the best for combined cooling and heating loads were 

the square and rectangle shapes, followed closely to the L-shape.  Though the rectangular 

shape performed better in north and south orientations, from WSW 67.5° to NW 157.5° and 

from ENE 247.5° to SSE 337.5°, the square shape actually performed better than the 

rectangular shape along these orientations.  Moreover, the L-shape was not far in performance 

to these two shapes, considering it had two more additional surfaces.  As an average, it used 

1.1% more energy than the rectangle and 1.7% more than the square.  While  the courtyard 

shape, as an average, used about 14.6% more energy than the rectangle and 15.3% more than 

the square shape.   It is also important to note, that the square shape performed the best in all 

orientations, with the rectangular shape using 0.6% and the L-shape 1.7% more energy.   

If a developer would like to repeat a unit type and mass produce it for subdivision, the 

rectangle form actually performs the worst to orientation changes.   Instead the analysis 

performed on this paper would recommend the use of a square plan, as it performs overall 

better around the different orientations. 

Current energy prices in electricity and gas utility charges are affordable to homeowners.  

The study showed an increase of only 1% to 2% between orientations or no more than $15 in 

yearly costs for space conditioning.  Similarly between the different shapes there was an 

average increase of $122 in utility costs for space conditioning, which is an increase of only $10 

per month.  However, a more significant finding was the annual savings that could be done on 

the layout of residences in larger subdivision developments that are present in the Las Vegas 

region.   A  more meaningful impact was seen by simply orienting the variety on units to the 

more optimal south facing direction, about nine households in Nevada could be given free 
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electricity yearly.  As the Nevada population increases and the demand for single family 

detached residences continues, the design and construction industry need to have a more 

careful examination of the layout of these communities to reduce their energy demands. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background. 

 
Over the last decade Nevada has grown in population by almost 40% from 1,998,257 to 

2,790,136 inhabitants (Selected Housing Characteristics).  The Nevada Energy Fact Sheet 

shows that Nevada has seen a population growth rate from 2005-2012 by about 1.8% per year.  

Moreover, the total number of residential households in 2010 was 1.14 million, while in 2013 this 

figure grew to 1.18 million, a 3.26% increase in three years.   Over 360,000 residential units 

were built between the years of 2000-2009 (Figure 1.2.) . As seen in Figures 1.1. and 1.3., 

about 60% of these housing types were single family detached homes.   
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Figure 1.1.  Nevada housing units 2010-2013, from U.S. Census Bureau 2013. 
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NUMBER OF RESIDENTIAL UNITS BUILT IN NEVADA PER DECADE
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Figure 1.2.  Nevada housing units 1940-2009, from U.S. Census Bureau 2013.  
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Figure 1.3.  2013 Nevada housing units types, from U.S. Census Bureau 2013. 
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Residences consume about 24% of the total energy the state of Nevada uses, utilizing 

more than the commercial sector and just below the transportation industry, as seen in Figure 

1.4. (Nevada Energy Fact Sheet, 2). This same source lists the average electrical energy 

consumption of a Nevada residence at 12,154 kWh a year, while the residential gas use per 

household at 313.5 therms (2).  Only 11% of the 2012 energy consumption in the state came 

from renewable energy, with the rest being produced from natural resources in the form of coal, 

natural gas, and petroleum (1) as illustrated in Figure 1.4.   
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Figure 1.4.  2012 Nevada primary energy consumption by end use, from Nevada Energy Fact Sheet 2015.  
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2012 NEVADA PRIMARY ENERGY CONSUMPTION (BY ENERGY RESOURCE) 
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Figure 1.5.  2012 Nevada primary energy consumption by energy resource, from Nevada Energy Fact Sheet 2015.  

 

 

As shown in Figure 1.6., residential homes in the Mountain South region, which include 

the states of Nevada, Arizona, and New Mexico, use about 42% of its energy in air conditioning 

in the hot summer months or in space heating in the winter season (Residential Energy 

Consumption Survey).  In the Figure 1.7. we can see that for air conditioning purposes, this 

region uses almost three times more energy than the national average to cool the homes.  
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2009 HOUSEHOLD ENERGY USE IN THE MOUNTAIN SOUTH REGION
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Figure 1.6.  2009 Household energy use in the Mountain South Region (AZ, NV, NM), from EIA Residential Energy 
Consumption Survey, 2009. 
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Figure 1.7.  2009 Household energy use in the US., from EIA Residential Energy Consumption Survey, 2009.  
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This same survey shows that for cooling purposes, about 82% of residences rely on 

central air conditioning or window units, while for space heating 90% of households use natural 

gas or electricity to keep their homes warm (Figure 1.8 and 1.9.).  Only a minority of Mountain 

South households do not use any energy to condition their homes.  

 

 

2009 HOUSEHOLD COOLING EQUIPMENT USE IN THE MOUNTAIN SOUTH REGION
 (Arizona, Nevada, New Mexico)
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Figure 1.8.  2009 Household cooling equipment use in the Mountain South Region, from EIA Residential Energy 
Consumption Survey, 2009.  

 



 7

2009 HOUSEHOLD MAIN HEATING FUEL USE IN THE MOUNTAIN SOUTH REGION
 (Arizona, Nevada, New Mexico)
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Figure 1.9.  2009 Household main heating fuel use in the Mountain South Region, from EIA Residential Energy 
Consumption Survey, 2009. 

 
 

1.2 Climate Conditions. 

 
Keplinger’s article Designing New Buildings of Optimum Shape and Orientation, 

suggests that the initial consideration in planning for energy efficient buildings is that of climate. 

 He lists southern Nevada as a hot arid region, with clear skies, dry atmosphere, extended 

periods of overheating and large daytime temperature ranges (578).  

Weather conditions in Las Vegas are normally hot throughout most of the year during 

the daytime, while night temperatures are cooler, especially during the winter months. 

 Temperatures drastically increase during the summer season, the city's location in the middle 

of the desert brings high temperatures, typically lasting from May to September. Temperatures 

during this season range from 81°F to 106°F, but  sometimes exceeding 115°F, which present a 

higher demand in energy to cool residences.  For this reason cooling in buildings has become 
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one of the most important design considerations in this part of the country.  During the winter 

months of November to March temperatures average between 58°F to 38°F but can drop to 

freezing temperatures, with the lowest recorded temperatures on the 20°F range.  As seen from 

the temperature range diagram in Figure 1.10., recorded extremes for the region for a typical 

year can range between 106°F to 22°F.   Another important aspect to note is the prolonged heat 

during summer days that  residences are exposed to.  For example, in 2014 the longest  day  

during the Las Vegas summer was from 5:23 am until 8:01 pm, with the total exposure to the 

sun being 14 hours and 37 minutes long.  

 

 

 
 

Figure 1.10.  Temperature Range for Las Vegas region.  Climate Control Software. 
 
 

 
 It is also important to note that during the summer months of June through August the 

time table plot  on Figure 1.11. for the region shows that the temperature is usually above the 

comfort zone in a 24 hour period, meaning that even during the night time the temperature is 
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above  78°F.  Similarly the chart shows that during the winter months of December through 

February, the temperature almost never goes above  68°F.   

 

 

 

Figure 1.11.  Time Table Plot for Las Vegas region.  Climate Control Software. 
 

 

 The sun chart in Figure 1.12. for the Las Vegas region illustrates that during the summer 

months the southern façade would benefit greatly from shading devices to block solar gain. 
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Figure 1.12.  Sun Chart (June 21-December 21) for Las Vegas region.  Climate Control Software. 
 

 

Wind direction varies in the Las Vegas region throughout the year, with typical wind 

speeds ranging from 0 mph to 18 mph, with high winds recorded rarely going over 30 mph.  As 

shown on the wind velocity range diagram in Figure 1.13., the average wind speed for the year 

is about 9 mph. 
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Figure 1.13.  Wind Velocity Range for Las Vegas region.  Climate Control Software. 

 

 

 The wind wheel analysis for the Las Vegas region in Figure 1.14. shows that there is no 

prominent wind direction throughout the year.  However, during the winter months of December  

(Figure 1.15.) through February the wind appears to come from the north and north-east.  In the 

summer months wind is prominent from the north west direction as seen from the wind wheel 

diagram from June in Figure 1.16. 
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Figure 1.14.  Wind Wheel (January-December) for Las Vegas region.  Climate Control Software. 

 

 

 
 

Figure 1.15.  Wind Wheel (December) for Las Vegas region.  Climate Control Software. 
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Figure 1.16.  Wind Wheel (June) for Las Vegas region.  Climate Control Software.  

 

 

1.3 Building form and orientation. 

With the population increase, the high demand of energy from the residential sector, as 

well as the harsh weather conditions of the Las Vegas region, there needs to be careful 

consideration in the design of new homes.  Improving the building envelope, that is the walls, 

glazing, roof, foundations, thermal insulation, thermal mass, or movable shading devices can 

help achieve less energy use in cooling or heating a building.  However, many of these 

techniques are only applicable in the later stages of schematic design, or throughout the design 

development and construction documentation phases.  Energy efficiency in a single family 

residential building can be augmented early in the design process by careful consideration of 

the building form and orientation.  This in turn can help reduce energy demand from the grid, by 

using less electrical lighting, as well as mechanical systems to cool or heat a home.   
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1.4 Purpose of research. 

 
 Buildings have long-term consequences, including the energy spent in space 

conditioning.  The design and construction industries have the opportunity to create buildings 

that enable them to have improved energy efficiency during the lifetime of their use (Morrissey, 

568).  There has been little incentive by builders to think about the long-term energy costs 

associated with cooling, heating, and lighting buildings. Instead there has been an emphasis of 

building fast and moving to the next project or as author Ralph Knowles describes “ grow cheap 

and maintain expensive” (15).  In Figure 1.7., an aerial image from photographer Christoph 

Gielen shows an example of this occurring in the Southern Nevada region.  Here residential unit 

types are built in identical fashion and rotated around with little regard to sun orientation and 

potential energy benefits.  
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Figure 1.17.  Untitled IV : Residential development in the Las Vegas region.  Photography by Christoph Gielen, 
Nevada 2010. 

 

 

Building orientation can have a substantial influence on the end use energy consumption 

of a building so it may maximize passive solar benefits.  Properly orienting a residential building 

early in design process can be an excellent way to reduce energy use instead of relying on the 

latter phases of the design process  that may include more costly mechanical and renewable 

energy systems.  In the paper Affordable Passive Solar Design in a Temperate Climate: An 

Experiment in Residential Building Orientation, note that the important decisions concerning the 

sustainability of a building can be made in the early design stages with appropriate orientations 

potentially reducing energy requirements on a residence by about 20 percent (Morrisey et al. 

568). 
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Keplinger’s article Designing New Buildings of Optimum Shape and Orientation, points 

out significant aspects on the costs of these systems and that of orientation and shape.  He 

describes that optimum geometric shape of buildings have difficulty in measuring tangible 

benefits.  Contrasting cost of insulation, solar collectors, or other systems can be estimated 

along with their potential energy savings (581).  However, unless an analysis of optimal shapes 

and orientations is done, as this paper aims to do, it is difficult to access a monetary value or 

energy savings to this preliminary design effort. 

He adds that current studies in the field of energy conservation concentrate on the 

building envelope, transmission of heat through various material assemblies, or window 

treatment.   Knowles expands on this by arguing that architects and designers do not have to 

wait until the advanced stage of planning to evaluate the energy usage of a building. 

 Simulations or calculations can be done easily on initial massing forms early in the design 

concept phases (21).  

 The purpose of this research is to study which are the most beneficial shapes, forms, 

and orientations that help reduce building energy loads for single family residences in the hot 

arid climate of Southern Nevada.  This methodology can hopefully aid residential designers, 

developers, and builders early in the design process to make building shape and orientation 

decisions in order to have high energy performance residential buildings.  A systematic 

investigation and analysis will be taken to study the effects of five building forms and different 

orientations along the cardinal points using the software BEopt version 2.4.0.1.  Using the 

software, simulations of these base case residential buildings will be performed and test the 

performance of the buildings.  A matrix of these findings will be generated to inform the design 

and construction industry on how shape and orientation affects energy consumption, but also 

help educate homebuyers on how different residences behave depending on their shape and 

placement on a lot. 
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Moreover, to connect the study to real world circumstances, a residential development in 

the Las Vegas region will be analyzed and modified using the information found in this study to 

see how residential developers can design these communities and their buildings with optimized 

orientations for energy savings.  The study hopes to find which strategies can help reduce 

energy consumption, minimize annual energy costs, and improve the thermal performance of 

residential buildings and detached single family home communities in the Southern Nevada 

region. 
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CHAPTER 2: LITERATURE REVIEW 

 

The literature review for this research project consisted of becoming familiarized with 

architectural geometries, forms, and orientations that are used for single residential homes and 

understand their relationships to reduce energy consumption.  It was also important to see how 

other researchers evaluated and performed simulations on residential buildings and analyzed 

architectural form, orientation, and energy.  Understanding their process and methods became 

a significant tool in order to perform a similar analysis and study for single family residences in 

the Southern Nevada region.    

 

2.1 Building Shape and Orientation. 

Morrissey et al. in their paper Affordable Passive Solar Design in a Temperate Climate: 

An Experiment in Residential Building Orientation, encourage passive solar design strategies 

such as building orientation, plan proportion and shape, and window placement. Of these 

parameters, they see appropriate building orientation as the most fundamental aspect for 

passive solar design, which can be an effective way to lower energy use.  They also see this 

technique as simple and inexpensive in the design process (569). 

The studies performed by Morrissey et al. included the simulation of a total of 81 plans 

conducted for eight orientations (NE, E, SE, S, SW, W, NW and N).  An important aspect of their 

simulations to note is that in rotating the base building model to the eight different proposed 

orientations, the glazing areas were not adjusted, reflecting that volume builders would make 

very few adjustments to their stock plans for construction (572).  Their results showed that floor 

area was the most important factor in terms of adaptability to orientation change.  This means 

that smaller footprint dwellings had smaller energy loads across eight orientations, compared to 

larger houses. 
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Keplinger’s article Designing New Buildings of Optimum Shape and Orientation, 

promotes that a building that is properly oriented can greatly reduce the demands of cooling or 

heating systems, or it can scale down the area and cost of expensive solar collectors. 

 Moreover, once a building is poorly oriented, the opportunity for correction may be lost forever 

or be too cost prohibitive.  He describes the most optimum shape for economic design is also 

the same as optimum shape to help reduce heat loss or heat gain, which is a compact plan with 

the least amount of envelope surface exposed to the elements (577).   

Keplinger adds that for the hot arid areas in the southwest of the country, concerns of 

orientation are as important than the shape of the building.  He favors the most efficient shape 

as one that is compact in plan, multi-level, and with small openings.  The main objective, he 

adds, is to minimize the amount of external surfaces in order to reduce heat gain.  He favors 

buildings in this region to exhibit a south orientation (585). 

Different studies have shown that orientation can significantly influence energy loads on 

a residential building.  The journal article by Hemsath et al., Sensitivity Analysis Evaluating 

Basic Building’s Geometry Effect on Energy Use, suggest that greater surface-to-volume ratios 

increase heat transfer through the building envelope.  The balance between form, shape, 

volume, daylight, and envelope become crucial for the design of low-energy architecture.  

Hemsath et al. put an emphasis on a building’s geometry in the early design phase, instead of 

later design stage applications like mechanical or renewable energy systems (526).  One 

strategy discussed is building compactness as an effective way to reduce energy for cooling or 

heating. 

Orientation studies on a rectangular building by Anderson et al. in the southwest city of 

Albuquerque have noted that a south orientation produced the lowest total loads for this climate 

(216).  In the paper The Impact of Building Orientation on Residential Heating and Cooling, 

building simulations show the importance of mixed heating and cooling requirements the 

southwest high desert region climate has, with a heating load that was 61% of the total (216). 
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 The authors point out that these qualities have an excellent match of seasonal heating and 

cooling loads and the high yearly solar resource (216).  The figure below (Figure 2.1.) illustrates 

how departing from the south orientation results in a major change in total load building 

consumption.  It is important to note that the heating load increases rapidly as the building is 

turned away from south, the highest difference at the NE and NW directions. East and west 

orientations produced a higher total load, they attribute these results to the climate’s extensive 

solar exposure and clear sky hours.  For cooling purposes, only the north or south orientation 

had nearly equal loads.  Anderson et al. conclude that with appropriate overhangs, north 

orientations can perform as well as south in the hottest U.S. climates. 

 

 

 

Figure 2.1.  Albuquerque: Orientation sensitivity studies show that a south orientation is best in this passive solar 
climate. 

 

 

A study performed by Hemsath et al. in their paper Sensitivity Analysis Evaluating Basic 

Building’s Geometry Effect on Energy Use, showed the importance of energy performance 

evaluation of building form is to help in the decision making process for architects to achieve 
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high performance buildings.  Their simulations tested twenty different roof type variations to a 

square mass measuring 100’x100’x30’ while maintaining the interior condition volume and 

constraining the buildings overall volume and surface area (527-528).  The building and the roof 

variations were then tested at different orientations in multiples of 45°.  This study presented an 

excellent precedent for the type of simulation and analysis that could be tested in the southern 

Nevada region for building shapes and orientations.  Some of the conclusions of their study 

revealed that energy modeling tools can help designers evaluate early design decisions about a 

building’s geometric characteristics (537).  In addition, building geometry in some cases, 

depending on the location, became more important than the materials used for the building 

envelope (537).  It is important to note that in this study, the authors decided to eliminate 

windows from their base buildings to understand fully geometric factors related to energy 

performance (529) 

On journal article, Effect of Building Shape on a Residential Building’s Construction, 

Energy and Life Cycle Costs by Bostancioglu, simulations were performed on square, 

rectangular, H- and star-shaped residential buildings in Turkey.  In all cases, the buildings share 

the same properties, such as area, wall and windows, with the only variable being the external 

wall area of the building.  Annual heating energy loads, the most prominent in the region that the 

analysis was performed, were calculated based on these shapes on eight different orientations 

(446).  The results of this study demonstrated that a square plan had the lowest heating energy 

costs in the different orientation alternatives (448). 

A rectangular shape is regarded as an optimal shape for energy efficiency according to 

the authors of the book Sun, Wind & Light, as well as  the authors of the web resource the 2030 

Palette.  Brown et al., the authors of the book Sun, Wind & Light, recommend to elongate 

buildings in the east-west direction, since it exposes mostly the shorter east and west facades to 

the prolonged heat gain and high afternoon temperatures of the summer months (63) .   At the 



 22

same time, the east-west floor plan increases the  southern winter facing facade in order to 

collect solar radiation during this season (85).    

Caroline Hachem’s article Using Passive Design points out that the aspect ratio (AR) for 

rectangular shapes between the south facing facade and the perpendicular facade should have 

a ratio of 1.2 to 1.3 to offer a good balance between heating and cooling loads (72).  Another 

technique on a rectangular form that the 2030 Palette recommends is to keep a narrow floor 

plate or thin organization in order to  incorporate cross or stack ventilation to cool the interior of 

the building (Form for cooling).   

Non-rectangular shapes that are self-shading, like an L or U shape, can offer  solar 

advantages that can be evaluated.  For self-shading geometries the depth ratio (DR) between 

shaded facade to facade lengths becomes important (Hachem 74).   Hachem points out that a 

building with an L-shape configuration with a depth ratio that is one half will require 9% less 

heating than an L-shape with a depth ratio of 1 (73-74).  Moreover, the shading created by L or 

U-shapes will reduce heat gain due to self-shading from the building wings (74).   

For roof design it is recommended that the roof geometry be designed for potential solar 

photovoltaic or other solar collectors.  The tilt angle for these collectors has the rule of thumb to 

be the latitude of the location. For the  Las Vegas region this would be 36.125°N.  Hachem's 

studies on orientation at mid-latitude locations point out that a 45° tilt angle by 45° relative to the 

south, can provide up to 5% reduction of electricity, while a rotation by 60° to the west or east of 

the south can result  in an energy reduction of 12% (74). 

On the book Energy, Environment and Building, Philip Steadman discusses the use of 

minimum surface area in energy efficient buildings (27) and that the wall that receives the most 

amount of solar radiation is the west side (38).   He discusses studies done by Victor Olgyay on 

optimum shapes for buildings, which take into account heat loss in the winter and heat gain in 

the summer months, where rectangular plans that are elongated east and west become 

effective shapes to use (38).  East and west façades receive the most amount of summer 
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radiation, therefore their surface area should be reduced. During the winter months the south 

elevation receives radiation and its area can be larger in size (38).  As shown in the figure below 

(Figure 2.2.), he recommends a rectangular plan with the proportions of 1:1.3 in a hot arid 

region.  This ratio gives a reduced amount of heat gain during the summer and heat losses in 

the winter (37). 

 

 

 

Figure 2.2. 'Basic forms and building shapes in different regions,' from Victor G. Olgyay. 
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Steadman expands on the advantages on reduction of openings on the west facade 

while adding them in the south side with studies done on the orientation and planning of house 

done by Henry Nicholas Wright (41).  His study placed the most important rooms with large 

opening on the south and south west to benefit from the winter sun, while minimizing openings 

in the west and northwest sides because of the excessive solar radiation during the summer 

months (39-41).  His analysis of the plan turned in perpendicular orientations is shown on the 

figure below (Figure 2.3.). 
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Figure 2.3.  Comparison of effects of solar radiation on a solar house in New York area in two perpendicular 
orientations. Illustration by Henry Niccols Wright. 

 

 

Many of the writings that author Ralph Knowles focuses on are on the solar envelope, 

which is defined as the physical boundaries of surrounding properties and the period of assured 
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access to sunshine.  It is important to note that in these studies, the ratio between the building 

volume and the surface area (V/S) become an important.  This ratio helps become an energy-

based descriptor, where in small buildings with low V/S use energy to overcome skin loads and 

have an architectural connection with the sun.  In the other hand, larger buildings with high V/S 

will require additional energy to compensate overheating (18). 

 

 

 

Figure 2.4.  The shape of the form has an effect on its surface to volume ratio. Illustration by Ralph Knowles. 
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Figure. 2.5.  Simpler shapes generally have a lower surface to volume ratio than complex shapes of the same 
volume. Illustration by Ralph Knowles. 

 

 

After becoming familiarized with many of the concepts and studies done on geometry, 

orientation, and energy the next step was to set up the methods in which this analysis was 

going to be performed for the Southern Nevada region. 
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CHAPTER 3: RESEARCH METHODS 

 

3.1 Race to Zero Student 2015 Competition. 

 This study and thesis was done in conjunction with the Race to Zero Student 2015 

Competition sponsored by the U.S. Department of Energy.  Some of the analyses performed on 

the base building models were performed respecting some of the rules and guidelines that the 

competition established.  In particular these included the use of the energy simulation software 

BEopt, as well square footage areas set for the homes.  Some of the competition parameters 

are discussed below. 

The goal of the competition was to design a high performance home that was net zero 

energy ready and to equip the next generation of architects and engineers with creative 

solutions in the design and construction of single family homes.  The guidelines required homes 

to a minimum design target of the DOE Zero Energy Ready Home Rev.04 (4-10).  This included 

a benchmark home size of no less than 1,600 square feet for a two bedroom home and 2,200 

for a three bedroom residence.  This floor area represented only the conditioned space for the 

residence (Student Design Competition Guide to Project Preparation and Submittal, 3).  More 

on the square footage and number of bedrooms of the homes in Section 3.2. 

For the energy analysis part of the competition, the guidelines suggested and 

encouraged students to use NREL's own BEopt software as a supporting resource to help 

simulate the energy efficiency of the home (Student Design Competition Guide to Project 

Preparation and Submittal 4-10).  A brief description of the BEopt software program used 

follows.   
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3.2 BEopt.  

In order to evaluate the different shapes and orientation strategies base models were 

created using BEopt version 2.4.0.1 and different simulations were tested.  Having worked with 

other energy modeling programs like RemRate version 14.6.1. Equest version 3.65, and Revit 

Green Building Studio version 2014, the use of the BEopt platform was an appropriate tool to 

evaluate conceptual ideas, as the other programs became more useful for the later stages of 

the design process. 

 The BEopt (Building Energy Optimization) software is developed by the National 

Renewal Energy Laboratory to evaluate residential building designs and find energy saving 

strategies along the path to zero net energy.  BEopt can be used in new construction or existing 

residential retrofits with simulation based analysis on different type of characteristics, like size, 

building construction materials, location, equipment, and utility costs.  BEopt uses existing, 

established simulation engines (currently DOE-2.2 and EnergyPlus).   A particular benefit for 

this study is the ability that BEopt has to quickly generate full 3D geometry of residential homes 

and rotate them around the different cardinal points to do a comparative analysis on the energy 

performance of each.   

 

3.2 Building envelope to volume ratios. 

The first task performed before simulating the different shapes and orientations was 

create base building models with the same characteristics of current homes in the Southern 

Nevada area.  An analysis of surface to volume ratios was performed on four typical single 

family residences in the Las Vegas region.  Two to three bedroom homes are the most common 

type of residence in Nevada, as seen in Figure 3.1. (Selected Housing Characteristics), so 

these were target examples to be analyzed.   
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2013 NEVADA BEDROOM NUMBERS PER HOUSEHOLD

No bedrooms
3%

1 bedroom
11%

2 bedrooms
27%

3 bedrooms
38%

4 bedrooms
17%

5 or more bedrooms
4%

No bedrooms 1 bedroom 2 bedrooms 3 bedrooms 4 bedrooms 5 or more bedrooms

 
 

Figure 3.1.  2013 Nevada bedroom numbers per household, from U.S. Census Bureau 2013.  
 

 

Five students from the School of Architecture at the University of Las Vegas, Nevada, 

drew the floor plans of these residences, taking into account wall and window areas per facade, 

floor and roof areas, as well as the volume of the conditioned space.  Therefore spaces like 

garages were omitted from the calculations. The preliminary data that were captured are 

summarized in Table 3.1. along with the corresponding drawings of each residence in Figures 

3.1.-3.4.   It is  important to note that all the residences surveyed were single story homes, as 

the simulations and study done on this paper aimed at this typology. 
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HOUSE 1 HOUSE 2 HOUSE 3 HOUSE 4 
Conditioned Volume: Conditioned Volume: Conditioned Volume: Conditioned Volume: 

15,000 cu.ft. 18,240 cu.ft. 15,102 cu.ft. 14,449 cu.ft.
Surface areas: Surface areas: Surface areas: Surface areas: 
North: 
East: 
South: 
West: 
Roof: 
Floor: 

240 sq.ft. 
220 sq.ft. 
240 sq.ft. 
360 sq.ft. 

1,239 sq.ft. 
1,239 sq.ft. 

North: 
East: 
South: 
West: 
Roof: 
Floor: 

240 sq.ft.
384 sq.ft.
128 sq.ft. 
608 sq.ft.

1,767 sq.ft.
1,767 sq.ft.

North: 
East: 
South: 
West: 
Roof: 
Floor: 

333 sq.ft.
724 sq.ft.
153 sq.ft. 
360 sq.ft.

1,693 sq.ft.
1,693 sq.ft.

North: 
East: 
South: 
West: 
Roof: 
Floor: 

293 sq.ft.
446 sq.ft.
104 sq.ft.
689 sq.ft.

1,588 sq.ft.
1,588 sq.ft.

Windows areas: Windows areas: Windows areas: Windows areas: 
North: 
East: 
South: 
West: 
Roof: 
 

18 sq.ft. 
60 sq.ft. 

4 sq.ft. 
117 sq.ft. 

0 sq.ft. 

North: 
East: 
South: 
West: 
Roof: 

30 sq.ft.
27 sq.ft.
12 sq.ft.
54 sq.ft.

0 sq.ft.

North: 
East: 
South: 
West: 
Roof: 

76 sq.ft.
53 sq.ft.
20 sq.ft.

8 sq.ft.
0 sq.ft.

North: 
East: 
South: 
West: 
Roof: 

91 sq.ft.
46 sq.ft.
17 sq.ft.
56 sq.ft.

0 sq.ft.

% of floor 
area 

16% % of floor 
area 

7% % of floor 
area 

9% % of floor 
area 

13%

 
Table 3.1.  Data collected on surfaces and conditioned volume on four residences in the Las Vegas region.  Data 

collected by Johny Corona, John Carroll, David McCredo, Nick Inouye, and Ludwing Vaca. 
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Figure 3.2.  House 1 Floor Plan. 
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Figure 3.3.  House 2 Floor Plan. 
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Figure 3.4.  House 3 Floor Plan.  
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Figure 3.5.  House 4 Floor Plan.  
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After gathering these data, the next step was to get the envelope to volume ratios of 

each home and then average these out to get a figure that could be used for the building of the 

base models.  Table 3.2. below summarizes the calculations taken to find the envelope to 

volume ratios of each residence surveyed.  

 

 

 HOUSE 1 HOUSE 2 HOUSE 3 HOUSE 4 
Surface Areas Total 3,198 sf 3,250 sf 3,420 sf 3,330 sf
Conditioned Volume 15,000 cf 18,240 cf 15,102 cf 14,449 cf
S/V 0.21 0.18 0.23 0.23
1/(S/V) 4.69 5.61 4.42 4.34

 
Table 3.2.  Envelope to volume ratios for the four homes surveyed for the Las Vegas region.  

 

 

Taking an average of the for the final 1/(S/V) figures above, an envelope to volume ratio 

of 1:4.76 would be used for all base models, as seen in Table 3.3. below.   

 

 

 (4.69 +5.61 + 4.42 +4.34)/4
Average for the four houses surveyed 4.76
Final envelope to volume ratio 1:4.76

 
Table 3.3.  Final envelope  to volume ratio for base models  to be simulated in BEopt.  

 

 

3.3 Shapes. 

 Based on the surface to volume ratio that was studied on the previous analysis, five 

different floor plans were drawn respecting this ratio of 1:4.76 as close as possible.  These 

homes and shapes included a rectangle and square, as well as self shading plans comprising of 

L-shape, U-shape , and a courtyard buildings.   When creating the shapes and volumes for the 
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base building models and maintaining the ratio above, the goal was to create floor plans and 

volumes that had good architectural proportions and making sure their square footages were in 

line with typical two to three bedroom homes that are common of single family residences in the 

Las Vegas market as well as the benchmark home sizes described in the Department of Energy 

Zero Energy Ready Home National Program Requirements.   Through trial and error, the five 

final building floor plans to be modeled were developed with building heights set to be nine feet 

tall.  The square and rectangle shapes were drawn to be 1,600 square feet  and 1800 square 

feet respectively.  The other plans required more floor area due to their shape, which was about 

2,400 square feet.  A summary of these floor areas and conditioned volume is shown in table 

3.4.   

 

3.4 Orientations. 

After the shapes of the buildings to be analyzed were determined, the next step was to 

determine the different angles around the cardinal points these buildings would be orientated for 

energy simulation.  Each of the building models was to be rotated at 22.5 degrees in plan, with 

some of the shapes only rotated a few times because of the symmetrical nature of th shapes.  

This angle was a constant, as it was one of the set parameters that the software BEopt allowed 

the user to change.  A list of the angles of simulation for each shape can be seen in Table 3.4. 

as well as a graphic matrix of these simulation in Figure 3.6. 

 

3.5 Base building model properties.  

 In order to compare the five different models equally, except for their shape and 

orientation, all the characteristics in construction and materiality were to be the same.  Just as 

we had previously surveyed current Las Vegas residences to figure out a constant building 

envelope to volume ratio, we took the current building standards and codes to which residences 

are required to be built in the region as the rules to follow to build the base models for the 
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simulation.  Table 3.5. shows all the values that meet 2009 IECC code standards that include 

envelope materials for roof, walls and glass.  Also included in the table are typical space 

conditioning systems that are used in the region.  Water heater, lighting, plug loads, and 

appliances like refrigerator, dishwasher, clothes washer, or dryer were set to zero for the 

simulation.  Therefore only space conditioning energy use was the data to be extracted from the 

simulations.  

Glazing areas were determined according to ASHRAE 189.1-2004 in order to achieve an 

average daylight factor of 4%.  The daylight factor formula  is DFavg = (0.2) x [(window 

area)/(floor area)] and if we would like to achieve the 4% average daylight factor, the formula 

turns into 0.04 = (0.2) x [(window area)/(floor area)].  Solving for the window area we find out 

that it equals to 20% of the floor area for each home as seen below.   

 

 

DFavg = (0.2) x [(window area)/(floor area)] 

0.04 = (0.2) x [(window area)/(floor area)] 

window area= (floor area) x (0.2) 

 

 

This figure is represented in Table 3.4. according to the different floor areas for the five 

different base buildings to be simulated.  Note that the glazing was distributed evenly around the 

four façades in order to have a fair analysis of each building shape and orientation.  
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BUILDING SHAPE CHARACTERISTICS SIMULATION (AZIMUTH DEGREES) 

 

Floor Area: 1,800 sf 
Volume: 16,200 cf 
Window area: 360sf. 
Envelope to Volume Ratio: 
1:4.74 

South: 0.0° 
SSW: 22.5° 
South West: 45.0° 
WSW: 67.5° 
West: 90° 
WNW: 112.5° 
Northwest: 135° 
NNW: 157.5° 

North: 180° 
NNE: 202.5° 
Northeast: 225.0° 
ENE: 247.5° 
East: 270.0° 
ESE: 292.5° 
Southeast: 315° 
SSE: 337.5° 

 

Floor Area: 1,600 sf 
Volume: 14,400 cf 
Window area: 320 sf. 
Envelope to Volume Ratio: 
1:4.74 
 

South: 0.0° 
SSW: 22.5° 
South West: 45.0° 
WSW: 67.5° 
West: 90° 
WNW: 112.5° 
Northwest: 135° 
NNW: 157.5° 

North: 180° 
NNE: 202.5° 
Northeast: 225.0° 
ENE: 247.5° 
East: 270.0° 
ESE: 292.5° 
Southeast: 315° 
SSE: 337.5° 

 

Floor Area: 2,400 sf 
Volume: 21,600 cf 
Window area: 480 sf 
Envelope to Volume Ratio: 1:4.7 

South: 0.0° 
SSW: 22.5° 
South West: 45.0° 
WSW: 67.5° 
West: 90° 
WNW: 112.5° 
Northwest: 135° 
NNW: 157.5° 

North: 180° 
NNE: 202.5° 
Northeast: 225.0° 
ENE: 247.5° 
East: 270.0° 
ESE: 292.5° 
Southeast: 315° 
SSE: 337.5° 

 

Floor Area: 2,363 sf 
Volume: 21,267 cf 
Window area: 480 sf 
Envelope to Volume Ratio: 1:4.6 

South: 0.0° 
SSW: 22.5° 
South West: 45.0° 
WSW: 67.5° 
West: 90° 
WNW: 112.5° 
Northwest: 135° 
NNW: 157.5° 

North: 180° 
NNE: 202.5° 
Northeast: 225.0° 
ENE: 247.5° 
East: 270.0° 
ESE: 292.5° 
Southeast: 315° 
SSE: 337.5° 

 

Floor Area: 2,356 sf 
Volume: 21,204 cf 
Window area: 480 sf 
Envelope to Volume Ratio: 1:4.6 

South: 0.0° 
SSW: 22.5° 
South West: 45.0° 
WSW: 67.5° 
West: 90° 
WNW: 112.5° 
Northwest: 135° 
NNW: 157.5° 

North: 180° 
NNE: 202.5° 
Northeast: 225.0° 
ENE: 247.5° 
East: 270.0° 
ESE: 292.5° 
Southeast: 315° 
SSE: 337.5° 

 
Table 3.4.  Building shapes, characteristics, and  orientation azimuth degrees to be simulated using BEopt.  
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SIMULATION PARAMETERS DESCRIPTION 
EPW Location Las Vegas, McCarran International Airport. 
Neighbors None. 
Walls R-13 Fiberglass batt insulation with 2x4 studs 16 inches on center with 

1/2" gypsum board. 
Exterior Finish Stucco with a medium dark paint. 
Roof R-30 Fiberglass batt insulation vented roof with terra cotta tiles. 
Ceiling 5/8" gypsum board. 
Foundation Whole slab R-10 with R-5 XPS insulation. 
Window Areas Achieve daylight factor of 4% per ASHRAE 189.1-2014. Glazing area 

equal to 20% of the total floor area. 
Windows Double-pane, high-gain low-E, non-mental frame, argon filled (U-value 

0.37, solar heat gain coefficient 0.53), with no overhangs on windows. 
Space Conditioning Central air conditioning SEER 13. 
 Gas furnace 78% AFUE. 
 Ducts: 8 CFM25 per 100 sf, R-8 in unconditioned space.  
Space Conditioning Schedules Cooling set point 78F. 
 Heating set point: 68F. 
 Humidity set point: 60% relative humidity. 
Utility Rates Electricity: Fixed: $8/month. $0.1189 $/kWh 
 Natural Gas: Fixed: $8/month. $0.9155 $/therm  
  

 
 Table 3.5.  Building simulation parameters entered into BEopt. 

 

 

 

 
 

Figure 3.6.  Matrix of base building model shapes and orientation azimuth degrees to be simulated using BEopt. 
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3.6  Energy and utility cost for space conditioning matrix generation. 

 

After running all the simulations using BEopt, a matrix was created outlining how each 

shape behaves along the different orientations and the amount of energy and utility costs being 

spent on each residence.  The utility costs will be broken down on electrical charges in kWh 

spent for the central air conditioning unit and natural gas used on the heating system in therms.   

Table 3.5. shows the current utility rate averages for the state of Nevada for electricity and 

natural gas.   

The final goal of the matrix would be for residential developers and builders to start 

generating useful data like this for their customers.  Much like when buying a new appliance a 

customer can see on the product description the annual energy consumption and the cost of the 

product before they buy it, a potential home buyer should have this information provided by the 

developers and builders of a residence.  This information becomes even more relevant as many 

of these homes are similar in nature as their layouts and plans get repeated throughout a 

community as shown in the following section and in Figures 3.7. and 3.8. 

 

3.7 Residential development space conditioning energy analysis.  

 
The next analysis will involve evaluating a residential development in the region to see 

how the different single family units that were simulated can behave in terms of orientation and 

energy.  The subdivision development  of Central Park Estates is located in southern part of the 

city of Las Vegas, on the intersection of Gillespie Street and Agate Avenue.  It is a 39 acre site 

that contains a total of 262 single family residences with seven different types of unit types 

ranging between 1,322 sq.ft. to 2,211 sq.ft. each.  All homes are mostly three bedrooms, except 

for a total of 8 units that are two bedroom residences.  Also, all the unit types are one story 

except for one that is two stories in height.  Most streets on the subdivision run east west and 



 42

191 of the lots where the homes are built have longest property line running north south, as 

seen from the aerial photograph in Figure 3.7.  This data and information was collected and 

drawn using the Clark County Assessor and Maps office as well as the website zillow.com. 

Instead of modeling and simulating these existing residences we will use the base 

models from our initial investigation and match them as closely as possible to the unit types in 

Central Park Estates which are listed and keyed in plan in Figure 3.8.  The goal of this exercise 

would be to simulate how developers would create different types of unit types for the Las 

Vegas market and lay them out in a site like Central Park Estates.  Then one can compare the 

energy use of this original layout as a community with another layout where the homes are 

optimally orientated, to see if energy may be saved in a residential development of this type. 
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Figure 3.7.  Aerial photograph of Central Park Estates, Las Vegas, Nevada. U.S. Geological Survey, Map data 2015. 



 44

 
UNIT TYPE # OF UNITS SQ.FT. SQ.FT. TOTAL BEDROOMS STORIES 

Type A 22 1,322 29,084 3 1
Type B 74 1,593 117,882 3 1
Type C 42 1,784 74,928 3 1
Type D 17 1,893 32,181 3 1
Type E 75 1,977 148,275 3 1
Type F 24 2,211 53,064 3 2
Type G 8 1,457 11,656 2 1
Total  262 467,070  

 
Figure 3.8.  Central Park Estates unit types plan and characteristics. 
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CHAPTER 4: RESEARCH DATA AND PARAMETRIC SIMULATION RESULTS 

 
 

With all five base buildings modeled in BEopt, the results were divided into several 

categories.  First,  the energy loads for space conditioning were calculated for the five prototype 

buildings set in the Las Vegas region along sixteen different orientations.  These orientations 

included the four cardinal points with eight intermediate directions that are referred with the 

following nomenclature in all the data and graphs: S 0°, SSW 22.5°,  SW 45, WSW 67.5°, W 

90°, NNW 112.5°, NW 135°, NNW 157.5°, N 180°, NNE 202.5°, NE 225°, ENE 247.5°, E 270°, 

ESE 292.5°, SE 315°, and SSE 337.5°.   

The software produced site energy usage in  MMBtu/yr recorded for the vent fan, HVAC 

fan/pump, cooling, heating and total.  These are shown in bar graphs that follow (Figures 4.1., 

4.3., 4.5., 4.7.,and 4.9.) with the site energy on the vertical axis and the different orientations 

along the horizontal one.  A sensitivity analysis is also on cooling, heating, and total site energy 

usage as compared to the south orientation.  These are seen in the figures that follow (Figures 

4.2., 4.4., 4.6., 4.8., 4.10.) with the site energy as compared to the south on the vertical axis and 

once again orientations of the base buildings on the horizontal axis. 

 The second category of analysis was a comparison of the different shapes among each 

other.  In order to do this comparison, the site energy use was divided by the square footage of 

each of the five different residences to normalize the results. The units for this analysis were 

recorded in EUI's (energy use intensity), which is KBtu's per square feet a year.  This allowed 

each design parameter, shape and orientation, to be compared in an equal fashion. These 

results are given for cooling, heating, and the total site usage.  The data results of this analysis 

can be seen in the tables and figures below (Figures 4.11. - 4.16., Tables 4.6. - 4.8.), where the 

vertical access shows the difference in energy load in KBtu's/ sq.ft a year and the horizontal 
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axis represent the sixteen different orientations.  Five different colors are assigned to represent 

the different building shapes analyzed.   

The other categories of analysis consisted on a cost analysis of each shape and 

orientation as well as the creating of a matrix of this information as well as energy usage for 

builders and home owners to use.   Utility costs were calculated in dollars per year, while energy 

was divided into kWh used for electrical charges and therms for the natural gas. 

Last, using the base building models an analysis was done in total energy use on a 

subdivision in the Las Vegas region.  These results were done in total kWh consumed per year 

for 262 homes. 
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4.1 Rectangle shape results. 
 
 
 

RECTANGULAR SHAPE: ENERGY USE PER ORIENTATION
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Figure 4.1.  Rectangle shape site energy use (MMBtu/yr).  

 

 
 S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 1.63 1.66 1.71 1.71 1.69 1.71 1.71 1.66
Cooling (E) 4.61 4.7 4.85 4.84 4.8 4.84 4.84 4.69
Heating (G) 14.92 15.14 15.38 15.25 15.11 15.31 15.47 15.26
Total 21.2 21.6 22 21.9 21.7 21.9 22.1 21.7

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 1.63 1.67 1.71 1.71 1.69 1.71 1.71 1.66
Cooling (E) 4.6 4.69 4.84 4.84 4.81 4.85 4.86 4.7
Heating (G) 15.09 15.29 15.49 15.3 15.1 15.24 15.35 15.1
Total 21.4 21.7 22.1 21.9 21.7 21.9 22 21.5

 
Table 4.1.  Rectangle shape site energy use (MMBtu/yr). 
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RECTANGULAR SHAPE: SENSITIVITY ANALYSIS
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Figure 4.2.  Rectangle shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
The rectangular shape showed the most variations in energy consumption as the shape 

was rotated along the different orientations.  Large differences resulted at NE 225°, SE 315°, 

SW 45°, and NW 135° compared to north or south orientations with an increase of almost 3-4% 

percent in total energy consumption.  The NW 135° and SE 135° orientation had the biggest 

deltas over all with a total energy increase compared to south or north by 4.25%.    

As an average 3.2 times more energy, or 70% of the total energy, was consumed in 

heating for the home than cooling.  This will be a repeating characteristic among all the shapes, 

where most of the energy being consumed for all the homes is for heating purposes.   
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4.2 Square shape results. 
 
 
 

SQUARE SHAPE: ENERGY USE PER ORIENTATION
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Figure 4.3.  Square shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
 S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 1.49 1.51 1.53 1.5 1.48 1.5 1.53 1.51
Cooling (E) 4.25 4.3 4.37 4.3 4.22 4.29 4.36 4.29
Heating (G) 13.17 13.33 13.48 13.3 13.15 13.38 13.6 13.47
Total 19.0 19.2 19.5 19.2 18.9 19.2 19.6 19.3

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 1.49 1.51 1.53 1.51 1.48 1.5 1.53 1.51
Cooling (E) 4.24 4.29 4.36 4.29 4.23 4.3 4.37 4.3
Heating (G) 13.34 13.48 13.59 13.35 13.14 13.3 13.47 13.31
Total 19.1 19.4 19.6 19.2 18.9 19.2 19.4 19.2

 
Table 4.2.  Square shape site energy use (MMBtu/yr). 
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SQUARE SHAPE: SENSITIVITY ANALYSIS
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Figure 4.4.  Square shape sensitivity analysis site energy use (MMBtu/yr). 

 

 

Because of the purity of the shape, the square base model showed the least amount of 

variation in energy consumption even in directions where the highest deltas were recorded for 

all the other shapes, those being the NE 225°, SE 315°, SW 45°, and NW 135° orientations.  

Along these orientations an increase of 2.1-3.2% or 0.4-0.6 MMBtu/yr of energy use occurred, 

nearly half that of the rectangular shape.  Also note that  E 270° and W 90°performed slightly 

better than south orientation. 

Once again heating was the biggest contributor in energy consumption, this time 3.1 

times higher than cooling, which as an average, was the lowest ratio between these two values 

among the five different shapes. 
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4.3 L-shape results. 

 
 
 

L-SHAPE: ENERGY USE PER ORIENTATION
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Figure 4.5.  L-shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
 S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.18 2.2 2.23 2.2 2.19 2.22 2.25 2.21
Cooling (E) 6.06 6.1 6.19 6.11 6.07 6.17 6.26 6.15
Heating (G) 20.53 20.87 21.12 21 20.82 20.93 21.14 20.91
Total 28.8 29.2 29.6 29.4 29.2 29.4 29.7 29.3

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.18 2.2 2.23 2.21 2.2 2.23 2.26 2.21
Cooling (E) 6.05 6.1 6.19 6.13 6.11 6.21 6.3 6.18
Heating (G) 20.76 21.01 21.19 20.97 20.74 20.83 20.95 20.67
Total 29.1 29.4 29.7 29.4 29.1 29.3 29.6 29.1

 
Table 4.3.  L- shape site energy use (MMBtu/yr).
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L-SHAPE: SENSITIVITY ANALYSIS
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Figure 4.6.  L-shape sensitivity analysis site energy use (MMBtu/yr). 

 

 

The L-shape  also showed great variations when shifting from the south.  NE 225° and 

NW 135° orientations showed the greatest total discrepancy with an increase of about 3%  or 

0.9 MMBtu/yr compared to the south.  

The cooling load had the least amount of delta compared to all the other shapes.  With 

an the an average increase of  1.5% to south orientation.   This is also the first result that 

showed that for the cooling load, the north orientation performed slightly better than the south.  

This was most likely caused by some self shading that occurred from the extended wing of the 

home. 

Moreover, 3.4 times more energy was spent in heating for the home than for cooling, or 

about 71.3% of the total energy. 
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 4.4 U-shape results. 
 
 
 

U-SHAPE: ENERGY USE PER ORIENTATION
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Figure 4.7.  U-shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
 S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.19 2.22 2.27 2.25 2.24 2.26 2.27 2.22
Cooling (E) 6.03 6.13 6.27 6.24 6.21 6.25 6.28 6.12
Heating (G) 21.29 21.53 21.71 21.53 21.42 21.61 21.8 21.58
Total 29.6 30.0 30.3 30.1 29.9 30.2 30.4 30.0

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.19 2.22 2.27 2.25 2.24 2.26 2.27 2.22
Cooling (E) 6.01 6.12 6.27 6.23 6.2 6.25 6.28 6.13
Heating (G) 21.41 21.61 21.82 21.61 21.42 21.59 21.73 21.52
Total 29.7 30.0 30.4 30.2 29.9 30.2 30.4 29.9

 
Table 4.4.  U- shape site energy use (MMBtu/yr). 
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U-SHAPE: SENSITIVITY ANALYSIS
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Figure 4.8.  U-shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
One of the most interesting results from the U-shape was that at E 270 and W 90.0 

orientations the heating load performed quite well compared to south, with an increase of 0.6%  

or 0.3 MMBtu/yr compared to this orientation.    

Another aspect of this shape that is important to note is that  in the  north orientation the 

cooling load used slightly lower than the south, similar to the L-shape.   If the two wings on the 

U-shape are pointing north, they helped create shading for the surfaces that were exposed in 

between, causing this small reduction in energy consumption.    

About 3.5 times more energy is spent in heating than in cooling for the home, or 71.7% 
of the total energy. 
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4.5 Courtyard shape results. 
 
 
 

COURTYARD SHAPE: ENERGY USE PER ORIENTATION
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Figure 4.9.  Courtyard shape sensitivity analysis site energy use (MMBtu/yr).  

 

 
 S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.21 2.24 2.28 2.27 2.25 2.27 2.28 2.24
Cooling (E) 5.88 5.96 6.08 6.06 6.01 6.06 6.08 5.95
Heating (G) 23.8 24 24.24 24.08 23.93 24.12 24.27 24.05
Total 32.0 32.3 32.7 32.5 32.3 32.5 32.7 32.3

 N 
180º 

NNE 
202. 5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Vent Fan (E) 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Fan/Pump (E) 2.21 2.24 2.28 2.27 2.25 2.28 2.28 2.24
Cooling (E) 5.87 5.95 6.07 6.06 6.02 6.08 6.1 5.96
Heating (G) 23.87 24.07 24.25 24.06 23.88 24.06 24.2 23.95
Total 32.0 32.3 32.7 32.5 32.2 32.5 32.7 32.2

 
Table 4.5.  Courtyard shape site energy use (MMBtu/yr). 
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COURTYARD SHAPE: SENSITIVITY ANALYSIS
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Figure 4.10.  Courtyard shape sensitivity analysis site energy use (MMBtu/yr). 

 

 

Because of its symmetric form, the courtyard shape showed similar results as the square 

shape, though with much higher energy consumption.  For the NE 225°, SE 315°, SW 45°, and 

NW 135° orientations an increase of 2.2% or 0.7 MMBtu/yr  in the total energy consumption 

occurred compared to south, east, west or north orientations.  

 As an average 4.0 times more energy is spent in heating the courtyard shape than in 

cooling it, or 74.2% of the total energy spent in space conditioning.  This was the  highest ratio 

between these two values among the five different shapes. 
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4.6 Combined results for cooling in EUI. 
 
 
 

SHAPE/ORIENTATION COOLING ENERGY ANALYSIS
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Figure 4.11.  Total cooling site energy use (KBtu/sq.ft. / Year).  
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SHAPE S 
0º 

SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Rectangle 2.56 2.61 2.69 2.69 2.67 2.69 2.69 2.61
Square 2.66 2.69 2.73 2.69 2.64 2.68 2.73 2.68
L-Shape 2.53 2.54 2.58 2.55 2.53 2.57 2.61 2.56
U-Shape 2.55 2.59 2.65 2.64 2.62 2.64 2.65 2.58
Courtyard 2.52 2.55 2.60 2.59 2.57 2.59 2.60 2.55

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Rectangle 2.56 2.61 2.69 2.69 2.67 2.69 2.70 2.61
Square 2.65 2.68 2.73 2.68 2.64 2.69 2.73 2.69
L-Shape 2.52 2.54 2.58 2.55 2.55 2.59 2.63 2.58
U-Shape 2.54 2.58 2.65 2.63 2.62 2.64 2.65 2.59
Courtyard 2.51 2.55 2.60 2.59 2.58 2.60 2.61 2.55

 
Table 4.6.  Total cooling site energy use (KBtu/sq.ft. / Year).  
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Figure 4.12.  Total cooling site energy use (KBtu/sq.ft. / Year).  



 59

Cooling load peaks were the highest for the SW 45°, NW 135°, NE 225°, and SE 315° 

orientations, lower in the west and east exposures, while the lowest were found in the south and 

north orientations. 

The cooling study gave the most diverse results for the different shapes analyzed with 

some of the shapes outperforming others in different orientations. Even though the rectangular 

and square shapes have less surface area, the L, U and courtyard shapes seemed to have 

benefited from self shading to reduce the cooling loads.  The L and courtyard shapes in 

particular performed the best, with the U shape not far behind them.  The L-shape even 

performed well against the main cardinal points of north, south, east, and west even though it is 

not symmetrical in nature.  For traditional south orientation, the courtyard shape surprisingly 

outdid both the more compact square and rectangular shapes, these two producing higher loads 

in all directions, specially the square shape.   

It came as a surprise that the more compact shapes that had less surfaces, the square 

and rectangular shapes, used more energy to cool the homes, specially the square shape.  As 

an average between 3-5% more energy was spent in space conditioning than the courtyard 

shape.   Moreover, the rectangular shape showed the largest delta change and was more 

sensitive to an orientation change.  The largest variation was as much as a 5% increase from 

south to south west. 

The study also showed how there is an extensive solar gain from the east and west 

sides that can produce over heating.  In all cases, when the orientation of each of the building 

exposed more wall surface area to these two cardinal points, such as SW 45°, NW 135°, NE 

225°, or SE 315°; there was an extensive amount of cooling loads created.  As an average, 

these orientations had a 3-4% increase in energy loads versus north and south orientations. 

 The long summer season that can sometimes extend into the winter season, gave a distinct 

advantage for north orientation for all building shapes.  This was expected as solar gain 
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increases cooling loads and in all cases the north orientation exposed less wall surface area to 

the prolonged summer sun.  

 

4.7 Combined results for heating in EUI. 
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8.00

8.50

9.00

9.50

10.00

10.50

SOUTH
0

SSW
22.5

SW 45.0 WSW
67.5

WEST
90.0

WNW
112.5

NW
135.0

NNW
157.5

NORTH
180.0

NNE
202.5

NE
225.0

ENE
247.5

EAST
270.0

ESE
292.5

SE
315.0

SSE
337.5

ORIENTATION

K
B

T
U

/S
Q

.F
T

. 
/ 

Y
E

A
R

Rectangle Square L-Shape U-Shape Courtyard
 

Figure 4.13.  Total heating site energy use (KBtu/sq.ft. / Year).  
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SHAPE S 
0º 

SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Rectangle 8.29 8.41 8.54 8.47 8.39 8.51 8.59 8.48
Square 8.23 8.33 8.43 8.31 8.22 8.36 8.50 8.42
L-Shape 8.55 8.70 8.80 8.75 8.68 8.72 8.81 8.71
U-Shape 8.99 9.09 9.17 9.09 9.05 9.13 9.21 9.11
Courtyard 10.18 10.27 10.37 10.30 10.24 10.32 10.39 10.29

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Rectangle 8.38 8.49 8.61 8.50 8.39 8.47 8.53 8.39
Square 8.34 8.43 8.49 8.34 8.21 8.31 8.42 8.32
L-Shape 8.65 8.75 8.83 8.74 8.64 8.68 8.73 8.61
U-Shape 9.04 9.13 9.21 9.13 9.05 9.12 9.18 9.09
Courtyard 10.21 10.30 10.38 10.30 10.22 10.30 10.36 10.25

 
Table 4.7.  Total heating site energy use (KBtu/sq.ft. / Year).  
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Figure 4.14.  Total heating site energy use (KBtu/sq.ft. / Year).  
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The results for all of the shapes show that the greatest energy use is spent in heating 

the homes,  as an average 3.08 to 4.05 more times than cooling, or 69.3% to 74.2%. of the total 

energy spent in space conditioning. The total heating results were more predictable and not as 

varied as the total cooling loads from the previous analysis.  The smaller and more compact 

homes responded better and used less energy for space heating, with the square shape 

outperforming the other shapes in all orientations and the rectangle coming a close second.    

The courtyard shape behaved the opposite as it had for cooling, performing the worst of all the 

shapes studied.  As an average it needed 24% more energy to heat the home more than the 

square shape and 22% more than a rectangular base model.   

In general, where the shapes were oriented to the main cardinal points, that is the south, 

north, east, and west, all shapes saw only a slight increase in energy use compared to south 

orientation.   In the square and courtyard shapes, east, west, and north orientations were equal 

to the south because of their symmetrical form.  While in the rectangular shape there was only 

an increase of  1.3% from east and west orientations to that of north of south.  Similarly for the L 

and U shapes, there was increase of 1-1.4% or less in energy use in the east and west 

orientation compared to south.  It can be interpreted that when any of these shapes vary in 

orientation to the main cardinal points, less window surface areas in the facade receive solar 

exposure, causing this slight variation in more energy use to heat the homes. 
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4.8 Total combined results in EUI. 

 
 
 

SHAPE/ORIENTATION ENERGY ANALYSIS

11.50

12.00

12.50

13.00

13.50

14.00

14.50

SOUTH
0

SSW
22.5

SW 45.0 WSW
67.5

WEST
90.0

WNW
112.5

NW
135.0

NNW
157.5

NORTH
180.0

NNE
202.5

NE
225.0

ENE
247.5

EAST
270.0

ESE
292.5

SE
315.0

SSE
337.5

ORIENTATION

K
B

T
U

/S
Q

.F
T

. 
/ 

Y
E

A
R

Rectangle Square L-Shape U-Shape Courtyard
 

Figure 4.15.  Shape and orientation energy analysis  (KBtu/sq.ft. / Year).  
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SHAPE S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Rectangle 11.78 12.00 12.22 12.17 12.06 12.17 12.28 12.06
Square 11.88 12.00 12.19 12.00 11.81 12.00 12.25 12.06
L-Shape 12.00 12.17 12.33 12.25 12.17 12.25 12.38 12.21
U-Shape 12.50 12.67 12.80 12.71 12.63 12.75 12.84 12.67
Courtyard 13.69 13.82 13.99 13.91 13.82 13.91 13.99 13.82

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Rectangle 11.89 12.06 12.28 12.17 12.06 12.17 12.22 11.94
Square 11.94 12.13 12.25 12.00 11.81 12.00 12.13 12.00
L-Shape 12.13 12.25 12.38 12.25 12.13 12.21 12.33 12.13
U-Shape 12.54 12.67 12.84 12.75 12.63 12.75 12.84 12.63
Courtyard 13.69 13.82 13.99 13.91 13.78 13.91 13.99 13.78

 
Table 4.8.  Shape and orientation energy analysis (KBtu/sq.ft. / Year).  
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Figure 4.16.  Shape and orientation energy comparison analysis (KBtu/sq.ft. / Year).  
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South and north orientations had the lowest cooling and heating loads for all five building 

forms, except for the square and courtyard shapes that had equal loads on the N 90°, W 180°, 

and E 270°, as the exposed surfaces for this study were equal in these directions.   The two 

shapes that performed the best for combined cooling and heating loads were the square and 

rectangle shapes, followed closely to the L-shape.  Though the rectangle shape performed 

better in north and south orientations, from WSW 67.5° to NW 157.5° and from ENE 247.5° to 

SSE 337.5° the square shape actually performed better than the rectangular shape along these 

orientations.  Moreover, as mentioned earlier, the L-shape was not far in performance to these 

two shapes, considering it had two more additional surfaces.  As an average, it used 1.1% more 

energy than the rectangle and 1.7% more than the square.  The courtyard shape, as an 

average, used about 14.6% more energy than the rectangle and 15.3% more than the square 

shape.   

It is also important to note, that the square shape performed the best in all orientations, 

with the rectangular shape using 0.6% and the L-shape 1.7% more energy.  The U-shape fell 

somewhere in between these three shapes, while the courtyard shape showed an increase of 

5.2% more than the square shape.  

SW 45°, NW 135°, NE 225°, and SE 315° orientations produced the higher total loads, 

heating and cooling, for all of the shapes.   This most likely due that during the winter not 

enough window surfaces received solar gain because less surface area was exposed to the 

sun.  In the summer, more surface areas were exposed to the long solar radiation that is typical 

of the Southern Nevada region.   
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4.9 Total utility cost for space conditioning results. 
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Figure 4.17.  Shape and orientation total utility cost  for space conditioning analysis ($/yr per sq.ft.).  
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SHAPE S 

0º 
SSW 
22.5º 

SW 
45º 

WSW 
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

Rectangle $0.2949 $0.2983 $0.3031 $0.3022 $0.3004 $0.3024 $0.3034 $0.2987
Square $0.2979 $0.3001 $0.3026 $0.2997 $0.2971 $0.2999 $0.3029 $0.3004
L-Shape $0.2547 $0.2566 $0.2590 $0.2572 $0.2559 $0.2580 $0.2603 $0.2577
U-Shape $0.2608 $0.2634 $0.2665 $0.2653 $0.2645 $0.2658 $0.2669 $0.2635
Courtyard $0.2677 $0.2698 $0.2728 $0.2718 $0.2705 $0.2720 $0.2729 $0.2698

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE 
292.5º 

SE  
315º 

SSE 
337.5º 

Rectangle $0.2956 $0.2989 $0.3034 $0.3024 $0.3005 $0.3023 $0.3030 $0.2981
Square $0.2985 $0.3007 $0.3029 $0.2999 $0.2971 $0.2998 $0.3025 $0.2999
L-Shape $0.2553 $0.2571 $0.2592 $0.2575 $0.2563 $0.2583 $0.2603 $0.2573
U-Shape $0.2609 $0.2635 $0.2669 $0.2655 $0.2643 $0.2657 $0.2667 $0.2635
Courtyard $0.2678 $0.2698 $0.2726 $0.2717 $0.2704 $0.2721 $0.2729 $0.2696

 
Table 4.9.  Shape and orientation utility cost  for space conditioning analysis ($/yr per sq.ft.).  

 

 
 

Comparing the total utility cost for space conditioning among the different shapes, the 

results showed that the L-shape, U-shape, and courtyard shapes had the lowest utility costs per 

square feet, around or below $0.27 a year.  The more compact shapes, the rectangle and 

square, see an average increase of about 10-11% to about $0.30 annually per square feet for 

the use of the central air conditioning and gas furnace systems.   

The following section creates a matrix for potential homeowners on total costs, as well 

as the energy used on these systems.  

 

4.10 Energy and utility cost for space conditioning matrix. 

 
Tables 4.10. through 4.14. in this section show each shape along the 16 different 

orientations with the corresponding utility costs and the amount of energy used on each per 

year.  These are subdivided into electrical and gas sub categories.  Using this data a potential 

homebuyer can have a clear understanding on how much money he or she would need to 

spend on space conditioning costs based on the type of shape and orientation a residence has.   
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As mentioned in the introduction the 2015 Nevada Energy Fact Sheet lists the average 

electrical energy consumption of a Nevada residence at 12,154 kWh a year, while the 

residential gas use per household at 313.5 therms.  This information is used to identify the 

percentage of energy used on space conditioning compared to the total amount of energy an 

average household uses in the state of Nevada.  As an example the square base model 

orientated south uses 14% of the total annual electricity that a normal household of Nevada 

uses to run its air conditioning system.  A more evident and greater impact is seen on how much 

natural gas is spent in heating compared to the total residential Nevada gas use of 313.5 

therms.  The base mode courtyard units use about 76-78% of this total on space heating during 

the winter months. 

The goal of the matrix is to have developers come up with similar information when they 

advertise residential units for sale.  Potential homebuyers can in turn become aware of the 

annual energy spent and utility costs on cooling and heating a residence, therefore making a 

more informed decision on which residence or unit type to buy. 
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 S 

0º 
SSW  
22.5º 

SW 
45º 

WSW  
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

 

   
(E) $/yr $304.16 $308.34 $314.83 $314.38 $312.54 $314.30 $314.59 $308.01
(G) $/yr $226.65 $228.63 $230.66 $229.52 $228.28 $230.07 $231.49 $229.59
Total $/yr $530.80 $537.00 $545.50 $543.90 $540.80 $544.40 $546.10 $537.60
     
kWh/yr 1,849 1,885 1,943 1,940 1,923 1,940 1,940 1,882
% of NV 
total kWh 
use 15.2%  15.5%  16.0% 16.0% 15.8% 16.0%  16.0%  15.5%
     
therms/yr 149.2 151.4 153.8 152.5 151.1 153.1 154.7 152.6
% of NV 
total 
therm/yr 
use 47.6%  48.3%  49.1% 48.6% 48.2% 48.8%  49.3%  48.7%

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE  
292.5º 

SE  
315º 

SSE  
337.5º 

 

   
(E) $/yr $303.88 $308.08 $314.63 $314.41 $312.73 $314.63 $315.00 $308.41
(G) $/yr $228.16 $229.90 $231.59 $229.98 $228.19 $229.42 $230.38 $228.19
Total $/yr $532.00 $538.00 $546.20 $544.40 $540.90 $544.10 $545.40 $536.60
     
kWh/yr 1,846 1,885 1,940 1,940 1,926 1,943 1,946 1,885
% of NV 
total kWh 
use 15.2%  15.5%  16.0% 16.0% 15.8% 16.0%  16.0%  15.5%
     
therms/yr 150.9 152.9 154.9 153 151 152.4 153.5 151
% of NV 
total 
therm/yr 
use 48.1% 48.8% 49.4% 48.8% 48.2% 48.6% 49.0% 48.2%

 
Table 4.10.  Rectangular shape builder/homebuyer space conditioning cost and energy use matrix. 
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 S 

0º 
SSW  
22.5º 

SW 
45º 

WSW  
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

 

   
(E) $/yr $284.29 $286.63 $289.55 $286.23 $283.07 $285.96 $289.07 $286.15
(G) $/yr $192.36 $193.54 $194.64 $193.31 $192.23 $193.89 $195.51 $194.51
Total $/yr $476.70 $480.20 $484.20 $479.50 $475.30 $479.90 $484.60 $480.70
     
kWh/yr 1,703 1,723 1,750 1,720 1,691 1,717 1,747 1,720
% of NV 
total kWh 
use 14.0% 14.2% 14.4% 14.2% 13.9% 14.1% 14.4% 14.2%
     
therms/yr 131.7 133.3 134.8 133 131.5 133.8 136 134.7
% of NV 
total 
therm/yr 
use 42.0% 42.5% 43.0% 42.4% 41.9% 42.7% 43.4% 43.0%

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE  
292.5º 

SE  
315º 

SSE 
337.5º 

 

   
(E) $/yr $283.99 $286.41 $289.34 $286.22 $283.24 $286.32 $289.49 $286.54
(G) $/yr $193.57 $194.68 $195.40 $193.67 $192.13 $193.34 $194.52 $193.36
Total $/yr $477.60 $481.10 $484.70 $479.90 $475.40 $479.70 $484.00 $479.90
     
kWh/yr 1,700 1,720 1,747 1,720 1,700 1,720 1,747 1,720
% of NV 
total kWh 
use 14.0% 14.2% 14.4% 14.2% 14.0% 14.2% 14.4% 14.2%
     
therms/yr 133.4 134.8 135.9 133.5 133.4 134.8 135.9 133.5
% of NV 
total 
therm/yr 
use 42.6% 43.0% 43.3% 42.6% 42.6% 43.0% 43.3% 42.6%

 
Table 4.11.  Square shape builder/homebuyer space conditioning cost and energy use matrix. 
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 S 

0º 
SSW  
22.5º 

SW 
45º 

WSW  
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

 

   
(E) $/yr $365.10 $367.19 $370.99 $367.55 $365.90 $369.91 $374.16 $369.41
(G) $/yr $246.20 $248.71 $250.51 $249.65 $248.34 $249.19 $250.67 $249.00
Total $/yr $611.30 $615.90 $621.50 $617.20 $614.20 $619.10 $624.80 $618.40
     
kWh/yr 2,436 2,453 2,488 2,456 2,441 2,479 2,515 2,471
% of NV 
total kWh 
use 20.0%  20.2%  20.5% 20.2% 20.1% 20.4%  20.7%  20.3%
     
therms/yr 205.3 208.7 211.2 210 208.2 209.3 211.4 209.1
% of NV 
total 
therm/yr 
use 65.5%  66.6%  67.4% 67.0% 66.4% 66.8%  67.4%  66.7%
 N 

180º 
NNE 

202.5º 
NE 

225º 
ENE 

247.5º 
E 

270º 
ESE  

292.5º 
SE  

315º 
SSE  

337.5º 
 

   
(E) $/yr $364.87 $367.26 $370.96 $368.47 $367.23 $371.54 $375.42 $370.24
(G) $/yr $247.90 $249.76 $251.05 $249.46 $247.78 $248.40 $249.28 $247.21
Total $/yr $612.80 $617.00 $622.00 $617.90 $615.00 $619.90 $624.70 $617.50
     
kWh/yr 2,433 2,453 2,488 2,465 2,456 2,494 2,529 2,479
% of NV 
total kWh 
use 20.0%  20.2%  20.5% 20.3% 20.2% 20.5%  20.8%  20.4%
     
therms/yr 207.6 210.1 211.9 209.7 207.4 208.3 209.5 206.7
% of NV 
total 
therm/yr 
use 66.2%  67.0%  67.6% 66.9% 66.2% 66.4%  66.8%  65.9%

 
Table 4.12.  L-shape builder/homebuyer space conditioning cost and energy use matrix. 
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 S 

0º 
SSW  
22.5º 

SW 
45º 

WSW  
67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

 

   
(E) $/yr $364.43 $368.81 $374.93 $373.53 $372.13 $373.96 $375.34 $368.77
(G) $/yr $251.75 $253.51 $254.87 $253.51 $252.74 $254.12 $255.47 $253.88
Total $/yr $616.20 $622.30 $629.80 $627.00 $624.90 $628.10 $630.80 $622.70
     
kWh/yr 2,430 2,468 2,523 2,509 2,497 2,515 2,526 2,465
% of NV 
total kWh 
use 20.0%  20.3%  20.8% 20.6% 20.5% 20.7%  20.8%  20.3%
     
therms/yr 212.9 215.3 217.1 215.3 214.2 216.1 218 215.8
% of NV 
total 
therm/yr 
use 67.9%  68.7%  69.3% 68.7% 68.3% 68.9%  69.5%  68.8%

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE  
292.5º 

SE  
315º 

SSE 
 337.5º 

 

   
(E) $/yr $363.68 $368.60 $374.93 $373.23 $371.92 $373.85 $375.40 $369.12
(G) $/yr $252.71 $254.12 $255.69 $254.12 $252.71 $253.94 $254.93 $253.47
Total $/yr $616.40 $622.70 $630.60 $627.40 $624.60 $627.80 $630.30 $622.60
     
kWh/yr 2,424 2,465 2,523 2,506 2,494 2,515 2,526 2,468
% of NV 
total kWh 
use 19.9%  20.3%  20.8% 20.6% 20.5% 20.7%  20.8%  20.3%
     
therms/yr 214.1 216.1 218.2 216.1 214.2 215.9 217.3 215.2
% of NV 
total 
therm/yr 
use 67.9%  68.7%  69.3% 68.7% 68.3% 68.9%  69.5%  68.8%

 
Table 4.13.  U-shape builder/homebuyer space conditioning cost and energy use matrix. 
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 S 

0º 
SSW  
22.5º 

SW 
45º 

WSW 
 67.5º 

W 
90º 

WNW 
112.5º 

NW 
135º 

NNW 
157.5º 

 

   
(E) $/yr $360.50 $363.98 $369.32 $368.17 $366.05 $368.41 $369.37 $363.65
(G) $/yr $270.11 $271.58 $273.39 $272.23 $271.13 $272.44 $273.59 $271.97
Total $/yr $630.60 $635.60 $642.70 $640.40 $637.20 $640.90 $643.00 $635.60
     
kWh/yr 2,392 2,424 2,471 2,462 2,441 2,462 2,471 2,421
% of NV 
total kWh 
use 19.7% 19.9% 20.3% 20.3% 20.1% 20.3% 20.3% 19.9%
     
therms/yr 238 240 242.4 240.8 239.3 241.2 242.7 240.5
% of NV 
total 
therm/yr 
use 75.9% 76.6% 77.3% 76.8% 76.3% 76.9% 77.4% 76.7%

 N 
180º 

NNE 
202.5º 

NE 
225º 

ENE 
247.5º 

E 
270º 

ESE  
292.5º 

SE  
315º 

SSE 
 337.5º 

 

   
(E) $/yr $360.29 $363.60 $368.88 $368.11 $366.41 $368.94 $369.85 $363.99
(G) $/yr $270.65 $272.07 $273.42 $272.04 $270.72 $272.03 $273.08 $271.24
Total $/yr $630.90 $635.70 $642.30 $640.20 $637.10 $641.00 $642.90 $635.20
     
kWh/yr 2,389 2,421 2,468 2,462 2,444 2,471 2,477 2,424
% of NV 
total kWh 
use 19.7% 19.9% 20.3% 20.3% 20.1% 20.3% 20.4% 19.9%
     
therms/yr 238.7 240.7 242.5 240.6 238.8 240.6 242 239.5
% of NV 
total 
therm/yr 
use 76.1% 76.8% 77.4% 76.7% 76.2% 76.7% 77.2% 76.4%

 
Table 4.14.  Courtyard shape builder/homebuyer space conditioning cost and energy use matrix. 
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4.11 Subdivision community space conditioning energy analysis. 

 
The first step in analyzing the energy spent on space conditioning by a subdivision 

community was to try to match the existing unit types to the base models simulated in BEopt in 

the previous sections.  As seen in Table 4.15., the square unit was used to represent unit types 

A and G, while the rectangle one represented unit types B, C, D, and E, last the U-shape base 

model represented the largest floor plan unit in Central Park Estates. 

Next, these base models were placed in orientations that matched the original layout 

done by the developers of the community, with Figure 4.17. showing which units had a 0° south 

orientation in light gray and which had a 180° west facing one.  The majority of the units, 192 of 

them, had the latter west orientation.   

After doing a walk though the neighborhood and measuring the proximity of each 

residence to one another, there was a distance of about ten feet between each one.  Therefore 

a separate simulation was done on the three shapes along the south 0° and west 180° 

orientations to reflect this change as the original simulation had no surrounding neighbors in this 

input parameter.  These results are seen on tables 4.16., 4.17., and 4.18. 

Multiplying the total kWh/yr of each unit by the number of units represented in the site 

plan layout of Figure 4.17., a total of 1,703,853.6 kWh/yr were used as a community, as shown 

in Tables 4.19. and 4.20.  All 192 units that had a west orientation were then flipped to face 

south and the totals were added once again, shown in Tables 4.21. and 4.22.  Finally the 

difference between these two was calculated, with a potential savings of 108,058.4 kWh yearly 

by properly orienting the west facing homes or about a 7% savings from the original layout.  

Another way to look at it is that just about nine Nevada households could get free electricity 

each year if a community like Central Park Estates would optimally orient their residences to 

save energy in space conditioning. 
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Figure 4.18.  Central Park Estates unit layout based on residence size  and residences orientation.  

 

 

 
SHAPE SQ.FT. UNIT TYPE TO 

REPRESENT
SQ.FT.OF ORIG INAL 

UNITS
# OF UNITS TOTAL 

SQ.FT. 
Squre 1,600 A,G 1,322/1,457 30 48,000

Rectangle  1,800 B,C,D,E 1,593/1,784/1,893/1,977 208 374,400
U-shape 2,363 F 2,211 24 56,712

Total  262 479,112
 

Table 4.15.  Central Park Estates unit types based on original residence size and orientation. 
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Rectangle Site 
Energy Use (kWh/yr) 

S 
0º 

W 
90º 

Rectangle Annualized 
Utility Bills ($/yr) 

S 
0º 

W 
90º 

    
Vent Fan (E) 20.5 20.5 Fixed Charge (E) $95.99 $95.99
HVAC Fan (E) 407.3 492.2 Fixed Charge (G) $95.99 $95.99
Cooling (E) 1,078.2 1,359.5 Energy Charge (E) $169.64 $210.78
Heating (G) 4,439.0 4,688.0 Energy Charge (G) $132.66 $140.10
Total 5,947.9 6,563.2 Total $494.30 $542.90

 
Table 4.16.  Space conditioning energy use and utility cost adjusted for neighbors at a 10' offset for rectangular 

shape. 

 

 

Square Site Energy 
Use (kWh/yr) 

S 
0º 

W 
90º 

Square Annualized 
Utility Bills ($/yr) 

S 
0º 

W 
90º 

    
Vent Fan (E) 20.5 20.5 Fixed Charge (E) $95.99 $95.99
HVAC Fan (E) 363.3 430.7 Fixed Charge (G) $95.99 $95.99
Cooling (E) 955.2 1,186.7 Energy Charge (E) $148.06 $181.19
Heating (G) 4,049.3 4,266.1 Energy Charge (G) $101.07 $106.53
Total 5,391.2 5,918.6 Total $441.10 $479.70

 
Table 4.17.  Space conditioning energy use  and utility cost adjusted for neighbors at a 10' offset for square shape.  

 

 
U-shape Site Energy 
Use (kWh/yr) 

S 
0º 

W 
90º 

U-shape Annualized 
Utility Bills ($/yr) 

S 
0º 

W 
90º 

     
Vent Fan (E) 20.5 20.5 Fixed Charge (E) $95.99 $95.99
HVAC Fan (E) 588.9 635.8 Fixed Charge (G) $95.99 $95.99
Cooling (E) 1,599.8 1,769.7 Energy Charge (E) $244.51 $268.31
Heating (G) 5,986.0 5,927.4 Energy Charge (G) $149.46 $148.02
Total 8,204.0 8,350.5 Total $586.00 $608.30

 
Table 4.18.  Space conditioning energy use and utility cost adjusted for neighbors at a 10' offset for U- shape. 
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S 
0º 

W 
90º Total 

Rectangle #units 57 151 208
 kWh/yr 339,030.3 991,043.2 1,330,073.5
Square #units 6 24 30
 kWh/yr 32,347.2 142,046.4 174,393.6
U-shape #units 7 17 24
 kWh/yr 57,428.0 141,958.5 199,386.5

  
Table 4.19.  Space conditioning energy use results for 3 distinct unity types on the Central Park Estates site.  

 

 
Totals  
kWh/yr 1,703,853.6
 

Table 4.20.  Total space conditioning energy use results on 262 residences in the Central Park Estates site.  

 

 

  
S 
0º 

W 
90º Total 

Rectangle #units 208 0 208
 kWh/yr 1,237,163.2 0 1,237,163.2
Square #units 30 0 30
 kWh/yr 161,736.0 0 161,736.0
U-shape #units 24 0 24
 kWh/yr 196,896.0 0 196,896.0

  
Table 4.21.  Space conditioning energy use results for 3 distinct unity types optimized for orientation on the Central 

Park Estates site.  

 

 
Totals  
kWh/yr 1,595,795.2

 
Table 4.22.  Total space conditioning energy use results for 262 residences with optimized orientation on Central 

Park Estates site.  
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Totals  
 1,703,853.6 - 1,595,795.2 
kWh/yr 108,058.4

 
Table 4.23.  Total potential space conditioning energy use savings from optimized residences on Central Park 

Estates site. 
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CONCLUSION 

 
At the early design stage, appropriate orientation and shape considerations can be 

studied, analyzed and implemented quite easily.  They are also a low cost energy efficiency 

technique that can be used before more complex active techniques and systems may be 

implemented.  This paper’s aim was to simulate and model the impact of building shape and 

orientation for new residences in the southern Nevada region and to provide evidence and 

support for earlier decisions in the design process.  The results can be used to provide more 

sustainable approach in creating low-energy residential buildings as well as larger community 

developments and see how much energy may be saved at a larger scale.   

A brief comparison is also provided in Table 4.24. comparing the characteristics and 

results of this study with ones done by Bostancloglu and Morrisset el al.  It is significant to note 

that shape changes have more impact in energy than orientation in all three research paper.  

Moreover, all studies have in common finding solutions to how adapt plans for single family 

residences for volume builders. 

As discussed earlier, overall building orientation of the shapes resulted on energy 

savings of up to 4%, while the savings in energy between the shapes themselves could be of up 

to 15% Therefore selecting the appropriate shape for a residence becomes a significant 

decision early in the design process and fine tuning its orientation a good next step.   

Most of the energy that was spent in space conditioning came from heating the base 

model homes, with most requiring between 70% to 75% of the total to power the gas furnace.  

For heating purposes the more compact the shape was, the better it performed, though still 

requiring a great percentage of the total energy in space conditioning.   It would seem 

appropriate that to offset the larger heating needs perhaps different passive or active strategies 

can be used to lower this energy demand. 
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More variation existed in shape and orientation for the cooling loads and were not as 

static as the heating analysis performed.  Interestingly, some shapes performed better at 

different orientations than others.  A designer can look at opportunities here if other angles are 

required because of site constraints like city girds, natural formations, setbacks,  or views to see 

which shapes may behave better at these orientations, in turn select one that responds well to 

cooling loads and decide to offset the higher heating loads by other means.  The data and 

matrices generated can hopefully encourage designers to use a similar process as an 

affordable passive solar design technique. 

Moreover, an interesting finding was that even though the literature review and basic 

passive design rules of thumb have always pointed to rectangular buildings in an east and west 

direction as best practice in the region, a square and L-shape could also be used with minimal 

increase in energy use.   A difference of only 1-2% more energy use resulted among these two 

shapes along the different orientations compared to the rectangle.  The square shape even 

performed better over all in the east and west orientations.    

If a developer would like to repeat a unit type and mass produce it for subdivision, the 

rectangle form actually performs the worst in orientation changes.   Instead, the analysis 

performed on this paper would recommend the use of a square plan, as it performs better 

overall around the different orientations. 

Another significant finding was that for space conditioning utility cost per square foot, the 

L-shape also performed better than the compact square and rectangle shape.  It is important to 

note that current energy prices in electricity and gas utility charges are affordable to 

homeowners.  The study showed an increase of only 1% to 2% between orientations or no more 

than $15 in yearly costs for space conditioning.  Similarly between the different shapes there 

was an average increase of $122 in utility costs for space conditioning, which is an increase of 

only $10 per month.  However, a more significant finding was the annual savings that could be 

obtained on the layout of residences in larger subdivision developments that are present in the 



 81

Las Vegas region.   A  more meaningful impact was seen by simply orienting the variety of units 

to the more optimal south facing direction, about nine households in Nevada could be given free 

electricity yearly.   

As the Nevada population increases and the demand for single family detached 

residences continues, the design and construction industry needs to take a more careful look in 

the layout of these communities to reduce their energy demands.  The lesson learned here is 

that having residential designers, builders, and developers become more aware of studies like 

this one and can help them to see how low cost initial design decisions on shape and orientation 

can have a significant impact in energy savings for single homes and community developments.   

Additional research and analysis can be performed using designs of multiple unit types and floor 

plans of  single family homes that are mass produced for communities in the Southern Nevada 

region.  Additionally, if these industries start providing energy and cost data to potential 

homebuyers, similar to the matrices produced on this paper, as a standard practice there will be  

an added awareness by consumers. 
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 This paper (2015) Bostancioglu (2010) Morrisset et al. (2011) 
Location Las Vegas Istanbul Melbourne 
Climate Hot Arid Warm temperate dry Temperate, Mild 

Climate 
Latitude 36º 10' N 40º 58' N 37° 48' S 
Shape/plans studied 5 4 81 
Areas (sq.ft.) range 1,600-2400 4305-4478 947-3681 
Type of residence Detached Attached Detached 
Typical Wall R-value R-13 Detailed material list 

provided in paper. 
R-11.3 (brick wall) 

Typical Roof R-value R-30 Detailed material list 
provided in paper. 

R-20 

Glazing Specs Double Glazing Detailed material list 
provided in paper. 

Double Glazing 

Energy simulation 
software 

BEopt - AccuRate 

Orientation 
Conclusions 

Square plan performs 
better around different 
orientations. 
 
4% difference along 
orientations. 

0.86% difference due to 
orientation changes. 

Floor area most 
significant factor in 
terms of adaptability to 
orientation change. 

Shape Conclusion L-shape & square shape 
can perform almost as 
good as the rectangular 
shape. 

Increase change in shape 
(exterior wall area/floor 
area increase) will cause 
energy cost, construction 
cost and life cycle costs to 
increase.  
 
Building shape changes 
can increase up to 
26.92% in energy cost. 

- 

Volume Building Square plan will perform 
better for larger 
residential developments  

 More energy efficient 
built homes are better 
suited for volume 
building construction, 

 
Table 4.24.  Orientation and shape studies summaries.  
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APPENDIX A: DEFINITION OF TERMS 

 
Active Solar System -  A system that uses mechanical devices and an external energy source in 

addition to solar energy, to collect, store, and distribute thermal (heat) energy.  

 

Azimuth - Angle between the north vector and the perpendicular projection of the star down onto 

the horizon. Azimuth is usually measured in degrees (°) 

 

Building Envelope - the physical separator between the exterior and interior of a building.  The 

included walls, foundations, roofs, glazing, thermal insulation, thermal mass, shading devices, 

and doors. 

 

Construction Documents -  Next phase after design development, the construction document 

phase produces drawings in greater detail. These include specifications for construction details 

and materials.  

 

Direct Solar Gain - Direct gain is the collection and containment of radiant solar energy within 

the occupied space. 

 

Design Development - Referred as DD, design development takes the initial design documents 

from the schematic design laying out mechanical, structural, and architectural details.  The level 

of detail is determined by the project requirements and owners request. 

 

Killowatt Hour (kWh) - a kilowatt-hour  is a unit of energy equivalent to one kilowatt (1 kW) of 

power sustained for one hour.  
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Passive Solar Design - The use of the energy from the sun for heating and cooling of living 

spaces. 

 

Schematic Design - first phase of services provided by an architect where project goals and 

requirements are determined with the owner.  Typical deliverables in this phase include site 

plan, floor plans, sections, and elevations. 

 

Space Conditioning - Space conditioning nvolves providing heating or cooling to an area and 

controlling the interior temperature. 

 

Solar Gain - the increase in temperature in space as a result of solar radiation. 

 

Thermal comfort - thermal comfort  is the condition of mind that expresses satisfaction with the 

thermal environment and is assessed by subjective evaluation. 

 

Therms - The therm (symbol thm) is a non-SI unit of heat energy equal to 100,000 British 

thermal units (BTU). It is approximately the energy equivalent of burning 100 cubic feet (often 

referred to as 1 CCF) of natural gas.  
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APPENDIX B: IECC 2009 
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