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Abstract 

 

Parametric Energy Modeling for Climate Dependent Guidelines 

 

Cristian Enrique Morales, MSSD 

The University of Texas at May, 2013 

 

Supervisor:  Michael Garrison 

 

The purpose of this thesis is to develop a simple tool that can help designers and 

researchers obtain general guidelines for buildings in terms of energy usage and LCC. 

Another objective of this thesis is to apply this tool to residential buildings in order to 

understand which variables are relevant in terms of energy consumption and LCC costs. 

A one-story rectangular house was parameterized in terms of five variables: total 

glazing area; south window-to-wall ratio (WWR); east and west WWR (which are 

symmetrical for these two facades); insulation width; and window type (ranging from a 

single clear window to a double low e-clear argon filled window). A high average glazing 

area (30-40% of floor area) was applied in order to increase energy loads and to augment 

the importance of the window properties.  

Simulation was performed through Energy-plus (in conjunction with a code 

developed especially for this project) for three cities: Austin, Boston, and Seattle. A total 

of 1055 simulations were run for each city. The experiment showed that only the total 

glazing area, the E-W WWR and the window types were relevant variables. The former 

variable is highly correlated with total energy consumption across all cities.  Another 
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important conclusion was that each variable’s effect on energy consumption worked 

independently of each other, as there were no considerable differences when analyzing  

variables individually, as opposed to analyzing them holistically. 

Results showed that, for Austin and Boston, it was possible to reduce energy 

loads by 35% and 27% respectively with a double low-e green window (as compared to a 

single clear window). Similarly, Seattle showed a reduction of 29% for a double low e-

clear argon filled window. Nevertheless, the simplest type of window (type 1) presented 

the best results in terms of LCC. Therefore, we can conclude that only under a high-

energy demand situation, such as with office buildings, would it be possible to obtain 

positive LCC results for double glazed windows. Consequently, double glazed windows 

will not present positive economical results in typical residential buildings. 

A second simulation was performed under a tighter HVAC schedule and higher 

internal loads. In this new scenario, the best windows were the same as with the first 

simulation, but maximum energy savings were higher: 50%, 34% and 35% for Austin, 

Boston, and Seattle, respectively. Nevertheless, when considering LCC, a double-clear 

window presented the best results for Austin, Boston, and Seattle, with 17%, 11%, and 

5% reductions in costs respectively compared to the type 1 window.  

Therefore, if designers are only concerned with costs, the problem of what 

window to choose becomes non-trivial only for high-energy demand cases.  
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Chapter 1 

INTRODUCTION 

Since the 1970s, energy simulation has rapidly evolved becoming a discipline of its 

own. It builds on theories from mathematics, physics, computational sciences, material 

science, etc., and as advancements in technology continue to grow, so does the utilization 

of simulation tools.
1
  

In expanding the use of Energy modeling, we encounter Parametric modeling, which 

the business industry has focused for its potential of exploring a large spectrum of design 

options, and for its potential of assisting in the design stage, making the process more 

efficient. It is necessary, first, to define parametric modeling. Paraphrasing Shea,
2
   

parametric modeling can be described as the use of geometric constraints as well as 

dimensional relations and data in order to automatically generate multiple models. An 

example of this modeling can be seen in Gulens work3 for designing row houses. 

Nevertheless, energy efficiency through parametric modeling has not been vastly 

explored in the literature and the examples that exist utilize extremely complex 

computational codes and software, which requires specific knowledge and skills. Thus, 

making it hard to obtain quick solutions a diverse set of problems.  

                                                 
1 Ali Malkawi and Godfried Augenbroe, “Advanced Building simulation,” in Advanced Building 

simulation, 2003, 1. 
2 Kristina Shea, Robert Aish, and Marina Gourtovaia, “Towards integrated performance-driven generative 

design tools,” Automation in Construction 14, no. 2 (March 2005): 253-264. 
3 Çaǧdaş Gülen, “A shape grammar model for designing row-houses,” Design Studies 17, no. 1 (January 

1996): 35-51. 
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Some parametric studies focus on one aspect of the building’s performance, such as 

ventilation4 or daylighting,5 or they focus on a specific characteristic, such as windows 

properties.6 Overall, very few studies have focused on general aspects of a building, such 

as width, length, height, materials, etc., and the optimization of such values in terms of 

energy efficiency.  None have focused on multiple dimensions at the same time while 

including a Life cycle cost analysis. Such approach is considered to be of paramount 

importance, as many agents in the building industry are only driven by financial results. 

SUSTAINABILITY 

According to the U.S. Department of Energy, in 2010 the buildings sector accounted 

for approximately 41% of primary energy consumption in the United Stated, which 

represents 44% more than the transportation sector and 36% more than the industrial 

sector. Moreover, the U.S alone accounts for about 19% of the whole world’s energy 

consumption.7 

                                                 
4 Jens Pfafferott, Sebastian Herkel, and Martina Jäschke, “Design of passive cooling by night ventilation: 

evaluation of a parametric model and building simulation with measurements,” Energy and Buildings 35, 

no. 11 (December 2003): 1129-1143. 
5 Jaime M.L. Gagne, Marilyne Andersen, and Leslie K. Norford, “An interactive expert system for 

daylighting design exploration,” Building and Environment 46, no. 11 (November 2011): 2351-2364. 
6 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 

doi:10.1016/j.enpol.2011.08.046. 

7 U.S Department of Energy. “Buildings Energy Data Book”, n.d. 

http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=1.1.3. 
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Figure 1.1: Energy consumption figures in the world and the U.S.
8
 

Therefore, it should be of paramount importance to reduce energy consumption in 

this sector. In order to do so, a Cost-benefit analysis of sustainable practices is important 

to persuade the market as it is ruled mainly by economical incentive. It is a personal 

belief that such an approach is essential when dealing with sustainability, especially in 

developing countries or unregulated market. When companies and/or the government are 

not willing to compromise their growth for sustainable practices, sustainability is more 

likely to thrive if it is approached from a cost efficiency point of view.   

  

                                                 
8 U.S Department of Energy. “Buildings Energy Data Book”, n.d. 

http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=1.1.3. 
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DESCRIPTION AND RELEVANCE OF THE PROJECT 

As mentioned before, only a few studies have focused on overall energy performance 

based on aggregated building characteristics and have utilized intricate software that 

yielded specific solutions based on specific criteria (e.g. finding a shading device shape 

to minimize energy consumption but allowing a minimum of light). Although it can yield 

interesting and valid insights for a specific research motive, performing a parametric 

simulation based on just one characteristic or for just one setup will not provide solutions 

or insights that can be transferable to other situations. This shortcoming will be discussed 

in more detail in the next Chapter. 

Therefore, this thesis project will contribute to the literature and existing software by 

elaborating a simple tool capable of simulating multiple scenarios for house construction, 

based on the  a set of relevant building characteristics simulated holistically. By means of 

this tool, developers and researchers can obtain insight for future developments based on 

the best performance cases and it will also be tested to evaluate the cost-efficiency of 

double glaze windows. The tool will use the energy simulation software Energy Plus as 

the base software. The methodology will be tested in some cases, with special focus on 

fenestration type, as literature reveals it as an important trend in the market and a 

powerful modifying agent on energy performance. Also, the tool will involve an 

economical evaluation (almost inexistent in the literature) that is believed to be of great 

importance as discussed previously.   

A simple rectangular typical house is modeled and parameterized
 

in terms of 

variables such as width-length ratio, window-to-wall ratio and insulation thickness. The 
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tool will allow the user the possibility of changing all the variables included in the model 

and important parameters such as orientation and volume, without having to perform 

individually each simulation. This way an important number of combinations can be 

tested with ease. The process will be described later with detail. 

Finally the tool will reveal what are the most influential variables, and what are the 

best combinations for these. 
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Chapter 2 

THEORETICAL BACKGROUND 

2.1 U-factor 

 

The rate of non-solar heat transfer through a whole window in Btu/(hr∙ft
2
∙°F) or 

W/(m
2
K). The lower the U-factor, the better a window’s insulating value. 

2.2 Solar Heat Gain Coefficient (SHGC) 

 

The fraction of incident solar heat admitted through a window. Therefore, it ranges 

from 0% to a 100%. Appropriate SHGC depends on the climate, orientation, and shading 

conditions.  

2.3 Life Cycle Cost (LCC) 

 

Sum of all recurring and one-time costs over the life span or a specified period of 

a good, service, structure, or system. Future costs are discounted at a determined discount 

rate which depends on the investment opportunities of the agent interested in the LCC 

analysis. 

http://www.businessdictionary.com/definition/sum.html
http://www.businessdictionary.com/definition/costs.html
http://www.businessdictionary.com/definition/period.html
http://www.investorguide.com/definition/good.html
http://www.investorguide.com/definition/service.html
http://www.businessdictionary.com/definition/structure.html
http://www.businessdictionary.com/definition/system.html
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LITERATURE REVIEW 

2.1 Energy simulation validity 

During the last five decades, a handful of building energy simulation programs have 

been developed and perfected. Crawley et al.
9
  presents a comparison of the 20 most used 

programs. In particular, it is interesting to note the comparison in the fields of ‘Result 

Reporting’ and ‘Validation,’ as they reveal what programs can provide the user with the 

desired information and how validated are their methods. In this regard, programs such as 

DOE-2.1E, ESP-r, TRNSYS and Energy Plus take the lead in terms of results provided 

and validity of results. 

However, the validation of internal methods seems secondary when simulation is not 

yielding similar results to the actual building’s performance. One experienced researcher 

stated that a ‘good simulation’ ought to be within the five percent of the real energy 

consumption.10 Nevertheless, in order to asses this it is necessary to measure post 

occupancy results, which in practice is rarely done. As a consequence, studies comparing 

the simulated performance to the actual performance are not abundant. One study 

evaluated the performance of 21 LEED certified buildings in the U.S.11 The sample 

included office, residential, educational and multipurpose buildings, ranging from 6,100 

ft
2
 to 411,987 ft

2
. The study found that that for the 18 buildings for which they had the 

modeled to actual electricity bill ratio, the average mean of such index was 99%. 

                                                 
9 Drury B. Crawley et al., “Contrasting the capabilities of building energy performance simulation 

programs,” Building and Environment 43, no. 4 (April 2008): 661-673. 
10 James P. Waltz and Waltz, Computerized Building Energy Simulation Handbook (CRC Press, 2000). 
11 Cathy Turner, LEED Building Performance in the Cascadia Region:A Post Occupancy Evaluation 

Report (Cascadia Region Green Building Council, 2006). 
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Nonetheless, when seen individually, the same ratio goes as low as 18% and as high as 

225%.  Interestingly, in all cases, the building performs better than a typical building of 

the same characteristics (baseline case). One similar study, and probably the biggest one 

in this topic, was performed by the U.S. Building Council. It analyzed metered energy 

performance versus designed energy performance for 121 LEED buildings.
12

 Figure 1 

presents the information collected. The report states that half of the projects deviate more 

that 50% from the projected performance, with 30% of the cases significantly better and 

25% of the cases significantly worse than expected. Nevertheless, and as seen in Figure 

1, the as-built measurements tend to roughly correlate to the designed measurements. 

 

 

Figure 2.1: Measured vs. Design Energy
13

 

                                                 
12 Cathy Turner and Mark Frankel, Energy Performance of LEED® for New Construction Buildings (U.S. 

Green Building Council, 2008). 
13 Cathy Turner and Mark Frankel, Energy Performance of LEED® for New Construction Buildings (U.S. 

Green Building Council, 2008). 
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In another similar study, by Norford et al.,
14

 the authors found that the predicted 

energy usage was underestimated on average by 150%. They estimated that 64% of the 

underestimation was due to unexpected human behavior related to the occupation of 

electric equipment. Other causes included HVAC systems not working properly, or 

working for more hours than expected. 

Overall, energy modeling lacks in consistency and shows to be inaccurate in some 

aspects, but it is undeniable that it can provide useful insights for designers and 

researchers, especially when they are looking for guidelines and not precise numbers. 

2.2 Parametric modeling 

Form assisted parametric design 

A wide variety of software exists for assessing buildings in terms of energy 

consumption, natural and artificial lighting usage and even acoustics performance 

(TRNSYS, Energy Plus, DOE2.1E, etc).  

As mention before, parametric modeling has caught the attention of the building 

industry for its potential of automatically exploring a large spectrum of design options, 

and for its potential to save money in the long run. Multivariate optimization has been 

conducted by a number of researchers. Despite its great potential, this strategy has not 

been vastly explored in the literature, and the typical approach utilizes extremely 

sophisticated computational codes and software. In one survey, the authors compile a list 

                                                 
14 L.K. Norford et al., “Two-to-one discrepancy between measured and predicted performance of a ‘low-

energy’ office building: insights from a reconciliation based on the DOE-2 model,” Energy and Buildings 

21, no. 2 (1994): 121-131. 
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of different types of generative design techniques seen in literature.
15

 These sophisticated 

methods include Cellular Automata (CA),
16

 Genetic Algorithms (GA)
17 

and Shape 

Grammars (SG),
18 

among others. These techniques start with an initial stage and through 

a set of rules evolve over time iteratively. The final models are complex and sometimes 

difficult to utilize in real life, as the end solutions might be unrealistic or too expensive. 

This type of modeling has been explored using complex software such as eifForm and 

Leso-DIAL, which automatically assess performance while optimizing the parameters for 

the next iteration. Such experiments have dealt with problems such as optimizing 

structural performance
19

 or experimenting with natural lighting. One example of the latter 

type of study utilizes Sketchup in conjunction with an expert system of a series of fuzzy 

rules for optimization.20 The process is iterative and suggests the user with possible 

routes for the evolution of the design in terms of daylighting performance. The process 

repeats until the designer is satisfied. Although such approach is effective in developing a 

relevant design, it does require a complex program as the main driver, and it only focuses 

on one performance variable, while leaving others unattended. 

                                                 
15 Vishal Singh and Ning Gu, “Towards an integrated generative design framework,” Design Studies, no. 0 

(n.d.), http://www.sciencedirect.com/science/article/pii/S0142694X11000391. 
16 “Chapter VIII The Logic of Automata,” in A SURVEY OF MATHEMATICAL LOGIC, vol. 33 (Elsevier, 

1963), 175-223, http://www.sciencedirect.com/science/article/pii/S0049237X08718482. 
17 John S. Gero and Vladimir Kazakov, “A Genetic Engineering Approach to Genetic Algorithms,” 

Evolutionary Computation 9, no. 1 (Spring 2001): 71-92. 
18 Çaǧdaş Gülen, “A shape grammar model for designing row-houses,” Design Studies 17, no. 1 (January 

1996): 35-51. 
19 Kristina Shea, Robert Aish, and Marina Gourtovaia, “Towards integrated performance-driven generative 

design tools,” Automation in Construction 14, no. 2 (March 2005): 253-264. 
20 Jaime M.L. Gagne, Marilyne Andersen, and Leslie K. Norford, “An interactive expert system for 

daylighting design exploration,” Building and Environment 46, no. 11 (November 2011): 2351-2364. 
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Two studies on skins for passive climatic comfort seek to optimize daylight and 

thermal comfort under large structures in order to reduce the need for energy.21,22 
These 

studies differ from others in that the generation of scenarios and the evaluation are two 

separated stages. This has the advantage of a simpler methodology, using two existing 

software, one for each stage. The first part uses parametric modeling to generate the 

scenarios, and the second part uses performance based exploration and evaluation of 

alternatives utilizing ParaGen. Other studies focus only on one aspect of a buildings 

performance, such as ventilation 23 or daylighting.24 One study by Chantrelle focused on 

the optimization for renovations in buildings considering four simultaneous criteria: 

energy consumption, cost, life-cycle environmental impact and thermal comfort. For this, 

the researchers developed a tool called MultiOpt I, based on an existing optimization 

method, NSGA-II.25. 

Building characteristics 

Four main dimensions appear in literature when reviewing energy simulation and 

building characteristics: HVAC, orientation, window size % properties and insulation. 

                                                 
21 Michela Turrin et al., “Performative skins for passive climatic comfort: A parametric design process,” 

Automation in Construction, no. 0 (n.d.), 

http://www.sciencedirect.com/science/article/pii/S092658051100149X. 
22 Michela Turrin, Peter von Buelow, and Rudi Stouffs, “Design explorations of performance driven 

geometry in architectural design using parametric modeling and genetic algorithms,” Advanced 

Engineering Informatics 25, no. 4 (October 2011): 656-675. 
23 Jens Pfafferott, Sebastian Herkel, and Martina Jäschke, “Design of passive cooling by night ventilation: 

evaluation of a parametric model and building simulation with measurements,” Energy and Buildings 35, 

no. 11 (December 2003): 1129-1143. 
24 Jaime M.L. Gagne, Marilyne Andersen, and Leslie K. Norford, “An interactive expert system for 

daylighting design exploration,” Building and Environment 46, no. 11 (November 2011): 2351-2364. 
25 Chantrelle, Fanny Pernodet, Hicham Lahmidi, Werner Keilholz, Mohamed El Mankibi, and Pierre 

Michel. “Development of a Multicriteria Tool for Optimizing the Renovation of Buildings.” Applied 

Energy 88, no. 4 (April 2011): 1386–1394. 
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An important number of optimization problems have focused on optimization of 

specific characteristics such as HVAC systems. In this regard, one study carried out an 

optimization problem for an absorption chiller system and its ideal characteristics for 

Energy efficiency.26 Researchers have focused on other specific characteristics such 

structural elements, double facades, photovoltaic panels, and form. 27,28,29  

Furthermore, Andersson et al. investigated numerically the impact of building 

orientations on heating and cooling energy loads of a prototypical residential building for 

25 climates in the US. They found that, across all climates, a predominant orientation of 

the windows to the south had total loads significantly lower than the same building 

oriented east or west.30 This phenomenon can also be explained theoretically utilizing 

geographical conditions and sun geometry.31  

Other studies have shown, by means of simulation, that although a thicker insulation 

helped in reducing heating energy use, it sometimes also impacted negatively on cooling 

                                                 
26 Chow, T. T., G. Q. Zhang, Z. Lin, and C. L. Song. “Global Optimization of Absorption Chiller System 

by Genetic Algorithm and Neural Network.” Energy & Buildings 34, no. 1 (January 1, 2002): 103–109.  

doi:10.1016/S0378-7788(01)00085-8. 
27 Kumar, Rakesh, A. R. Sinha, B. K. Singh, and U. Modhukalya. “A Design Optimization Tool of Earth- 

to-air Heat Exchanger Using a Genetic Algorithm.” Renewable Energy 33, no. 10 (January 1, 2008): 2282– 

2288. doi:10.1016/j.renene.2008.01.006. 
28 Adamski, Mariusz. “Optimization of the Form of a Building on an Oval Base.” Building and  

Environment 42, no. 4 (January 1, 2007): 1632–1643. doi:10.1016/j.buildenv.2006.02.004. 
29 Marks, Wojciech. “Multicriteria Optimisation of Shape of Energy-saving Buildings.” Building and  

Environment 32, no. 4 (January 1, 1997): 331–339. doi:10.1016/S0360-1323(96)00065-0. 
30 Andersson, Brandt, Wayne Place, Ronald Kammerud, and M.Peter Scofield. “The Impact of Building 

Orientation on Residential Heating and Cooling.” Energy and Buildings 8, no. 3 (August 1985): 205–224. 
31 Shaviv, Edna. “The Influence of the Orientation of the Main Solar Glazing on the Total Energy 

Consumption of a Building.” Solar Energy 26, no. 5 (1981): 453–454. 
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energy use.32,33,34 In a recent study, the simulated annual cooling and heating energy use 

for four different external wall insulation thicknesses for  different climates in China, 

Guangzhou, Shanghai and Beijing showed that energy consumption can be decreased 

significantly by increasing insulation for Beijing, but for Shangai, increasing insulation 

over 26 mm provided not significant reductions.35 Thus, it was considered that insulation 

was an interesting variable to include in this project. 

Literature also reveals that windows are an important part of the energy consumption 

equation. Besides improving the appearance and lighting of a building, they have a 

significant impact on thermal performance as windows allow for solar heat gains or 

conduction heat losses. These phenomena can greatly vary depending on the location and 

quality of fenestration. For this reason, in the last fifteen years low-emisisivity (low-e) 

glazing technology has irrupted in the market and helped significantly in reducing 

window-related energy use.
36

 Estimates indicate that more than 40% of windows sold 

today have low-e coatings.37 As noted by Apte et al, approximately 3% of source energy 

                                                 
32 Bojic, M, F Yik, K Wan, and J Burnett. “Influence of Envelope and Partition Characteristics on the 

Space Cooling of High-rise Residential Buildings in Hong Kong.” Building and Environment 37, no. 4 

(April 2002): 347–355. 
33 Bojic, M, F Yik, and P Sat. “Influence of Thermal Insulation Position in Building Envelope on the Space 

Cooling of High-rise Residential Buildings in Hong Kong.” Energy and Buildings 33, no. 6 (July 2001): 

569–581. 
34 Yu, Jinghua, Changzhi Yang, Liwei Tian, and Dan Liao. “A Study on Optimum Insulation Thicknesses 

of External Walls in Hot Summer and Cold Winter Zone of China.” Applied Energy 86, no. 11 (November 

2009): 2520–2529. 
35 Pan, Dongmei, Mingyin Chan, Shiming Deng, and Zhongping Lin. “The Effects of External Wall 

Insulation Thickness on Annual Cooling and Heating Energy Uses Under Different Climates.” Applied 

Energy 97, no. 0 (September 2012): 313–318. 
36 Apte, Joshua, Dariush Arasteh, and Yu Joe Huang. “Future Advanced Windows for Zero-Energy 

Homes”. ASHRAE, 2003. 
37 Ducker Research Company, Inc. “Study of the U.S. and Canadian Market for Windows and Doors”, 

2000. 
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used for residential heating and cooling is attributable to today’s window stock, which is 

equivalent to a total expense of over $25 billion. According to one study, if all 

fenestration were low-e, the energy use attributable to windows would drop an estimated 

of 16.6%.38 Thus, a lot of research involving simulation has been centered on windows 

properties.  

One study compares the performance of currently available windows, and 

hypothetical windows with dynamic solar heat gain properties, and hypothetical windows 

with static improved qualities. This study was performed on 8 representative U.S. 

climates, concluding that the generation of new window products is essential for zero-

energy homes, indicating that low-e windows typically saved about 40% of building 

energy use attributable to windows across most climates. In addition, the researchers 

simulated the effects of a double insulated house and proved that a typical house can 

reduce its energy consumption by 36% with this strategy.
39

 This study explored HVAC 

energy reduction but it did not include costs. A similar study found that in heating-

dominated climates (Minneapolis, Salt Lake City, and Washington D.C.), low-e windows 

with a U-factor of 0.10 Btu/hft2 can be energy neutral.40 A simulation experiment 

performed for South Korean houses, analyzed energy performance for various window 

glazing types, and modeled a prototypical housing unit, based on typical orientation, 

window-to-wall ratio (WWR), and aspect ratio in the Korean market. The researchers 

                                                 
38 Apte, Joshua, Dariush Arasteh, and Yu Joe Huang. “Future Advanced Windows for Zero-Energy 

Homes”. ASHRAE, 2003. 
39 Apte, Joshua, Dariush Arasteh, and Yu Joe Huang. “Future Advanced Windows for Zero-Energy 

Homes”. ASHRAE, 2003. 
40 Arasteh, Dariush, Howdy Goudey, Joe Huang, Christian Kohler, and Robin Mitchell. “Performance 

Criteria for Residential Zero-Energy Windows.” ASHRAE Transactions 113, no. 1 (May 2007): 176–185. 
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found that the upper threshold levels for the SHGC (solar heat gain coefficients) yielded 

the best results for residential buildings located in mild climates or designed with large 

windows, showing annual electricity and gas savings over 25% in some cases. This study 

included a LCC (Lifecycle cost analysis) study in order to asses cost efficiency, 

indicating that double low-e clear filled with argon gas is the most cost-effective for the 

South Korean cities of Inchon and Ulsan, with a 23% and 19% reduction respectively. 

The analysis is particularly interesting in showing that, when considering costs, the most 

expensive and energy-efficient alternatives (triple glazing) are not necessarily the most 

cost-efficient alternatives.41 

Other studies combining LCC and Energy analysis have focused on achieving a Net 

Zereo House (NHZ). 42,43 A study by Leckner et al.44 focused on the feasibility of a Net 

Zero House, assessing nine different options in terms of economical impact and energy 

consumption impact. The study started with a Base Case prototype house (two stories 

house with 210 m
2
 of total conditioned area), and then simulated upgrades were applied 

in terms of building envelope and solar energy collectors. Windows, heating technology 

and other upgrades were considered in order to assess the LCC, yielding the conclusion 

                                                 
41 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 
42 Marszal, Anna Joanna, and Per Heiselberg. “Life Cycle Cost Analysis of a Multi-storey Residential Net  

Zero Energy Building in Denmark.” Energy 36, no. 9 (September 2011): 5600–5609.  

doi:10.1016/j.energy.2011.07.010. 
43 Kurnitski, Jarek, Arto Saari, Targo Kalamees, Mika Vuolle, Jouko Niemelä, and Teet Tark. “Cost  

Optimal and Nearly Zero (nZEB) Energy Performance Calculations for Residential Buildings with  

REHVA Definition for nZEB National Implementation.” Energy and Buildings 43, no. 11 (November  

2011): 3279–3288. doi:10.1016/j.enbuild.2011.08.033. 
44 Leckner, Mitchell, and Radu Zmeureanu. “Life Cycle Cost and Energy Analysis of a Net Zero Energy 

House with Solar Combisystem.” Applied Energy 88, no. 1 (January 2011): 232–241. 

doi:10.1016/j.apenergy.2010.07.031. 
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that approximately nine year is the payback time for the investment (considering rebates 

for the solar collectors). This study does not explore different possibilities for each 

upgrade and did not evaluate each upgrade on its own. 

A research by Jaber et al. evaluated three types of windows (single, double, and triple 

glazed) for three climates (Berlin, Amman, Aqaba), while also testing different window 

glazing area for each façade.45 They concluded that a triple glazed window was never 

cost efficient for any of the three climates, as the payback period was as high as 128 

years, whereas a double glazed window had a payback time of 3 years for Berlin.  

One of the more extensive studies found in literature involving multivariate approach 

and LLC analysis is the one done by Ihm et al., in which the authors study the design of 

residential buildings (single-family house) in Tunisia, seeking to minimize their life cycle 

energy costs while increasing their energy efficiency. For the optimization problem, the 

authors considered different levels of orientation, window location, size and glazing type, 

wall and roof insulation level, lighting fixtures, appliances, and efficiencies of heating 

and cooling systems. It is particularly relevant to notice that for all four sites analyzed, 

the optimal solution for Energy usage included a double low-e window, whereas the 

optimal solution for the LLC included a single glazed window. 

  

                                                 
45 Jaber, Samar, and Salman Ajib. “Thermal and Economic Windows Design for Different Climate Zones.”  

Energy and Buildings 43, no. 11 (November 2011): 3208–3215. doi:10.1016/j.enbuild.2011.08.019. 
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Chapter 3 

METHODOLOGY AND METHODS 

3.1 Methodology development 

The methodology development consisted of five stages. First, an extensive Literature 

Review was performed to assess the validity and accuracy of energy simulation, and, thus, 

the validity of this experiment. Also, it covered a critical analysis of previous parametric 

studies. This step helped determining important parameters to include and exclude in the 

building’s characterization. Lastly, it helped in the selection of parameter levels and cases 

to include in the application of the tool 

The second step is the Tool Conceptual Development. This stage is primarily 

concerned with selecting what parameters will be considered for describing the whole 

house, including variable (e.g. window type) and non variable parameters (e.g. floor plan 

area) as well as the general shape of the building (e.g. rectangular floor plant). With the 

selected parameters, it is then required to select the levels of each variable; e.g. the 

window type variable is tested for a single clear, double clear, double low-e clear, etc. 

The next stage is the Tool Code Development. The simulation will be performed in 

Energy plus, which allows parametric studies with multiple variables, but does not 

automatically generates different scenarios with the given variables and respective levels. 

Therefore, and since the amount of combinations are expected to be over a thousand, a 

simple program using the Java language was necessary to write over the .txt file used by 

Energy plus to generate the different scenarios (crossing the different levels of 

orientation, shape, glazing, etc.). With the parametric simulation completed, the 
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numerous scenarios had multiple energy and cost outputs, making it difficult to evaluate 

each simulation performed; therefore, it was necessary to develop a second program that 

was able to automatically rescue the selected outputs for each scenario simulated. Within 

this step, an economical evaluation is included, so that a benefit/cost function can be 

applied to the results rescued, utilizing referential cost (user determined)  

The fourth stage is called the Specific cases result analysis. The final tool was applied 

to selected cases, to show the possible uses of it. The analysis and conclusion will take 

form as a set of recommendations in terms of the variables utilized in the simulation for 

each case, based on those cases that achieved the best and worst results. Figure 3.1 

summarizes the methodology described. 

 

 Figure 3.1: 5-stage methodology development diagram. 
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3.2 Final Tool 

Tool conceptual development 

From previous studies it is clear that the shape of the building is essential for energy 

performance.46,47,48 Nevertheless, for simplicity, and in order to reduce the number of 

simulations, width-length ratio and height were fixed for the simulation performed. 

However, these parameters can be changed and parameterized in the model if the user 

desires to explore these dimensions.  

Literature and theory have shown that insulation is highly important in thermal 

behavior and that is highly dependent on climate.
 49,50,51. It was decided that a wood 

composite wall was going to be the base scenario, as is the most typical construction 

type, with insulation thickness parameterized and ranging from 25 mm. to 50 mm.52 The 

insulation considered was Fiberglass Batt panels.  

                                                 
46 Çaǧdaş Gülen, “A shape grammar model for designing row-houses,” Design Studies 17, no. 1 (January 

1996): 35-51. 
47 Jens Pfafferott, Sebastian Herkel, and Martina Jäschke, “Design of passive cooling by night ventilation: 

evaluation of a parametric model and building simulation with measurements,” Energy and Buildings 35, 

no. 11 (December 2003): 1129-1143. 
48 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 
49 Apte, Joshua, Dariush Arasteh, and Yu Joe Huang. “Future Advanced Windows for Zero-Energy 

Homes”. ASHRAE, 2003. 
50 Yu, Jinghua, Changzhi Yang, Liwei Tian, and Dan Liao. “A Study on Optimum Insulation Thicknesses 

of External Walls in Hot Summer and Cold Winter Zone of China.” Applied Energy 86, no. 11 (November 

2009): 2520–2529. 
51 Pan, Dongmei, Mingyin Chan, Shiming Deng, and Zhongping Lin. “The Effects of External Wall 

Insulation Thickness on Annual Cooling and Heating Energy Uses Under Different Climates.” Applied 

Energy 97, no. 0 (September 2012): 313–318. 
52 Pan, Dongmei, Mingyin Chan, Shiming Deng, and Zhongping Lin. “The Effects of External Wall 

Insulation Thickness on Annual Cooling and Heating Energy Uses Under Different Climates.” Applied 

Energy 97, no. 0 (September 2012): 313–318. 
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Orientation was proved to be a major factor influencing thermal performance.53 

Therefore, it was included as a parameter in the model, so that users can change it 

according to a specific situation, but it will not vary throughout the simulation process. 

This decision was taken due to two reasons. First, usually the orientation of the building 

is given for a project, as lots are already defined for a location, so there is no point on 

giving different orientation results. Second, including orientation in the simulation entails 

the problem of the loss of identification of South, North, East, West windows (as 

windows rotate) with the negative consequence of not being able to treat these windows 

differently, increasing the number of variables and simulations.  

As discussed before, window glazing can have a big impact in the energy 

performance of a house.54,55 Thus, this was included as a variable in the model. In order 

to reduce the number of variables, East and West WWRs are considered to have the same 

WWR in every iteration, while the South WWR varies freely. Finally, the North WWR is 

dependent on the total window area and the South WWR and East-West WWR. 

From the literature review it is clear that there are few studies including parametric 

simulation of simultaneous variables, or studies including cost-effectiveness. Both 

characteristics are considered highly important in this study, and thus, are included as 

part of the methodology. In conclusion, the model includes 5 variables: South WWR, 

East-West WWR, total window area, insulation thickness and window type. Also, it 

                                                 
53 Andersson, Brandt, Wayne Place, Ronald Kammerud, and M.Peter Scofield. “The Impact of Building 

Orientation on Residential Heating and Cooling.” Energy and Buildings 8, no. 3 (August 1985): 205–224. 
54 Andersson, Brandt, Wayne Place, Ronald Kammerud, and M.Peter Scofield. “The Impact of Building 

Orientation on Residential Heating and Cooling.” Energy and Buildings 8, no. 3 (August 1985): 205–224. 
55 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 
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includes the following non-variable parameters (user determined): Floor Area, 

orientation, height, window costs, insulation costs, LCC time span, and LCC interest rate. 

The LCC analysis considers window costs, insulations costs and energy consumption 

within the LCC time span determined. 

Tool code development. 

Energy Plus can technically perform parametric simulations, but it has a limit of a 

hundred simulations per run. Also, the software requires the user to indicate for each 

scenario the specific combination of variables to be tested (i.e. Energy Plus will not 

create all possible scenarios out of a set of variables and levels). Thus, as part of the tool 

development, a program was created responsible for, firstly, rescuing up to 5 variables 

from an Excel file, including the levels for each variable, and the parameters that describe 

the shape of the house: volume of the building, orientation, and WWR for the East and 

West façades. Secondly, with the above information stored, the code generates all 

possible combinations between these variables, so that it can, as a third step, generate as 

many .idf files (Energy Plus files) as necessary to completely cover all scenarios. For 

example, if the number of levels for each of the 6 variables is 2, 3, 4, 3, 2, 1, 6, then the 

total number of combinations would be 2x3x4x3x2x1x6 = 864, which would translate 

into 9 .idf files. 

After the simulation is complete, a second program is used in order to rescue the 

energy consumption for HVAC (i.e. not including other appliances) for each scenario. As 

part of this last step, a Lifecycle cost analysis (LCC) is also included for each case, based 
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on prices for insulation and window types, time span and interest rate, which are read 

from the same Excel file above described (i.e. they can be changed by the user) .  

In the next Chapters the tool will be put to test to exemplify the uses of it in a 

practical and theoretical manner. A special interest is put in cost-efficiency of different 

types of windows as Literature was inconclusive in this regard. First, a house with above 

average size and glazing will be tested, in terms of the 5 variables mentioned. 

  



` 

 23 

Chapter 4 

5-VARIABLE SIMULATION 

4.1 Specific Case selection 

 

The prototype of house tested has an above average percentage of glazing, as this is a 

situation that both architects and clients tend to prefer for aesthetic and comfort purposes, 

and since this situation leads to higher energy consumption, which has an importance that 

will be discussed later. Also, the house is considerable bigger in terms of conditioned 

space (2,475 ft
2
) than the average house in the U.S (1,934 ft

2
)56 and the HVAC thermostat 

schedules are set tight. Thus, this house is expected to have an above average energy 

consumption. A summary of the parameters tested in the simulations is presented in the 

following charts.  

                                                 
56  Energy Information Administration. 2005 Residential Energy Consumption Survey: Characteristics. 

EIA, n.d. 
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Table 4.1: Prototype characteristics. 

For the HVAC, the schedules used are the following. 

Table 4.2: Thermostat schedule. 

The variables utilized for the general run are described in the next tables. 

Table 4.3: Variable parameters in prototype. 

Parameters Value

Floor Area (m2) 230* (2475 ft2)

Aspect ratio 1.5

height 3.8

Fenestration type variable**

Solar gain reduction overhang 0.3 m above south w indow  (w idht = half of w indow  height) 

Insulation type Fiberglass Batt

Insulation thickness variable**

Infiltration 0.6ACH

HVAC system Gas furnace for Heating, and Residential Central AC for Cooling

Internal loads

Lights  (W/m2) 7.10

Equipment (W/m2) 2.83

People 4

*  user determined

** user determined and w ith multiple levels

Time Winter schedule t (Celcius) Summer schedule t (Celcius)

24:00 - 7:30 21 23

7:30 - 17:30 18 26

17:30 - 19:30 19 26

19:30 - 24:00 21 23

Variables Levels

w idth/depth 1.5

T % glazing Surface 0.3 0.35 0.4

S % glazing WTW 0.2 0.3 0.4 0.5

E-W % glazing WTW 0.2 0.3

Insulation (m) 0.025 0.03 0.035 0.05

w indow  material type 1 - type 5



` 

 25 

Table 4.4: Window properties. 

The window selection was borrowed from a study for houses in South Korea.57 

Finally, the last chart presents all the parameters used for the LCC analysis.  

 

                                                 
57 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 

SHGC Description

W/m
2K Btu/ft2h

type 1 high SHGC 5.62 1.03 0.82 Single clear, vinyl frame

low  SHGC 0.6

type 2 high SHGC 3.07 0.54 0.7 Double clear, air, vinyl frame

low  SHGC 0.5

type 3 high SHGC 2.33 0.41 0.53 Double low -w  clear, air, vinyl frame

low  SHGC 0.35

type 4 high SHGC 1.73 0.31 0.4 Double low -e green, air, vinyl frame

low  SHGC 0.26

type 5 high SHGC 1.64 0.29 0.6 Double low  e-clear, argon, vinyl frame

low  SHGC 0.46

Glazing
U-factor

LCC Value

interest rate 6%

timespan (years) 30

insulation cost ($/m3) 63.57 (0.17 $/bd.ft)

w indow  cost ($/m2)

type 1 80

type 2 150

type 3 230

type 4 250

type 5 280

type 6 320
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Table 4.5: LCC parameters for economical evaluation. 

4.2 Climate selection 

 

Three climates are tested for the above described prototype. The cities selected are 

Austin, Boston and Seattle. Austin was selected for presenting a southern latitude 

(30°15’N) and an extremely hot summer. Seattle was selected for its moderate climate, 

with a 47°36’N latitude, with mild wet winters, and dry warm summers. As for Boston, it 

was selected for being located at a northern latitude of 42°21’N and presenting a 

significantly colder winter than the other two climates. 

4.3 General Results 

 

In total, 1055 simulations were performed for each climate. These simulations were 

performed under the cost assumptions already mentioned, which can be changed by the 

user. First, annual general results are presented for each city. 

Fuel costs Austin California Seattle

electricity cost  (c/kWh) 11.17 17.01 9.2

gas cost

January 9.89 9.68 11.49

February 8.83 9.98 11.51

March 10.82 8.91 11.79

April 12.44 10.04 12.11

May 14.66 10.57 12.6

June 16.43 11.2 13.61

July 16.97 11.16 15.14

August 17.55 11.35 15.76

September 16.29 10.77 14.95

October 14.36 10.42 13.38

November 9.89 9.29 11.8

December 8.75 9.22 11.68
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Table 4.6: General Energy results per city. 

It is important to notice that the Heating costs presented are only due to gas 

consumption, whereas the Energy cost represents the total cost for the HVAC system, 

including fan electricity, gas consumption, and furnace electricity costs. As seen in the 

above results, Boston has the biggest Energy costs, driven mainly by Heating costs. On 

the other hand, Seattle presents the lowest HVAC costs, mainly because it has the lowest 

cooling cost across the three cities studied.  

4.4  Results per variable 

 

The results per variable are presented next. 

Austin avg. Cooling costs 842.85$                                               

avg. Heating costs (gas) 237.15$                                               

avg. Energy costs 1,881.05$                                            

Boston avg. Cooling costs 339.01$                                               

avg. Heating costs (gas) 937.55$                                               

avg. Energy costs 2,381.13$                                            

Seattle avg. Cooling costs 111.33$                                               

avg. Heating costs (gas) 970.09$                                               

avg. Energy costs 1,632.13$                                            
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Total glazing area 

Table 4.7: Simulation results by total glazing as a percentage of floor area 

per city. 

Across all cities, as the total glazing increases, so does the average energy cost, by a 

rate of 3% every 5% the total glazing increases. As a result of the latter, and the increase 

in glazing costs, the LCC increases at a rate of around 7-8% per 5% of glazing increase. 

From these results, it can be inferred that, as a rule of thumb, it is convenient to keep 

the total glazing area at a minimum for all three climates. 

  

Total% glazing Average of Energy cost ($) Average of LCC ($)

Austin 1,881$                                      45,368$                                    

0.3 1,821.5$                                   --- 42,033.3$                                 ---

0.35 1,881.6$                                   3% 45,307.0$                                 8%

0.4 1,935.2$                                   6% 48,485.9$                                 15%

Boston 2,381$                                      51,782$                                    

0.3 2,313.6$                                   --- 48,454.4$                                 ---

0.35 2,379.0$                                   3% 51,685.4$                                 7%

0.4 2,445.2$                                   6% 54,928.0$                                 13%

Seattle 1,632$                                      40,853$                                    

0.3 1,582.0$                                   --- 37,779.5$                                 ---

0.35 1,630.7$                                   3% 40,767.9$                                 8%

0.4 1,679.5$                                   6% 43,756.2$                                 16%
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South glazing area 

Table 4.8: Simulation results by South WWR per city. 

For Austin, there is almost no influence of increasing the South glazing both in 

Energy and LCC results. It is important to remember that increasing the South glazing 

means decreasing the North Glazing, as the North Glazing is a function of the total 

glazing area, the East-West WWR and the South WWR. The results can be explained by 

the fact that increasing the South WWR, at the expense of the North WWR, can 

potentially have a positive influence in heating costs, but since these are already low for 

Austin (around 230 dollars), this effect is marginal. In the case of Seattle and Boston, 

there is a minimum positive influence in energy costs due to a higher south glazing, 

explained by the bigger heating needs and the benefits of increased solar gains through a 

South window, but there is still a minimum negative influence on the LCC indicator. 

S glazing Average of Energy cost ($) Average of LCC ($)

Austin 1,881$                                      45,368$                                    

0.2 1,881.7$                                   --- 45,308.6$                                 ---

0.3 1,881.1$                                   0% 45,299.9$                                 0%

0.4 1,879.3$                                   0% 45,274.7$                                 0%

0.5 1,882.2$                                   0% 45,616.6$                                 1%

Boston 2,381$                                      51,782$                                    

0.2 2,402.3$                                   --- 52,025.4$                                 ---

0.3 2,386.0$                                   -1% 51,788.4$                                 0%

0.4 2,371.6$                                   -1% 51,576.9$                                 -1%

0.5 2,362.6$                                   -2% 51,730.3$                                 -1%

Seattle 1,632$                                      40,853$                                    

0.2 1,642.4$                                   --- 40,938.3$                                 ---

0.3 1,634.4$                                   0% 40,820.7$                                 0%

0.4 1,626.4$                                   -1% 40,704.7$                                 -1%

0.5 1,624.5$                                   -1% 40,961.2$                                 0%
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For Austin, Seattle and Boston, a rule of thumb would be to add as much glazing as 

desired in the South façade as there is no relevant energy consumption influence (as long 

as it is compensated by increasing or reducing the North façade’s glazing). 

East and West glazing area 

 

Next, results for the E-W WWR variable are presented by city. 

Table 4.9: Simulation results by East and West WWR ratio per city. 

For Austin, on average, increasing the E-W% glazing has a positive correlation with 

the average energy consumption, by a rate of 3% every 10% the total glazing area 

increases. Nevertheless, the LCC increases only at a rate of around 2% per 10% of 

glazing increase. For the other cities there is no significant effect of increasing the E-W 

WWR. Thus, in the case of Austin, it is important to keep this at a minimum and thus, 

favor South and North WWR. In the other cities, the distribution of windows is not an 

important factor. 

E-W glazing Average of Energy cost ($) Average of LCC ($)

Austin 1,881$                                      45,368$                                    

0.2 1,834.7$                                   --- 44,622.7$                                 ---

0.3 1,882.0$                                   3% 45,313.8$                                 2%

0.4 1,930.6$                                   5% 46,240.2$                                 4%

Boston 2,381$                                      51,782$                                    

0.2 2,356.4$                                   --- 51,356.5$                                 ---

0.3 2,378.6$                                   1% 51,680.1$                                 1%

0.4 2,410.8$                                   2% 52,356.4$                                 2%

Seattle 1,632$                                      40,853$                                    

0.2 1,625.6$                                   --- 40,692.3$                                 ---

0.3 1,630.4$                                   0% 40,762.8$                                 0%

0.4 1,641.2$                                   1% 41,127.5$                                 1%
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Insulation width 

 

The simulation results for the insulation width variable are presented in Table 4.10. 

 Table 4.10: Simulation results by insulation width per city. 

Across every climate, on average, insulation has a moderate impact on energy 

consumption. For simplicity, only three levels where tested.  In the case of Austin and 

Boston, there is a 1% reduction in Energy consumption as the insulation increases in 5 

cm, whereas for Seattle is slightly more pronounced. One reason that might explain this 

effect is that the walls are wood composite, which do not typically provide the best 

results for insulation (better results are expected to be achieves with a concrete wall with 

outside insulation for example). 

Finally, the results are presented by window type. 

  

Insulation width (m) Average of Energy cost ($) Average of LCC ($)

Austin 1,881$                                      45,368$                                    

0.025 1,921.0$                                   --- 45,643.2$                                 ---

0.03 1,893.6$                                   -1% 45,398.1$                                 -1%

0.05 1,828.5$                                   -5% 45,062.9$                                 -1%

Boston 2,381$                                      51,782$                                    

0.025 2,432.9$                                   --- 52,241.8$                                 ---

0.03 2,398.9$                                   -1% 51,893.4$                                 -1%

0.05 2,311.5$                                   -5% 51,209.8$                                 -2%

Seattle 1,632$                                      40,853$                                    

0.025 1,681.4$                                   --- 41,276.0$                                 ---

0.03 1,647.6$                                   -2% 40,931.4$                                 -1%

0.05 1,567.4$                                   -7% 40,352.3$                                 -2%
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Window type 

 
Table 4.11: Simulation results by window type per city. 

 

window 

type 

Average of Energy cost 

($)
Average of LCC ($)

Payback 

time 

(years)

Austin 1,881$                                 45,368$                               

type 1 high SHGC 2,352.9$                              --- 42,212.2$                            --- ---

low  SHGC 2,187.6$                              -7% 39,801.4$                            -6% ---

type 2 high SHGC 2,134.4$                              -9% 44,980.4$                            7% 27.3

low  SHGC 1,861.8$                              -21% 41,002.7$                            -3% 12.1

type 3 high SHGC 1,847.1$                              -21% 47,594.6$                            13% 25.2

low  SHGC 1,640.8$                              -30% 44,585.9$                            6% 17.9

type 4 high SHGC 1,657.7$                              -30% 46,533.2$                            10% 20.8

low  SHGC 1,530.3$                              -35% 44,674.2$                            6% 17.6

type 5 high SHGC 1,876.8$                              -20% 52,282.2$                            24% 35.7

low  SHGC 1,721.3$                              -27% 50,013.5$                            18% 26.9

Boston 2,381$                                 51,782$                               

type 1 high SHGC 2,858.0$                              --- 49,201.5$                            --- ---

low  SHGC 2,783.4$                              -3% 48,112.9$                            -2% ---

type 2 high SHGC 2,543.0$                              -11% 50,263.4$                            2% 18.0

low  SHGC 2,411.9$                              -16% 48,350.4$                            -2% 12.7

type 3 high SHGC 2,326.6$                              -19% 53,572.8$                            9% 22.8

low  SHGC 2,212.6$                              -23% 51,908.6$                            6% 18.8

type 4 high SHGC 2,149.8$                              -25% 52,608.8$                            7% 19.4

low  SHGC 2,079.4$                              -27% 51,582.6$                            5% 17.6

type 5 high SHGC 2,270.8$                              -21% 56,799.8$                            15% 27.5

low  SHGC 2,175.9$                              -24% 55,415.9$                            13% 23.7

Seattle 1,632$                                 40,853$                               

type 1 high SHGC 2,015.4$                              --- 36,907.5$                            --- ---

low  SHGC 2,030.4$                              1% 37,126.7$                            1% ---

type 2 high SHGC 1,661.4$                              -18% 37,401.2$                            1% 16.0

low  SHGC 1,672.8$                              -17% 37,567.6$                            2% 16.5

type 3 high SHGC 1,548.5$                              -23% 42,219.5$                            14% 26.0

low  SHGC 1,578.9$                              -22% 42,662.6$                            16% 27.8

type 4 high SHGC 1,460.9$                              -28% 42,557.8$                            15% 24.8

low  SHGC 1,486.5$                              -26% 42,930.9$                            16% 26.0

type 5 high SHGC 1,430.2$                              -29% 44,534.7$                            21% 27.6

low  SHGC 1,436.3$                              -29% 44,624.0$                            21% 27.9
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For Austin, as the quality of the fenestration increases there is a consistent reduction 

in energy costs of up to 35%, with the lowest Energy consumption obtained with type 4 

window. Nevertheless, when considering costs, the tendency is completely reversed as 

the type 5 window presents results 24% higher than the simple clear window. This 

highlights the importance of considering costs and not only energy consumption. The 

best economical results are obtained with the simplest window with a low SHGC. 

Boston presents a similar tendency, with the best results obtained with type 4 

window, low SHGC, with a reduction of up to 27%, compared to the base case. It is 

important to remember that Boston has higher HVAC costs, so each percent of reduction 

translate into higher savings than the other cities. When considering the LCC, the best 

choice is the window type 2 low SHGC. 

Seattle presents percentages of savings as high as 29% for the most expensive type of 

window, type 5.  Nevertheless, when considering costs, the tendency is reversed, as the 

same type of window presents a 21% higher cost than type 1 high SHGC, which in turn, 

presents the best results. Preliminary results using a house with average total glazing area 

(10-15%) showed that the potential savings from improved windows were marginal. This 

was the main motivation for forcing a case in which the total glazing area varied from 30-

40%, as this will naturally increase the importance of window selection. Nevertheless, 

even under these extreme conditions, double glazed windows present negative LCC 

results. 
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Summary of results per variable 

 

As a summary, the average best Energy results and LCC results per variable are 

presented. 

Table 4.12: Average best Energy results by variable per city. 

Table 4.13: Average best LCC results by variable per city. 

The latter results go against the typical assumption that double glazed windows with 

low-e have payback times of 10-15 years. With the costs used for this thesis, it is virtually 

impossible to obtain positive results for the more sophisticated windows. Here is an 

example on why. 

According to the 2005 Residential Energy Consumption Survey (RECS), the typical 

American single family home has 1,934 square feet of heated floor space with 222 square 

feet of window area (11.5% floor space). Additionally, the average energy use for HVAC 

in the South is estimated to be of $1,036. 58 Considering the price structure presented in 

Table 4.5, a simple exercise is presented next for an optimistic energy savings situation. 

First, an estimation of how much would cost an upgrade of windows (ΔWC)  from type 1 

                                                 
58  Energy Information Administration. 2005 Residential Energy Consumption Survey: Characteristics. 

EIA, n.d. 

City T % glazing S % glazing E-W% glazing Insulation (m) window material

Austin 30.0% any 20.0% 0.050 type 4 low  SHGC

Boston 30.0% any any 0.050 type 4 low  SHGC

Seattle 30.0% any any 0.050 type 5 high SHGC

City T % glazing S % glazing E-W% glazing Insulation (m) window material

Austin 30.0% any 20.0% 0.050 type 1 low  SHGC

Boston 30.0% any any 0.050 type 1 low  SHGC

Seattle 30.0% any any 0.050 type 1 high SHGC



` 

 35 

to type 2 is calculated (using the cost structure presented in this thesis), then, an upgrade 

from type 2 to type 3, and so on. Subsequently, a hypothetical and arbitrary energy 

reduction in % is given for each upgrade (ΔE%), set to be 50%. Thus, it is considered that 

going from a window type 1 to window type 2 yields a 50% reduction in HVAC 

electricity. It is set as an assumption that a $1,036 annual bill is obtained under window 

type 1. With this arbitrary percentage, the energy savings in dollars are estimated (ΔE). 

Finally, an estimation of the payback time in years is presented (ΔWC/ ΔE). 

Table 4.14: Window costs by window type for an average single family 

house. 

Table 4.15: Payback time for average single family house under optimistic 

conditions. 

It is clear from this exercise that even considering unrealistically high energy 

reductions for an average house, the payback time, without considering a discount rate, is 

as high as 30 years for the first upgrade. If it is desired to upgrade from type 2 to type 3, 

then the payback time is 69 years. Moreover, upgrading from a type 4 to a type 5 has a 

window cost ($/m 2) WC

type 1 80 17,760$                                               

type 2 150 33,300$                                               

type 3 230 51,060$                                               

type 4 250 55,500$                                               

type 5 280 62,160$                                               

Upgrade ΔWC ΔE% ΔE$ Payback (years)

1->2 15,540$                      -50% (518)$                          30

2->3 17,760$                      -50% (259)$                          69

3->4 4,440$                        -50% (130)$                          34

4->5 6,660$                        -50% (65)$                            103
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payback of 103 years. Even considering the exercise of upgrading from type 1 to type 2, 

type 1 to type 3, etc., the results are high in terms of payback, as seen in Table 4.15. 

Table 4.16: Payback time for average house single family house under 

optimistic conditions. 

It is evident then, that an average house will most likely not benefit from improved 

window types. In order to get benefits, a house needs to either have important energy 

loads to start with, or the window’s price structure needs to change. If the same exercise 

done before is replicated with a house that consumes twice the energy, but maintaining 

the same size and window area, the following results are obtained. 

 

Table 4.17: Payback time for average house single family house under 

optimistic conditions. 

Table 4.18: Payback time for average house single family house under 

optimistic conditions. 

Upgrade ΔWC ΔE% ΔE$ Payback (years)

1->2 15,540$                      -50% (518)$                          30

1->3 33,300$                      -75% (777)$                          43

1->4 37,740$                      -88% (907)$                          42

1->5 44,400$                      -94% (971)$                          46

Upgrade ΔWC ΔE% ΔE$ Payback (years)

1->2 15,540$                      -50% (1,036)$                       15

2->3 17,760$                      -50% (518)$                          34

3->4 4,440$                        -50% (259)$                          17

4->5 6,660$                        -50% (130)$                          51

Upgrade ΔWC ΔE% ΔE$ Payback (years)

1->2 15,540$                      -50% (1,036)$                       15

1->3 33,300$                      -75% (1,554)$                       21

1->4 37,740$                      -88% (1,813)$                       21

1->5 44,400$                      -94% (1,943)$                       23
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When the energy usage is increased by a factor of 2, the payback time, logically, 

reduces by half, approximating to an economically feasible payback time. However, it 

must be reminded that these results are obtained under unrealistic energy savings.  

When the window costs are reduced so that the difference between one window and 

the next upgrade is half the original difference (as seen in Table 4.19), the payback time 

again is reduced by half. Under the same logic, when both, the Energy is duplicated, and 

the prices are reduced, the payback time reduces by a factor of 4. Table 4.20 summarizes 

these results. 

Table 4.19: Price structure for reduced prices. 

 Table 4.20: Payback time for average house single family house under three 

different optimistic conditions.  

Considering that the reductions in Energy costs utilized in this exercise are higher 

than the ones expected, it is considered that only under the last scenario is possible to 

obtain cost efficient solutions. Therefore, as part of a sensitivity analysis, a study will be 

performed changing the price structure. Also, for the purpose of hypothetical analysis, 

heating and cooling temperatures will be set higher and lower respectively in the next 

Chapter to explore if under these conditions it is possible to obtain cost-efficient results 

window cost ($/m2)

type 1 80

type 2 115

type 3 155

type 4 165

type 5 180

Upgrade 2 x energy 0.5 window cost 2 x e & 0.5 wc

1->2 15 15 8

2->3 34 34 17

3->4 17 17 9

4->5 51 51 26

Payback (years)
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4.5 Best results 

Lowest Energy performance cases 

 

For this section, the top 5 best results were considered. This section is intended to 

prove the importance of analyzing multiple variables as opposed to one variable at the 

time. Thus, it is expected that the best results will not necessarily match the ones obtained 

in the last section. 

The five lowest energy cost cases are presented by city. Table 4.21, 4.22 and 4.23 

present the results for Austin, Boston and Seattle respectively. 

 Table 4.21: Five lowest energy consumption cases for Austin. 

 Table 4.22: Five lowest energy consumption cases for Boston. 

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

879 50% 30% 0.05 20%

type 4 low  

SHGC 1,411$          40,281$        

609 40% 30% 0.05 20%

type 4 low  

SHGC 1,414$          40,329$        

339 30% 30% 0.05 20%

type 4 low  

SHGC 1,417$          40,376$        

69 20% 30% 0.05 20%

type 4 low  

SHGC 1,420$          40,420$        

889 50% 30% 0.05 30%

type 4 low  

SHGC 1,436$          40,653$        

N case S % glazing N % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

879 50% 30% 0.05 20%

type 4 low  

SHGC 1,933$          46,935$        

609 40% 30% 0.05 20%

type 4 low  

SHGC 1,941$          47,053$        

889 50% 30% 0.05 30%

type 4 low  

SHGC 1,949$          47,167$        

339 30% 30% 0.05 20%

type 4 low  

SHGC 1,950$          47,182$        

619 40% 30% 0.05 30%

type 4 low  

SHGC 1,958$          47,291$        
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 Table 4.23: Five lowest energy consumption cases for Seattle. 

A theoretical energy efficient prototype is then portrayed for each climate 

summarizing the information from the above tables. 

Table 4.24: Energy efficient prototype per city. 

The results look almost exactly as the results obtained when analyzing the most 

energy efficient level of each variable on its own (see Table 4.12). This is a clear contrast 

to the hypothesis that a multivariate approach can yield better results than a single 

variable approach. 

Lowest LCC cases 

 

The five lowest LCC result cases are presented by city. Table 4.25, 4.26 and 4.27 

present the results for Austin, Boston and Seattle. 

N case S % glazing N % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

875 50% 30% 0.05 20%

type 5 high 

SHGC 1,314$          39,968$        

885 50% 30% 0.05 30%

type 5 high 

SHGC 1,320$          40,056$        

605 40% 30% 0.05 20%

type 5 high 

SHGC 1,322$          40,082$        

615 40% 30% 0.05 30%

type 5 high 

SHGC 1,328$          40,172$        

880 50% 30% 0.05 20%

type 5 low  

SHGC 1,329$          40,195$        

City T % glazing S % glazing E-W % glazing Insulation (m) window material

Austin 30% any 20% 0.050 type 4 low  SHGC

Boston 30% any 20-30% 0.050 type 4 low  SHGC

Seattle 30% 40%-50% 20-30% 0.050 type 5 high SHGC
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 Table 4.25: Five lowest LCC cases for Austin. 

 Table 4.26: Five lowest LCC cases for Boston. 

Table 4.27: Five lowest LCC cases for Seattle. 

Again, a theoretical cost efficient prototype is characterized for each climate 

summarizing the information from the above tables. 

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

876 50% 30% 0.05 20%

type 1 low  

SHCG 1,984$          36,296$        

606 40% 30% 0.05 20%

type 1 low  

SHCG 1,985$          36,314$        

336 30% 30% 0.05 20%

type 1 low  

SHCG 1,988$          36,361$        

66 20% 30% 0.05 20%

type 1 low  

SHCG 1,995$          36,460$        

846 50% 30% 0.03 20%

type 1 low  

SHCG 2,056$          36,725$        

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

877 50% 30% 0.05 20%

type 2 low  

SHCG 2,194$          43,836$        

607 40% 30% 0.05 20%

type 2 low  

SHCG 2,209$          44,058$        

876 50% 30% 0.05 20%

type 2 low  

SHCG 2,546$          44,154$        

596 40% 30% 0.03 40%

type 2 low  

SHCG 2,596$          44,286$        

337 30% 30% 0.05 20%

type 2 low  

SHCG 2,225$          44,294$        

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

871 50% 30% 0.05 20%

type 1 high 

SHCG 1,811$          33,416$        

601 40% 30% 0.05 20%

type 1 high 

SHCG 1,820$          33,555$        

881 50% 30% 0.05 30%

type 1 high 

SHCG 1,823$          33,601$        

331 30% 30% 0.05 20%

type 1 high 

SHCG 1,831$          33,708$        

876 50% 30% 0.05 20%

type 1 low  

SHCG 1,833$          33,743$        
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Table 4.28: Cost efficient prototype per city.  

For Austin and Seattle there is not considerable variation of these results compared to 

the ones obtained minimizing each variable independently (see Table 4.13). Nevertheless, 

for Boston, there is a difference, as in these results, a type 2 window comes as the clear 

minimum, as opposed to a type 1 window. For this climate, a high South window area 

paired with a type 2 window yields the best results. 

4.4  Sensitivity analysis 

Price structure 

 

Six additional price structures were tested. The way they were set was considering 

first the actual price structure and then calculating the difference in price between one 

window and the next upgrade (e.g. cost(type 2) – cost(type 1)). Then, this difference was 

considered at a 100% (base case), 90%, 80%, 70%, 60%, 50% and 40%. The next graph 

shows the LCC changes when applying these new prices. 

City T % glazing S % glazing E-W % glazing Insulation (m) window material

Austin 30.0% any 20% 0.050 type 1 low  SHCG

Boston 50-40% any 20% 0.050 type 2 low  SHCG

Seattle 30.0% any 20% 0.050 type 1 low  SHCG
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                     Figure 4.1: LCC price sensitivity analysis. 

32000

34000

36000

38000

40000

42000

44000

46000

48000

50000

type 1 

high 

SHGC

type 1 

low 

SHGC

type 2 

high 

SHGC

type 2 

low 

SHGC

type 3 

high 

SHGC

type 3 

low 

SHGC

type 4 

high 

SHGC

type 4 

low 

SHGC

type 5 

high 

SHGC

type 5 

low 

SHGC

L
C

C
 (

$
)

Austin 100%

Austin 90%

Austin 80%

Austin 70%

Austin 60%

Austin 50%

40000

42000

44000

46000

48000

50000

52000

54000

56000

type 1 

high 

SHGC

type 1 

low 

SHGC

type 2 

high 

SHGC

type 2 

low 

SHGC

type 3 

high 

SHGC

type 3 

low 

SHGC

type 4 

high 

SHGC

type 4 

low 

SHGC

type 5 

high 

SHGC

type 5 

low 

SHGC

L
C

C
 (

$
)

Boston 100%

Boston 90%

Boston 80%

Boston 70%

Boston 60%

Boston 50%

32000

34000

36000

38000

40000

42000

44000

type 1 

high 

SHGC

type 1 

low 

SHGC

type 2 

high 

SHGC

type 2 

low 

SHGC

type 3 

high 

SHGC

type 3 

low 

SHGC

type 4 

high 

SHGC

type 4 

low 

SHGC

type 5 

high 

SHGC

type 5 

low 

SHGC

L
C

C
 (

$
)

Seattle 100%

Seattle 90%

Seattle 80%

Seattle 70%

Seattle 60%

Seattle 50%



` 

 43 

As seen, for all cities, type 1 window proves to be the best choice when costs are 

considered. For Austin, when costs are at 70% type 2 becomes profitable, when costs are 

at 50% type 4 becomes profitable, when costs are at a 60% type 3 becomes profitable, 

and when costs are at 50% type 5 becomes profitable. Thus, only under this window 

market circumstances can these windows become a good investment. 

For Boston, type 2 becomes profitable at 90%, type 3 windows at 70%, type 4 at 80% 

and type 5 at 50%. Interestingly, for Seattle, type 3, type4 and type 5 are only good 

investments at 50% of the price, whereas type 2 is the best choice in any of the price 

structures except the original one. 
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Chapter 5 

4-VARIABLE SIMULATION, MODIFIED CONDITIONS 

 

As exemplified in the last Chapter, it is virtually impossible to get favorable 

economical results for the lower u-value windows. Therefore, in this chapter, the energy 

demands were purposely modified by making the Heating and Cooling schedules tighter 

and by increasing the Internal loads by twice their original number. Following are the 

results obtained. Insulation thickness was not tested for this section as it did not yielded 

insightful results in Chapter 4, and was fixed at 50 cm. 

5.1 Case selection description 

 

The modifications done to the base case in terms of HVAC schedules are presented in 

the next Table. As seen, the temperature is set at a unique value throughout the day. 

Table 5.1: Thermostat schedule. 

Also, the equipment’s internal loads are modified from a value of 2.83 W/m
2
 to a 

value of 5.66 W/m
2
 which is moving towards and office space energy usage.  

 

Time Winter schedule t (Celcius) Summer schedule t (Celcius)

24:00 - 7:30 21 23

7:30 - 17:30 21 23

17:30 - 19:30 21 23

19:30 - 24:00 21 23



` 

 45 

5.2 General results 

 

First, the general results are presented in comparison to the results obtained in 

Chapter 4 (Base case) at a level of insulation of 50cm, as that is the same level used for 

this Chapter. 

Table 5.2: Base case vs. modified case comparison.  

As seen, the average energy costs raises in 15-18%, with the largest percentage 

increase seen in the Cooling cost, especially for Boston and Seattle. Nevertheless, these 

two cities have a relatively small Cooling cost in the Base case.  

5.2 Results per variable 

 

First, the results per total window area are presented. 

  

Base case Modified conditions Δ%

Austin avg. Cooling costs 815.47$                      1,064.60$                   31%

avg. Heating costs (gas) 226.24$                      252.84$                      12%

avg. Energy costs 1,828.54$                   2,104.02$                   15%

Boston avg. Cooling costs 330.23$                      549.41$                      66%

avg. Heating costs (gas) 892.83$                      971.76$                      9%

avg. Energy costs 2,311.53$                   2,716.19$                   18%

Seattle avg. Cooling costs 107.36$                      197.67$                      84%

avg. Heating costs (gas) 927.16$                      1,080.52$                   17%

avg. Energy costs 1,567.39$                   1,821.89$                   16%
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Total glazing area 

Table 5.3: Simulation results of modified case by total glazing as a 

percentage of floor area per city. 

Table 5.3 shows that in the modified situation, augmenting the total glazing area has 

an increased negative effect, compared to Table 4.7. Energy costs increase by 3-4% for 

every 5% increase in glazing area. Consequently, LCC costs increase in 7-9% for every 

5% increase in glazing area.  

Next, Table 5.4 shows the results by South WWR. 

  

Total glazing Average of Energy cost ($) Average of LCC ($)

Austin 2,104$                                      48,182$                                    

0.3 1,986.8$                                   --- 44,130.3$                                 ---

0.35 2,105.1$                                   6% 48,132.4$                                 9%

0.4 2,210.4$                                   11% 51,946.1$                                 18%

Boston 57,114$                                    

0.3 2,603.8$                                   --- 53,131.7$                                 ---

0.35 2,714.8$                                   4% 57,029.3$                                 7%

0.4 2,820.6$                                   8% 60,849.4$                                 15%

Seattle 1,822$                                      44,066$                                    

0.3 1,748.6$                                   --- 40,654.8$                                 ---

0.35 1,821.0$                                   4% 43,987.7$                                 8%

0.4 1,889.9$                                   8% 47,270.0$                                 16%
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South glazing area 

Table 5.4: Simulation results by South WWR per city. 

This variable shows almost no influence on the final Energy consumption results, just 

as the results from Chapter 4. 

East and West glazing area 

 

Table 5.5 portraits the results by East and West WWR.  

S glazing Average of Energy cost ($) Average of LCC ($)

Austin 2,104$                                      48,182$                                    

0.2 2,103.5$                                   --- 48,109.2$                                 ---

0.3 2,103.3$                                   0% 48,107.0$                                 0%

0.4 2,104.7$                                   0% 48,126.9$                                 0%

0.5 2,104.7$                                   0% 48,410.9$                                 1%

Boston 2,716$                                      57,114$                                    

0.2 2,733.9$                                   --- 57,307.3$                                 ---

0.3 2,717.5$                                   -1% 57,068.6$                                 0%

0.4 2,706.3$                                   -1% 56,904.1$                                 -1%

0.5 2,705.9$                                   -1% 57,184.1$                                 0%

Seattle 1,822$                                      44,066$                                    

0.2 1,829.4$                                   --- 44,110.4$                                 ---

0.3 1,822.4$                                   0% 44,007.4$                                 0%

0.4 1,816.9$                                   -1% 43,928.2$                                 0%

0.5 1,818.5$                                   -1% 44,235.1$                                 0%
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Table 5.5: Simulation results by East and West WWR per city. 

In the modified situation, increasing the E-W glazing (by sacrificing South and North 

window area) leads to a higher negative effect than in the base case (Table 4.9) especially 

for Austin, as a 10% increase in these two facades has a 6% increase in energy 

consumption and a 4% increase in LCC. This is explained by the fact that Austin has the 

highest Cooling demand, and increased East and West window areas have the effect of 

increased solar heat gains, especially during the summer, when the sun sits low in Austin 

as it moves throw the East and West facades.  

Finally, Table 5.6 shows the results by window type. 

  

E-W glazing Average of Energy cost ($) Average of LCC ($)

Austin 2,104$                                      48,182$                                    

0.2 1,979.6$                                   --- 46,302.0$                                 ---

0.3 2,103.4$                                   6% 48,108.0$                                 4%

0.4 2,240.4$                                   13% 50,314.0$                                 9%

Boston 2,716$                                      57,114$                                    

0.2 2,658.7$                                   --- 56,209.8$                                 ---

0.3 2,706.2$                                   2% 56,902.6$                                 1%

0.4 2,789.9$                                   5% 58,331.4$                                 4%

Seattle 1,822$                                      44,066$                                    

0.2 1,791.1$                                   --- 43,551.4$                                 ---

0.3 1,818.2$                                   2% 43,946.4$                                 1%

0.4 1,859.5$                                   4% 44,756.5$                                 3%
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Window type 

Table 5.6: Simulation results by window type per city. 

 

window 

type 

Average of Energy cost 

($)
Average of LCC ($)

Payback 

time 

(years)

Austin 2,104$                                 48,182$                               

type 1 high SHGC 3,042.5$                              --- 52,337.4$                            --- ---

low  SHGC 2,667.2$                              -12% 46,862.0$                            -10% ---

type 2 high SHGC 2,485.0$                              -18% 49,860.9$                            -5% 10.1

low  SHGC 2,042.6$                              -33% 43,405.8$                            -17% 5.7

type 3 high SHGC 2,018.6$                              -34% 49,522.6$                            -5% 11.8

low  SHGC 1,684.2$                              -45% 44,643.3$                            -15% 8.9

type 4 high SHGC 1,712.5$                              -44% 46,672.1$                            -11% 10.3

low  SHGC 1,509.6$                              -50% 43,712.3$                            -16% 9.0

type 5 high SHGC 2,063.6$                              -32% 54,219.8$                            4% 16.5

low  SHGC 1,814.5$                              -40% 50,585.0$                            -3% 13.2

Boston 2,716$                                 57,114$                               

type 1 high SHGC 3,543.6$                              --- 59,649.3$                            --- ---

low  SHGC 3,312.8$                              -7% 56,281.9$                            -6% ---

type 2 high SHGC 2,933.1$                              -17% 56,399.5$                            -5% 9.3

low  SHGC 2,723.9$                              -23% 53,346.8$                            -11% 6.9

type 3 high SHGC 2,572.3$                              -27% 57,600.9$                            -3% 12.5

low  SHGC 2,504.8$                              -29% 56,616.0$                            -5% 11.7

type 4 high SHGC 2,373.2$                              -33% 56,313.1$                            -6% 11.7

low  SHGC 2,344.3$                              -34% 55,891.1$                            -6% 11.5

type 5 high SHGC 2,477.8$                              -30% 60,264.2$                            1% 15.2

low  SHGC 2,376.0$                              -33% 58,778.3$                            -1% 13.8

Seattle 1,822$                                 44,066$                               

type 1 high SHGC 2,387.3$                              --- 42,777.5$                            --- ---

low  SHGC 2,325.3$                              -3% 41,872.8$                            -2% ---

type 2 high SHGC 1,924.7$                              -19% 41,685.6$                            -3% 12.2

low  SHGC 1,843.5$                              -23% 40,501.1$                            -5% 10.4

type 3 high SHGC 1,709.2$                              -28% 45,007.7$                            5% 17.9

low  SHGC 1,706.5$                              -29% 44,969.1$                            5% 17.8

type 4 high SHGC 1,570.5$                              -34% 44,600.4$                            4% 16.8

low  SHGC 1,592.4$                              -33% 44,920.0$                            5% 17.3

type 5 high SHGC 1,602.6$                              -33% 47,493.4$                            11% 20.6

low  SHGC 1,557.0$                              -35% 46,828.1$                            9% 19.5
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As seen in the above results, in the new scenario, improving the quality of windows 

leads to higher Energy and LCC results, especially in the case of Austin as type 4 low 

SHGC presents a 50% reduction in Energy consumption. For this city, type 2 low SHGC 

is now the best investment choice (as opposed to type 1 low SHGC in the base case) as it 

presents a 17% reduction in the LCC when compared against type 1 high SHGC. The 

explanation on why Austin presents the best improvement is that in the new modified 

scenario, a low u-factor becomes of paramount importance as it reduces the exchange of 

heat between the outside and the inside in a situation where, on average, the air inside is 

colder when compared to the base case (since the temperature schedules are different) 

and, thus, the exchange of heat is more pronounced. 

For both, Boston and Seattle, the percentage of Energy savings increases consistently 

when compared to the base case scenario but in a smaller amount as compared to Austin. 

In the case of Boston, type 2 low SHGC is still the best choice in terms of cost-efficiency, 

but now the investment is considerably more attractive as it presents a 11% reduction in 

LCC when compared to type 1 high SHGC and type 1 low SHGC (as opposed to a 0% 

and 2% respectively). 

 Seattle, on the other hand, presents the lower LCC result for window type 2 low 

SHGC, whereas before, the simplest window presented the best results.  

Probably the most interesting thing to notice in the above table is that for Austin and 

Boston all types of windows, expect type 5 high SHGC, are positive investment options 

(0>ΔLCC%). 
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As a summary, the average best Energy results and LCC results per variable are 

presented. 

Table 5.7: Average best Energy results by variable. 

Table 5.8: Average best LCC results by variable. 

5.3 Best results 

Lowest Energy performance cases 

Table 5.9: Five lowest energy consumption cases for Austin. 

 

City T % glazing S % glazing E-W% glazing Insulation (m) window material

Austin 30% any 20% - type 4 low  SHGC

Boston 30% any 20%-30% - type 4 low  SHGC

Seattle 30% any 20%-30% - type 5  SHGC

City T % glazing S % glazing E-W% glazing Insulation (m) window material

Austin 30% any 20% - type 2 low  SHGC

Boston 30% any 20%-30% - type 2 low  SHGC

Seattle 30% any 20%-30% - type 2 low  SHGC

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

279 50% 30% 0.05 20%

type 4 low  

SHGC 1,407$          39,252$        

189 40% 30% 0.05 20%

type 4 low  

SHGC 1,409$          39,283$        

99 30% 30% 0.05 20%

type 4 low  

SHGC 1,411$          39,322$        

9 20% 30% 0.05 20%

type 4 low  

SHGC 1,414$          39,367$        

309 50% 35% 0.05 20%

type 4 low  

SHGC 1,451$          42,777$        
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Table 5.10: Five lowest energy consumption cases for Boston. 

Table 5.11: Five lowest energy consumption cases for Seattle. 

A theoretical energy efficient prototype is then characterized for each climate 

summarizing the information from the above tables. 

Table 5.12: Energy efficient prototype per city. 

When compared to Table 5.7 (i.e. results taken from analyzing each variable 

individually) a few differences show up for Boston and Seattle for the South glazing 

variable. For both of these cities, the South glazing area shows to be more efficient at its 

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

279 50% 30% 0.05 20%

type 4 low  

SHGC 2,261$          51,724$        

289 50% 30% 0.05 30%

type 4 low  

SHGC 2,268$          51,824$        

189 40% 30% 0.05 20%

type 4 low  

SHGC 2,273$          51,888$        

280 50% 30% 0.05 20%

type 5 low  

SHGC 2,273$          53,961$        

274 50% 30% 0.05 20%

type 4 high 

SHGC 2,273$          51,900$        

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

280 50% 30% 0.05 20%

type 5 low  

SHGC 1,490$          42,533$        

190 40% 30% 0.05 20%

type 5 low  

SHGC 1,496$          42,633$        

290 50% 30% 0.05 30%

type 5 low  

SHGC 1,498$          42,652$        

275 50% 30% 0.05 20%

type 5 high 

SHGC 1,504$          42,741$        

200 40% 30% 0.05 30%

type 5 low  

SHGC 1,505$          42,752$        

City T % glazing S % glazing E-W % glazing Insulation (m) window material

Austin 30% any 20% - type 4 low  SHGC

Boston 30% 50% 20% - type 4 low  SHGC

Seattle 30% 40%-50% 20%-30% - type 5 low  SHGC
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highest, meaning that the results are maximized when a high South glazing area is paired 

with the most Energy efficient type of window for these climate. 

Lowest LCC cases 

 

Table 5.13: Five lowest LCC cases for Austin. 

Table 5.14: Five lowest LCC cases for Boston. 

Table 5.15: Five lowest LCC cases for Seattle. 

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

97 30% 30% 0.05 20%

type 2 low  

SHGC 1,827$          38,490$        

187 40% 30% 0.05 20%

type 2 low  

SHGC 1,828$          38,494$        

7 20% 30% 0.05 20%

type 2 low  

SHGC 1,828$          38,501$        

277 50% 30% 0.05 20%

type 2 low  

SHGC 1,830$          38,523$        

279 50% 30% 0.05 20%

type 4 low  

SHGC 1,407$          39,252$        

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

277 50% 30% 0.05 20%

type 2 low  

SHGC 2,567$          49,280$        

187 40% 30% 0.05 20%

type 2 low  

SHGC 2,581$          49,483$        

287 50% 30% 0.05 30%

type 2 low  

SHGC 2,590$          49,625$        

97 30% 30% 0.05 20%

type 2 low  

SHGC 2,597$          49,725$        

197 40% 30% 0.05 30%

type 2 low  

SHGC 2,603$          49,810$        

N case S % glazing T % glazing
Insulation 

(m)

E-W % 

glazing

window 

material
Energy ($) LCC ($)

277 50% 30% 0.05 20%

type 2 low  

SHGC 1,735$          37,149$        

187 40% 30% 0.05 20%

type 2 low  

SHGC 1,745$          37,285$        

287 50% 30% 0.05 30%

type 2 low  

SHGC 1,746$          37,298$        

197 40% 30% 0.05 30%

type 2 low  

SHGC 1,753$          37,410$        

97 30% 30% 0.05 20%

type 2 low  

SHGC 1,755$          37,434$        
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A theoretical cost-efficient prototype is then portrayed for each climate summarizing 

the information from the above tables. 

Table 5.16: Cost efficient prototype per city. 

When compared to Table 5.8 (i.e. results taken from analyzing each variable 

individually) a few differences show up for Boston and Seattle. For both of these cities, 

the South glazing area shows to be more efficient at its highest, meaning that when a high 

South glazing area is paired with the most efficient type of window for these climate, the 

results are maximized.  

Again, obtaining the best results individually does not produce considerably different 

results as when analyzed all the variables together.  

5.4  Sensitivity analysis 

Price structure 

Six additional price structures were tested. The way they were set was considering 

first the actual price structure and then calculating the difference in price between one 

window and the next upgrade. Then, this difference was considered at a 100% (base 

case), 90%, 80%, 70%, 60%, and 50% The following graph shows the LCC changes 

when applying these new prices. 

  

City T % glazing S % glazing E-W % glazing Insulation (m) window material

Austin 30% any 20% - type 2 low  SHGC

Boston 30% 40%-50% 20%-30% - type 2 low  SHGC

Seattle 30% 40%-50% 20%-30% - type 2 low  SHGC
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                               Figure 5.1: LCC price sensitivity analysis. 
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For Austin, and as discussed before, under the base case scenario, type 2 low SHGC 

window presents the best results. Nevertheless, when costs are reduced to as low as 90%, 

type 4 low SHGC shows best performance. The same tendency occurs in the case of 

Boston, where type 2 low SHGC window is the best option until prices are reduced to 

60%, where type 4 low SHGC presents the best results. In the case of Seattle, under all 

prices scenario,s type 2 low SHGC shows the best performance. 
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Chapter 6 

2-VARIABLE SIMULATION-MEDIUM LOADS 

 

For this part, and following the insights from the first simulation and from the 

literature review, the study was centered in 2 variables: U-value and SHGC. One study 

showed a similar research including hundreds of combinations of windows for South 

Korean Houses for 3 different climates, measuring the energy performance for these 

combinations.59 This Chapter intends to go further and include a LCC analysis. For this 

section, 22 different levels of u-value where tested, with increments of 0.25 W/m
2
k 

starting at 0.25 W/m
2
k, paired with 19 levels of SHGC, with increments of 5%, starting at 

5%, totaling 418 combinations. It must be reminded that the lowering of one variable is 

directly related to the lowering of the other variable. Thus, there are combinations that do 

not exist in the current market but they were still included in the experiment for 

theoretical analysis. 

After the simulations were completed, a polynomial fit was performed using Matlab 

in order to get a function that can explain the Energy consumption. First, the Base Case 

scenario is defined as a window with a SHGC of 0.8 and U-value of 5.5.  Then, the 

percentage of difference between each window’s Energy consumption and the Base 

Case’s Energy consumption is calculated.  

                                                 
59 Ihm, Pyeongchan, Lyool Park, Moncef Krarti, and Donghyun Seo. “Impact of Window Selection on the 

Energy Performance of Residential Buildings in South Korea.” Energy Policy 44, no. 0 (May 2012): 1–9. 
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Table 6.1: Window Base case. 

Also, in order to include a LCC analysis, and with the data from costs used in the 

previous chapters, a 2x1 polynomial curve was fitted using the u-value and SHGC 

respectively as variables. 

For this analysis, the South glazing area, the North glazing area, the East and West 

glazing area, and the insulation are fixed. Table 6.1 summarizes the parameters used. The 

simulations were then performed for Austin, Boston and Seattle. 

Table 6.2: Prototype characteristics.  

U-value (W/m2K) 5.5

SHGC 0.3

Energy 1,938$                                                                                

LCC 32,985$                                                                              

Base case

Parameters Value

Floor Area (m2) 230* (2,475.7 ft2)

Aspect ratio 1.5

height 3.8

Fenestration 30% South 20% North 20% East 20% West (22% floor area)

Fenestration type variable**

Solar gain reduction overhang 0.3 m above south w indow  (w idht = half of w indow  height) 

Insulation type Fiberglass Batt

Insulation thickness 0.05 m

Infiltration 0.6ACH

HVAC system Gas furnace for Heating, and Residential Central AC for Cooling

Internal loads

Lights  (W/m2) 7.10

Equipment (W/m2) 2.83

People 4

*  user determined

** user determined and w ith multiple levels
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6.1 Austin Medium loads 

 

A polynomial equation of 3x3 was fitted to the Energy consumption difference for 

Austin. The equation is presented in Appendix A, with a R-square of 0.998 (99.8% of the 

variance can be explained by the fitted curve). The following figures portrait the results 

obtained.  

 Figure 6.1: 3-D plot of Energy consumption as a function of SHGC and U-  

value for Austin. 
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Figure 6.2: contour map of Energy consumption as a function of SHGC and 

U-value for Austin. 

Figure 6.2 represents a contour map for the Energy function estimated. The graph 

shows what combinations of U-value and SHGC present the best and the worst savings, 

with the number across the contour lines representing the percentage of difference in 

Energy consumption between that particular combination and the base case (which is 

located in the 0% contour line). In the case of Austin, it is clear that the best energy 

performance is obtained for a combination of a low SHGC and a low U-value. Moreover, 

a low U-value will not be valuable if it is not paired with a low SHGC. Thus, a low 

SHGC is more important than a low U-value for Austin. 

Similarly, the LCC was performed obtaining the following contour map. 
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Figure 6.3: contour map of LCC as a function of SHGC and U-value for 

Austin. 
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can decide if they are willing to overspend and approximate value of 10%*$32,985 = $ 

3,299 (in present value) for the inversion. 

6.2 Boston Medium loads 

A polynomial equation of 3x3 was fitted to the Energy consumption for Austin. The 

equation is presented in Appendix B, with a R-square of 0.9996. 

 Figure 6.4: 3-D plot of Energy consumption as a function of SHGC and U-

value for Boston. 
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Figure 6.5: contour map of Energy consumption as a function of SHGC and 

U-value for Boston. 

Then, the LCC analysis was performed obtaining the following contour map. 
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Figure 6.6: contour map of LCC as a function of SHGC and U-value for 

Boston. 

As in Austin, for Boston, there is a clear economical disadvantage of investing in low 

u-value windows. For example, a window of u-value 1 and SHGC of 0.3 presents a 60% 
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6.3 Seattle Medium loads 

 

A polynomial equation of 3x2 was fitted to the Energy consumption for Austin. The 

equation is presented in Appendix A, with a R-square of 0.9933. 

 Figure 6.7: 3-D plot of Energy consumption as a function of SHGC and U-

value for Seattle. 
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Figure 6.8: contour map of Energy consumption as a function of SHGC and 

U-value for Seattle. 

Figure 6.8 shows that for Seattle a low U-value is the most important factor in order 

to improve energy performance. Moreover, the SHGC proves not to be an important 

factor, as for a given U-value, especially a low one, it can be found a low SHGC and a 

high SHGC with the same performance. Thus, in this climate, as opposed to Austin and 

similarly to Boston, it is necessary to invest in low U-value windows in order to achieve 

higher Energy savings.  

Following is the LCC analysis for Seattle. 
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Figure 6.9: contour map of LCC as a function of SHGC and U-value for 

Seattle. 

For this city, it is less feasible to achieve LCC savings. Only high u-value windows 

with high SHGC might present LCC reductions.  

2-VARIABLE SIMULATION-HIGH LOADS 

 

For this part, an increased Energy loads situation is forced in the same way as in 

Chapter 5. The results are shown next. 
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6.4 Austin High loads 

Figure 6.10: contour map of Energy consumption as a function of SHGC 

and U-value for Austin. 

For Austin, the same tendency seen in the medium loads situation can be seen in 

Figure 6.10, with the difference that the potential reductions are bigger in magnitude, as 

some combinations can produce a 50% reduction in Energy consumption, as compared to 

the base window case. Again, a combination of a low SHGC paired with a low u-value 

achieves the best results. 
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Figure 6.11: contour map of LCC as a function of SHGC and U-value for 

Austin. 

As seen, the potential benefits for Austin are bigger than in the medium loads 

situation, as some combinations can produce a 25% reduction in LCC as compared to the 

base window case. Again, the SHGC proves to be the most important characteristic. 
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6.5 Boston High loads 

 
Figure 6.12: contour map of Energy consumption as a function of SHGC 

and U-value for Boston. 

For Boston, the potential energy savings are bigger in the high energy load scenario 

than in the medium load scenario, as some combinations can produce a 30% reduction in 

consumption, as compared to the base case combination. Again, the u-value proves to be 

the most important characteristic. 
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Figure 6.13: contour map of LCC as a function of SHGC and U-value for 

Boston. 

The LLC potential savings are bigger in the high energy load scenario than in the 

medium loads scenario, as more combinations can produce a 5% reduction in costs and 

some combinations of low u-value windows produce no more than a 15% increment in 

costs.  
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6.6 Seattle High loads 

Figure 6.14: contour map of Energy consumption as a function of SHGC 

and U-value for Seattle. 

For Seattle, the potential energy saving are bigger in the high energy load scenario 

than in the medium loads scenario, as some combinations can produce a 35% reduction in 

consumption, as compared to the base case window. Again, the u-value proves to be the 

most important characteristic. 
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Figure 6.15: contour map of LCC as a function of SHGC and U-value for 

Seattle. 

 
LCC costs cannot be reduced considerably, as compared to the base case window. 

There is only a small difference when compared to the medium loads scenario.  
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Chapter 7 

CONCLUSIONS 

Limitations 

Energy simulation 

 

Simulation is by conception an approximation of real life; therefore, there are 

inherent limitations to this powerful tool, as all physical aspects of energy performance 

are approximated by physical equations that attempt to replicate real life situations. Such 

is the case of, for example, natural ventilation or heat exchange. 

On the other hand, an essential aspect of energy performance in buildings is human 

behavior. This is impossible to model accurately as changes in, for example, thermostat 

preferences, are impossible to predict.  

Model limitations 

Shape 

 

The form of the building modeled is extremely simple: a box. Different shapes can 

affect considerably performance, as the case of houses with atriums, or with shading 

devices specifically designed to block and allow sun at strategic moments during the 

year. For this model, a shading device was considered but only for the South side, and it 

was not calibrated using sun angles, which can make a big difference in solar heat gains. 

Also, the model does not consider different stories, which limits the accuracy of the 

guidelines that can be obtained, as these cases cannot be modeled. Nevertheless, it is 
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expected that certain characteristics, such as preferred window type for a particular 

weather or insulation, are not sensitive to height or general shape forms. 

Natural ventilation 

 

For simplicity, and since Energy plus does not perform accurate natural ventilation 

simulations, for this model this aspect was excluded. This can greatly vary performance 

especially in mild weathers, where people can, for example, open their windows during 

summer  nights, and ,consequently, decrease their Energy consumption (in some cases 

this means not requiring a HVAC system at all). 

Lighting 

 

No energy savings from natural lighting were considered. This can change 

performance in energy when considering different WWR for the South and North walls, 

especially for hotter climates where the addition of window area produce an increase in 

energy consumption but increase the use of lighting electricity.  

 

Data 

 

It was not possible to obtain a great number of data for prices, which limits the 

robustness of the results presented. This was a result of the limited number of research 

papers and websites dealing with cost efficiency and prices of windows. Nevertheless, 

this costs were included to have an overall idea of cost-efficiency for the windows tested. 
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Tool usefulness 

 

The tools proves to be helpful in analyzing theoretical situations, in which parameters 

such as azimuth angle, floor area, etc, can be modified through a simple Excel file. Thus, 

for research purposes, it shows great potential as it can produce a significant number of 

results by testing different levels of the six variables parameterized: South WWR, North 

WWR, Total Glazing, insulation thickness, window type and width/depth ratio (this latter 

variable was not tested in this thesis for it would increase considerably the number of 

simulations).  

More specifically, it proves to be tremendously helpful in determining the cost-

efficiency of certain types of windows by testing them first and then performing a LCC 

analysis. All the parameters used for this latter analysis can be changed by the user. As a 

result, they can be easily changed  if market conditions or prices change. 
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Conclusions 

Variable independency 

 

One of the most important conclusions of this Thesis is the high independency of the 

variables tested when minimizing Energy Costs and LCC. Analysis proved that for the 

variables tested  it is possible to test energy performance for each variable independently 

and without losing significant accuracy as compared to a multivariate optimization.  This 

has a very important consequence in terms of saving resources when optimizing. This is 

explain by the fact that set of N independent univariate (one single variable) optimization 

problems take less time and physical resources than one multivariate optimization 

problem with N variables. 

Glazing area 

 

It is clear that increasing the amount of glazing generates increased energy costs, even 

for a cold climate like Boston. It is sometimes believed that for colder climates increasing 

the South Glazing can yield positive effects as it increases the solar heat gains during 

winter. Contrary to this commonplace perception, this study proved that for the setup 

considered, the benefits were only marginal. Nevertheless, windows serve an aesthetical 

and comfort purpose and, thus, it is not recommended to reduce the glazing to a 

minimum. That was one of the reasons for using a high level of glazing for this study. 

Also, it was used as a mean of increasing the importance of the type of window selected.  
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Glazing distribution 

 

An important conclusion drawn from this study is that, at a fixed level of total glazing 

area, the distribution of window area between South and North is practically irrelevant. 

This has a consequence in that designer can decide where to place windows (between 

these two facades)  based on other factors, such as view or building aesthetics, rather than 

energy efficiency. Nevertheless, the East and West orientation should be reduced to a 

minimum for hotter climates such as Austin, where a 10% increase in E-W glazing can 

produce a 6% increase in HVAC electricity and a 4% increase in the overall LCC costs. 

For climates not intensive in cooling, increasing East and West glazing produces a mild 

growth in costs. Therefore, it should not be a main concern for designers. 

Glazing type 

 

The most important conclusions taken from this thesis are related to window types. 

Simulation proved that, under the conditions utilized for this Thesis, utilizing low-e 

windows was never profitable when compared to a simple glazed window, as payback 

time was as high as 30 years even for the simplest upgrade. This is mainly due to the big 

difference between annual energy savings and window investments. Therefore, it was 

concluded that only for a situation where energy costs were increased and/or price 

differences were reduced, upgrading windows could be cost-efficient. In Chapter 5 this 

was achieved by making the HVAC system tighter in schedules and by increasing 

internal loads. Under these conditions (assimilating an office building), Austin presented 
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the biggest potential savings, as energy savings were up to 50% for a type 4 low SHGC 

with a reduction in LCC of 16%. For Boston and Austin all window types except type 5 

were good investment options.  

In Chapter 6, it was proven that for different cities, different types of windows would 

be more appropriate. In terms of Energy performance, the recommendation for Austin is 

to keep a low SHGC and a low U-value. For Seattle and Boston, the recommendation is 

to keep a low U-value. In terms of LCC, for all cases, it is better to stay at higher u-

values. 

Policy making 

 

As discussed before, it is not economically convenient to invest in low u-value 

windows for residential projects under the market conditions analyzed in this project. 

Thus, if conditions do not change, it is the responsibility of the government to study the 

macro impacts of enforcing a minimum quality of windows, such a minimum u-value or 

maximum SHGC, as it might turn out that, when considering costs of creating more 

energy plants and distributing energy, enforcing these types of windows might become 

cost-efficient. Even if the latter situation does not happen, the government might decide 

that reducing the Energy usage is of paramount importance for a city, state or nation, and 

thus, the policy should still be created.  
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Future research 

 
 

Future research should involve the exploration of cost efficient solutions under a high 

energy load environment, as this is the only feasible case where lower u-value windows 

are a good investment option. Such scenario can be found in office buildings. In such 

cases, it would be interesting to perform a similar study involving a richer set of cities in 

order to compare the difference of the best windows cases across different climates. Also, 

it is recommended to study the amount of internal loads necessary in a typical office 

building to make different types of windows (including triple glazed windows) become 

positive investment options.  

Another recommendation for future studies is to limit the number of variables 

analyzed, in order to reduce programming time, analysis time, and computer simulation 

time, as it was proven that, out of the variables tested, only total glazing area, window 

type  and E-W glazing were relevant. Nevertheless, for an office building setup, a denser 

type of wall construction would be necessary, which would presumably have an 

important effect on the insulation variable. Concrete walls will most likely make 

insulation thickness more relevant, and thus, it should be included in the model. It will be 

interesting to perform such experiment and see if there is an interdependency of variables 

as the case of this thesis project.  
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Also, if it is possible to access to powerful computational resources and more data 

sources, it would be recommended to perform a similar study, but with more levels per 

variable. This would facilitate the exploration of the marginal influence of each variable. 

More levels would be extremely useful especially in the case of windows prices, which 

would make the LCC analysis more robust.  
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Appendix 

APPENDIX A: FITTED POLYNOMIAL CURVE 3X3 FOR AUSTIN. 

 f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + p21*x^2*y 

+ p12*x*y^2 + p03*y^3 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.2646  (-0.2825, -0.2468) 

       p10 =     0.09782  (0.01562, 0.18) 

       p01 =     0.01741  (0.00301, 0.03181) 

       p20 =      0.5178  (0.3707, 0.6649) 

       p11 =      0.0397  (0.01968, 0.05972) 

       p02 =     0.00314  (-0.0015, 0.00778) 

       p30 =    -0.03229  (-0.1182, 0.05357) 

       p21 =    -0.07271  (-0.08561, -0.0598) 

       p12 =    0.002467  (0.0001627, 0.00477) 

       p03 =  -0.0003489  (-0.0008395, 0.0001416) 

 

 Goodness of fit: 

  SSE: 0.005901 

  R-square: 0.998 

  Adjusted R-square: 0.9978 

  RMSE: 0.007682  
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APPENDIX B: FITTED POLYNOMIAL CURVE 3X3 FOR BOSTON. 

f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + p21*x^2*y 

+ p12*x*y^2 + p03*y^3 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.2972  (-0.3014, -0.2929) 

       p10 =    -0.09951  (-0.1192, -0.07985) 

       p01 =     0.07501  (0.07157, 0.07846) 

       p20 =      0.2202  (0.185, 0.2553) 

       p11 =   -0.007399  (-0.01219, -0.002612) 

       p02 =   -0.003554  (-0.004663, -0.002445) 

       p30 =   -0.007122  (-0.02765, 0.01341) 

       p21 =    -0.02155  (-0.02464, -0.01847) 

       p12 =    0.002557  (0.002006, 0.003108) 

       p03 =   1.98e-005  (-9.75e-005, 0.0001371) 

 

Goodness of fit: 

 SSE: 0.0003374 

 R-square: 0.9996 

 Adjusted R-square: 0.9995 

 RMSE: 0.001837 
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APPENDIX C: FITTED POLYNOMIAL CURVE 3X2 FOR SEATTLE. 

    

 f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + p21*x^2*y 

+ p12*x*y^2 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.3356  (-0.3413, -0.3298) 

       p10 =     -0.1934  (-0.2219, -0.1649) 

       p01 =     0.09738  (0.09419, 0.1006) 

       p20 =      0.2075  (0.1566, 0.2585) 

       p11 =     -0.0316  (-0.03854, -0.02467) 

       p02 =   -0.004896  (-0.00539, -0.004402) 

       p30 =     0.03145  (0.001698, 0.06121) 

       p21 =    -0.02805  (-0.03252, -0.02358) 

       p12 =    0.006133  (0.005335, 0.006932) 

 

Goodness of fit: 

  SSE: 0.0007159 

  R-square: 0.9993 

  Adjusted R-square: 0.9993 

  RMSE: 0.002662 
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APPENDIX D: FITTED POLYNOMIAL CURVE 4X2 FOR AUSTIN. 

Linear model Poly42: 

 f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + p21*x^2 + 

p12*x*y^2 + p40*x^4 + p31*x^3*y + p22*x^2*y^2 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.5369  (-0.5669, -0.5069) 

       p10 =       1.011  (0.7675, 1.255) 

       p01 =     0.05691  (0.03995, 0.07387) 

       p20 =      -3.034  (-3.75, -2.317) 

       p11 =     -0.1578  (-0.2388, -0.0768) 

       p02 =   -0.003657  (-0.006294, -0.00102) 

       p30 =       4.537  (3.639, 5.435) 

       p21 =      0.2052  (0.09233, 0.3181) 

       p12 =     0.02354  (0.01245, 0.03464) 

       p40 =      -1.928  (-2.33, -1.526) 

       p31 =    -0.09255  (-0.1507, -0.03444) 

       p22 =       -0.02  (-0.02989, -0.01011) 

 

Goodness of fit: 

  SSE: 0.006621 

  R-square: 0.9973 

  Adjusted R-square: 0.997 

  RMSE: 0.008219 
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APPENDIX E: FITTED POLYNOMIAL CURVE 3X2 FOR BOSTON. 

 

Linear model Poly32: 

     f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + 

p21*x^2*y  

                    + p12*x*y^2 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.3367  (-0.3416, -0.3319) 

       p10 =     -0.1197  (-0.1436, -0.0957) 

       p01 =     0.07892  (0.07624, 0.08161) 

       p20 =      0.2705  (0.2277, 0.3134) 

       p11 =    -0.01043  (-0.01627, -0.004593) 

       p02 =    -0.00372  (-0.004136, -0.003304) 

       p30 =    0.009977  (-0.01506, 0.03501) 

       p21 =    -0.03172  (-0.03548, -0.02795) 

       p12 =    0.003811  (0.00314, 0.004483) 

 

Goodness of fit: 

  SSE: 0.0005068 

  R-square: 0.9994 

  Adjusted R-square: 0.9993 

  RMSE: 0.00224 
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APPENDIX F: FITTED POLYNOMIAL CURVE 3X2 FOR SEATTLE. 

 

Linear model Poly32: 

     f(x,y) = p00 + p10*x + p01*y + p20*x^2 + p11*x*y + p02*y^2 + p30*x^3 + 

p21*x^2*y  

                    + p12*x*y^2 

Coefficients (with 95% confidence bounds): 

       p00 =     -0.3367  (-0.3448, -0.3287) 

       p10 =      -0.191  (-0.2311, -0.1508) 

       p01 =      0.1073  (0.1028, 0.1118) 

       p20 =      0.1168  (0.04494, 0.1886) 

       p11 =    -0.02606  (-0.03584, -0.01629) 

       p02 =    -0.00522  (-0.005916, -0.004524) 

       p30 =      0.1559  (0.114, 0.1978) 

       p21 =     -0.0326  (-0.03891, -0.0263) 

       p12 =    0.005522  (0.004397, 0.006647) 

 

Goodness of fit: 

  SSE: 0.001421 

  R-square: 0.9989 

  Adjusted R-square: 0.9988 

  RMSE: 0.003751 
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