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Executive Summary

This project monitored two distinct housing types for their abilities to maximize energy efficiency in the hot and humid climatic conditions that define the Houston-Galveston area.  The program included the analysis of data collected from these homes and establishing a platform for evaluating the success of each home relative to its energy efficiency.  In addition, the homes were evaluated in terms of their impact on health and well being of the occupants, ease of maintenance and operation, and cost-effectiveness. Specifically, the homes were monitored and tested for mould, a major problem in the hot and humid climatic zone.  A case study detailing this information and lessons learned has been prepared and shared in public forums with the building industry and the public.  Inclusion of the project results directly into the curricula of the University of Houston and Rice University’s Architectural and Engineering Colleges is being explored. The study aimed to:
· Demonstrate with data, the building systems, design techniques and construction methods that lead to energy efficiency greater than IECC 2000.

· Develop and implement a local residential monitoring and analysis program that will produce locally specific data demonstrating how residences are affected by design and construction methods in the hot and humid climatic conditions.

· Develop the analysis and recommendations for building systems applications that will result in more energy efficient, healthful homes and more environmentally responsible homes.

Findings

1. The Houston Habitat for Humanity has started incorporating most of the design features suggested for the energy efficient affordable design house in this project as part of their standard building practices.

2. The energy efficiency features incorporated in the Houston energy efficient affordable design house result in at least 35% savings in energy consumption compared to an IECC 2000 standard house. With 35% savings, the simple payback is 5.5 years (at $0.16/kWh cost for electricity).
3. All homes are better than Energy Star 

	
	Pre-2006 Energy Star Rating

	Energy efficient green home
	89.3

	Energy efficient affordable design house
	88.9

	Habitat control house
	88.6


An Energy Star home is one with a rating of 86 or more – the higher the number, the greater the energy efficiency.  This is true because these three homes were rated using the pre-2006 version of Energy Star.  In the post-2006 Energy Star version, the system changes and the lower the number the better the energy efficiency performance of the home.
4. Energy efficient affordable houses can be built easily which are healthy, energy efficient, Energy Star rated, and have better indoor air.
Recommendations for Dissemination 
1. Air tightness, energy efficiency, and mechanical ventilation issues have to be considered from a systems perspective and the system must include occupant behavior.  Specifically, a CO2 sensor should be installed and used for ventilation monitoring in this climate.
2. Energy efficient affordable houses can be built which are energy efficient and which can exceed the IECC 2000 standard by at least 35 %.
3.  The strategies that lead to an efficient and better indoor air quality are as follows:
a) Overhangs of at least 24” in length to shade windows;
b) Use of a high reflectance roofing material;
c) Consistent application of vapor and water barrier approach including under all framing plates;  
d) Quality insulation use spray foam of at least 3 inches R- 30 on the roof deck, the mechanical vault, and the jumper ducts out of the conditioned space; 

e) Employ the unventilated attic concept with insulation at the roof deck.
f) Locate the mechanical systems in the conditioned attic.

g) Insulate walls well at least R-16.

h) Use Low-E double pane argon filled windows with thermally broken vinyl frames.

i) Install only Energy Star lighting and appliances.
j) Use only florescent lamps.

k) Use a tankless water heater.
l) Right size the heating and cooling system; one ton per 1,000 square feet should be attainable and the unit should be at least a SEER 14.
m) Use a dehumidifier only during the heating months and turn it off in the cooling months.
n) Install ceiling fans in all rooms.
o) Utilize an insulation strip at the intersection of the slab and the floorplate.
For indoor air quality the following strategies are recommended:

a) Use low or no VOC paints.
b) Minimize or eliminate carpet – prefer linoleum over vinyl.
c) Keep dust out of ductwork during construction.
d) Conduct a flush out of the ductwork and home before the owner moves in.
e) Use a mold pre-treatment plan to protect framing from becoming a host site.
4. Owner system education is very important.  Affordable home builders building tightly constructed energy efficient homes will need to invest in training materials and labor to receive the results their homes are capable of delivering.
a) Educate the owner at purchase.
b) Educate the owner at closing.
c) Educate the owner at occupancy.
d) Educate the owner post occupancy.
Statement of Project Objectives

Outcome:  To begin to affect a residential market transformation in the Houston Galveston region.  The transformation involves the voluntary acceptance and implementation of a building standard that results in more energy efficient, green, healthier, more disaster resistant homes and sustainable landscapes.

Goal 1:  To demonstrate that energy efficiency at the Building America goal statement level can be achieved in affordable housing.
Objective 1.1:  Demonstrate with data, the building systems, design techniques and construction methods that lead to energy efficiency greater than IECC 2000.
Goal 2:  To increase the body of knowledge on specific climatic design and construction strategies and material usage applied to housing in the hot and humid Houston-Galveston Area.

Objective 2.1:  Develop and implement a local residential monitoring and analysis program that will produce locally specific data demonstrating how residences are affected by design and construction methods in the hot and humid climatic conditions.

Objective 2.2:  Develop the analysis and recommendations for building systems applications that will result in more energy efficient, healthful homes and more environmentally responsible homes.

Objective 2.3:  Develop case studies based upon data and experience gained in the area that will be shared in the area using the HARC stakeholder network.

Goal 3:  Communicate the results of the project with appropriate professionals across the Houston Galveston Area. 

Objective 3.1:  To provide this information to design and construction professionals as well as homeowners so that they may begin to assimilate the information into their decision making process.

Objective 3.2:  To share this information with other related audiences such as mortgage bankers, code officials, insurance industry specialists, and state and federal lending programs.

Objective 3.3:  To provide this information to local universities for use in their Architectural and Engineering classes.

Goal 4:  Verify that owner builders can execute design concepts and systems approaches that are beyond the International Energy Conservation Code (IECC) and not in the mainstream with dramatic energy efficiency and healthful results.

Project Narrative
The objective of the Building America Program is to apply systems engineering and integrated design approaches to the development of new residential buildings and improvement of existing residential buildings, including production techniques, products, and technologies that result in higher quality, energy-efficient, healthful housing while maintaining profitability and competitiveness of home builders and product suppliers. 

This project was a means to support the implementation of the Building America objective stated above.  Our work was a response to the request for research that coordinated with Building America’s goal of creating building system performance packages that make new houses 40% to 70% more energy efficient than houses built to the local building code and existing houses 30% more energy efficient than code. 

The project focused on three main tasks:

(1) Assess the abilities of two distinct housing types to function efficiently and effectively in a hot and humid climatic region; 
(2) Create a set of recommendations (based upon the performance of these homes compared to a standard code compliant building) for design and materials improvements, and 
(3) Dispense the knowledge gained in a public and industry outreach and education initiative. 

Background
The US Census Bureau established that the population of the Houston Galveston area was the tenth largest in America with 4.6 million residents in the year 2000.  A Houston-Galveston Area Council study for the year 2025 shows a population increase of three million residents, creating a need for 1.3 million new jobs and requiring the creation of one million new households.  In 2003 the Houston Galveston area saw the addition of 35,000 new homes and it is predicted that this number will grow annually for each of the next twenty-five years.
 
Based on this assumption in five years this proposed program has the potential to inform the design and construction of 175,000 homes in the eight counties defined as the Houston Galveston area.  We estimate the value of this construction to be more than twenty billion dollars.  The 2005 figures confirm the increase in home construction as it now estimated 46,000 were built, thereby magnifying the importance of this study.
The application of results from this and other Building America programs continue to have the potential to greatly reduce energy consumption in the Houston area and the rest of the hot and humid climate zone.  Further, based on the correlation that EPA and the Texas Commission on Environmental Quality (TCEQ) have established between reduced energy consumption and air quality, the impact on human health is phenomenal.  This is particularly true considering the ambient air quality conditions of the last twenty years on the population of Houston.  Currently the Houston Galveston Area’s standing as an ozone non-attainment city is resultant of the number of times that the national ozone standards established by the EPA have been exceeded.   These ozone events could be dramatically reduced with the wide application and adoption of the lessons learned in this study.  Thus, this program has the potential to improve air quality and therefore, human health for over 4.6 million people relatively quickly and 7.6 million in the twenty-five year planning horizon.

The lessons learned in the hot and humid project have broader implications.  Due to conditions prevalent in the area, numerous health problems have been linked for many residents as a direct result of the design and construction methodology of the current built environment paradigm.  The most obvious are health issues associated with the growth of mould in our buildings and homes.  This project seriously examined and monitored the design and systems employed to eliminate the risk of mould.  The project also looked at radon and carbon dioxide as health indicators.  Additionally, the project examined the effect on performance and shared the results through the case studies, thereby contributing substantially to the body of knowledge that addresses this ever-present challenge in the hot and humid climate that is the Houston area.

For the purpose of this project, a hot and humid climate was defined as a region that receives more than 20 inches (50 cm) of annual precipitation and where one or both of the following occur:

· A 67°F (19.5°C) or higher wet bulb temperature for 3,000 or more hours during the warmest six consecutive months of the year; or 

· A 73°F (23°C) or higher wet bulb temperature for 1,500 or more hours during the warmest six consecutive months of the year. 

These last two criteria are identical to those used in the ASHRAE definition of warm-humid climates and are very closely aligned with a region where the monthly average outdoor temperature remains above 45°F (7°C) throughout the year. The Building Science Corporation (BSC) established this characterization of a hot and humid climatic zone.  Through their work BSC has identified, characterized and mapped eight climatic zones or hygro-thermal regions.  The BSC climate zone delineation as mapped and zone characteristics align with the International Energy Conservation Code (IECC) Climate Zones adopted in 2002 by the State of Texas.  

For more detailed information on the criteria that make up the BSC regions and DOE proposed zones, view www.buildingscience.com.  The conditions that are actually experienced in the climatic area where the residences were built are those that determined the appropriate residential design concepts and construction tactics for the details to be properly applied. For more detailed information on the criteria that make up the BSC regions and the DOE proposed zones, view the map at: http://www.buildingscience.com/housesthatwork/hygro-thermal.htm
Hygro-thermal Zones
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Representative homes

· An energy efficient green home designed by a recognized green architect and built by the owner, designed to be a high performance, energy efficient, and healthy - 4540 sq. ft.
· An affordable home built by the Houston Habitat for Humanity with energy efficiency and indoor air quality related design inputs from the HARC team, and lessons learned from the recognized green architect -  1227 sq. ft.
The energy efficient green home was designed by Environment Associates, Architects and Consultants, and was built by and made available for this study by the owner/builder.  The home was constructed in 2003-04, and is located in Montgomery County, Texas.  The affordable design home was built by the Houston Habitat for Humanity and includes many of the project team’s recommendations on strategies and tactics to be considered to exceed the 2000 IECC Code.  The home is located in Harris County, Texas in a subdivision with no natural gas service.

These residences were selected for two reasons.  First, the partner parties recognized this work was a means to advance the knowledge base of home design and construction in the hot and humid climate.  Secondly, this study was recognized as an opportunity to improve their competitive advantage as designers and builders with regard to green building design and building practices.  

Methodology
The project consisted of four phases. Phase I involved the evaluation of the energy efficient green home. Phase II involved the design and evaluation of an energy efficient and better indoor air-quality affordable house. Phase III involves analysis, synthesis, final report writing and case study development. Phase IV involves outreach and public presentations. The following table shows the timeline of various tasks associated with the project.

Table 1: Project timelinehttp://www.buildingscience.com/housesthatwork/images/hygro_map.gif" 
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Phase I:
Evaluation of the Energy-Efficient Green House
Review of the energy efficient green house 

The process consisted of interviewing the architect regarding his approach to design and construction and conducting a plan review.  In the interview we focused on learning what the features were that he uses in the design to make the house energy efficient and healthy and a tour of the house. (Notes from the interviews and a transcript of the taped interview are included respectively as Appendices 1 and 2.)
The architect usually chooses his clients as much as they choose him. Almost all his clients are well-educated, concerned about energy, environment and health.  The architect goes through an involved process of educating the client as well as obtaining information about the client’s expectations from the house through a questionnaire discussion. (A sample of the questionnaire is included as Appendix 3, and the plans used in the plan review is Appendix 3.1).
The architect conducts a survey of the site to preserve as much of the natural environment as possible.  He relies on his past experience of what has worked in the Houston area, extensive reading of research in the area of energy efficient houses and involvement in multiple professional organizations focusing on renewable energy and healthy homes to create his energy-efficient and healthy designs.  For this house, the architect hoped that with the strategies that he has incorporated, cooling will not be needed for at least eight months of a year.  
The energy efficient green house is a two storied, 4540 square foot house located in Montgomery County, TX, northwest of Houston.  The client chose their own mechanical system and supervised the installation as well as performed as the general contractor.  We also interviewed the owner/builder who was very insightful and helpful.  The home has 10-12” load bearing walls with the mass located inside the envelope, a narrow foot print, and a centrally located greenhouse/solarium on the first floor. The attic is unventilated and unconditioned.  The HVAC system is a series of fan coil units with thermostat controls in each room, and an Energy Recovery Ventilator (ERV).  The compressor is a 14 SEER, 5 ton unit.  The hot water heating uses instantaneous gas water heaters.  The HVAC system had some warranty issues with the ERV and the homeowners were addressing them in October of 2006.  The house also has a septic system with continuous cycle and venting in operation.

Energy efficient technologies incorporated in the energy efficient green house
· Insulated Concrete Form  (ICF) Construction;
· House orientation East-West longer axis and narrow width;
· Three feet (36”) overhangs all around;
· Lots of shading through trees on the south and west facades;
· Clay tiles for roofing;
· Roof is insulated – not the ceiling;
· Energy Star appliances;
· Low flow water fixtures;
· Use of both point of use electric water heater (or “baby tank-less”) and central tank-less powered by natural gas;
· Pella windows which have removable an inner glazing;
· No sliding, French or patio doors whose seals are not very tight;
· Predominantly fluorescent lights;
· Light controls are all dimmers and toggles;
· Use of ERV for fresh air;
· Fan coil units in each room for individual control, and
· Thermal mass on the inside of the structure wall – load bearing walls (polysteel 10-12 inches thick).
Process and technologies for better indoor air quality
· Soy based poly “ecofoam” insulation;
· The attached garage is isolated from the house through triple wall board (3/4”) from slab to roof deck;
· Does not use an insulated slab – thus avoiding termite issues;
· During construction, the ducts are wrapped so that the dust does not enter into them;
· Low VOC paints used;
· No formaldehyde in any woods;
· Minimal carpets. No carpets on the first floor.
· Wood floors are solid oak and not laminates;
· Cabinets are solid wood with a lumber core;
· Plaster wall finish;
· High ceilings (greater than ten feet) thus allowing for higher volumes for dilution of pollutants, and a
· Central vacuum system.
Design Challenges
· Centrally located greenhouse and solarium for the purpose of growing orchids, and
· House is wired by owner with lots of low voltage wire and coaxial cable with little organization.
Data Collection 

Data related to the outside weather conditions [temperature, humidity, rain, wind (speed, direction, gust), solar radiation, carbon dioxide], indoor thermal (temperature, humidity), lighting, and indoor air quality (TVOC, radon, CO, CO2), and power consumption was collected using funding provided by this grant (See Table 1 for details)
The weather station was located near the north-west corner of the house, away from the house and human traffic.  The location was mostly clear of trees.  Most of the indoor measurement points were concentrated in the study area since it is close to the garage and thus allowed the team to study the effect of an attached garage on indoor temperature and air quality.  Other indoor measurement points were located in the garage, the solarium, the play area, master bedroom and the attic.
The inside logger was located in the attic.  The wiring for sensors inside the house utilized the existing CAT5 twisted pairs for connection to the logger and the RG6 for powering the sensors where needed.  These sensors were monitored using two Onset data loggers, one for inside and another for the weather station.  These loggers are capable of recording 15 single-ended 12-bit analog channels.  The data loggers were connected to the Houston Advanced Research Center’s office via modem and phone line.  A C++ post processing software program was written that provides the statistics for the data.  The data was also made available online for the builder/homeowner who was very interested and made use of the data.

Table 2: Measurement Points

	Measurement Point
	Purpose
	Sensor Type
	Manufacturer

	4 watt-hour measurements


	Electrical energy for AC compressor unit, ERV fan, 5 fan coil units, glycol pump, solarium fans, master bedroom lights, plug load, exhaust and fan coil, and septic tank pump and air compressor
	Watt  Transducer
	Ohio Semitronics

	2 roof surface temperature (inside, outside)
	Heat flux
	Thermocouple
	Onset

	6 dry-bulb temperature/relative humidity (outside, garage, master bedroom, greenhouse, playroom, attic)
	Indoor, outdoor ambient temperature and relative humidity
	RTD for temperature and thin film polymer for humidity
	Vaisala

	1 light sensor (in study) 
	Daylight penetration
	Filtered silicon photodiode


	Licor

	4 CO2 (study, outside, greenhouse)
	Indoor air quality
	Silicon based Non-Dispersive Infra-Red sensor
	Vaisala

	2 CO (study, garage)
	Infiltration of garage fumes
	Electrochemical
	RKI Instruments

	1 TVOC (study)
	Indoor air quality
	PID sensor
	Gray Wolf

	1 Radon (study)
	Radon infiltration
	Ionization Chamber
	Sun Nuclear

	1 Rain collector (outside)
	Amount of rainfall
	Tipping Bucket
	Onset

	1 Solar Intensity (outside)
	Solar gain
	Silicon pyranometer
	Onset

	1 Wind (outside)
	Wind speed, direction, and gust
	anemometer
	Onset


Data was collected from April 12, 2005 to March 7, 2006, at fifteen minute intervals. The time intervals appropriateness was confirmed with the Building Science Corporation team partners. Due to issues related with extended power outages, hurricanes, and logger reliability, there were instances of data loss, but we have representative data for each of the seasons.  The TVOC and radon data were spot measurements, conducted four times during the study period.  In addition the following data was also collected:
1. Blower door test results. 
2. Energy Star ratings for comparing the houses in this study conducted by DPIS Inc. and included in Appendices 4.1-4.3
3. The residents logged data regarding any atypical usage of the space.
4. Utility bill data for electricity and gas usage.
5. Indoor air quality and mould assessment conducted by Microbiology Specialists Inc. (MSI Inc.) and included as Appendices 5 & 6.
Establish baseline energy consumption using simulation
A code compliant building model, approximating the energy efficient green house conditioned square footage was established using the emissions reduction calculator (ERC) developed by the Energy Systems Lab, Texas A&M University.  ERC is a web-based tool that allows one to quantify pollution and money saved per energy efficiency measure installed. 

This prototype calculator has been configured initially for the Houston area.  The Texas Emissions Reduction Calculator uses the Energy Systems Laboratory's Code Traceable Test Suite to create a 2000 IECC code-approved, DOE-2 hourly, base-case simulation for a house that has the same location, azimuth, conditioned area and window-to-wall area as the house under consideration.  Energy efficiency improvements can then be entered on the "House Details" screen (http://ecalc.tamu.edu).  

Texas emissions and energy calculator (eCALC) is used to compare the energy efficient green house with a similar house built just to the code.  It is an online calculator that calculates the emissions reductions from the implementation of the Texas Building Energy Performance Standards (TBEPS), by comparing the energy use of a user’s building against the energy use of a building that would have been built prior to TBEPS (Pre-code).  The calculator also allows for the calculation of energy savings and the resultant emissions reductions for buildings that are more efficient than the code by allowing the user to compare their energy use against a similar building that is built to be compliant with the 2000/2001 IECC for residential single-family (Haberl et. al. 2004).
The tool can incorporate only some of the features of the energy efficient green house in its modeling.  These are: 1) orientation, 2) insulation levels, 3) window glazing and frame type, 4) window-to-wall ratio, 5) roof and wall color, 6) shading, 7) number of pilot lights, and 8) efficiency of the compressor and water heating.
The tool does not consider the efficiency of the lights and appliances, insulation in the roof versus ceiling, tight construction, and the more atypical HVAC systems that are used in the energy efficient green house (fan coil and ERV).  The comparison between a new single family detached house with some of the features of energy efficient green house and the same house built to 2000/2001 IECC code shows a 24% (7.7% for cooling and 47% for heating) savings in the energy consumption.

 Table 3: Comparative energy consumption for the energy efficient green house using the ESL tool
	1: ANNUAL Energy Savings (for base year conditions) 

	

	1.1: ANNUAL Energy Consumption 

	

	Consumption

Electricity 
(kWh/yr) 
Natural Gas 
(Therms/yr) 
PreCode

37,143

530

Code

24,220

594

User Input

22,347

316



	

	1.2: ANNUAL Energy: Comparison 

	

	Comparison

Electricity 
(kWh/yr) 
Natural Gas 
(Therms/yr) 
Code vs User Input

(Saving) 1,873

(Saving) 278

PreCode vs User Input

(Saving) 14,796

(Saving) 214

PreCode vs Code

(Saving) 12,923

(Loss) 64 


	


Phase II: 
Evaluation of the Energy Efficient Affordable Design House
Review of the energy efficient affordable design house
In order to develop design and construction recommendations for the energy efficient affordable house, a literature search was conducted for those tactics deemed to be current best practices for the hot and humid hygro-thermal zone.  These findings were integrated with the HARC staff experience, and the lessons learned from the architect of the energy efficient green home.  Based upon a HARC team dialogue session a set of proposed recommendations were developed and presented to the Houston Habitat for Humanity management team.  Through further dialogue with the Houston Habitat for Humanity management team, a finalized agreed to set of integrated design and construction tactics was created and incorporated into the construction of the energy efficient affordable home.

The combination of the literature search, lessons learned and the HARC expertise with the data monitoring and analysis of the energy efficient green house contributed to a better integrated design approach for the affordable home built by the Houston Habitat for Humanity. 
Design and Construction Strategies
The following design and construction strategies were incorporated into the house.
1. A lot with a long East-West orientation.

2. Overhangs at least 24” long and potentially greater on the South side.

3. A porch with an overhang greater than 36”on west face of the house.

4. A one window shift from the West side to North side, located in a bedroom.

5. Planting large deciduous trees at the Southwest corner and West side of the home.
6. High reflectance and light colored roofing material other than dark asphalt shingles.
7. Consistent application of a vapor and water barrier approach including under all framing plates.  

8. Use spray foam insulation of at least 3 inches R-30 on the roof deck, the mechanical vault, and the jumper ducts out of the conditioned space.  

9. Insulate the wall well achieve a R-16 wall.  Employ a R-13 non formaldehyde in wall cavities, with Dow blueboard R-3. 

10. Create an unventilated but conditioned attic space for the mechanical systems.

11. Minimal use of windows and when employed use of quality Low-E double paned windows with daylight factor of .58, a U value of .55 and a SHGC of .25. 

12. Employ the most efficient tankless electric water heater.  (There is no natural gas in the district)
13. Use a centrally manifolded plumbing system.

14. Air admittance vents pressure activated stop pipe venting and penetrations – Houston Habitat for Humanity will install 3 exhaust fans (kitchen, two bathrooms) that will exhaust via manual switches.
15. Right size all electrical motors.

Interior load reduction strategies
1. Use only Energy Star appliances.
2. Install only fluorescent lighting.
 Energy Efficient (HVAC) strategies
The project team and the Houston Habitat for Humanity management team met with the mechanical contractor for Habitat.  The parties agreed to the following:

1. The contractor agreed to reduce the conventional tonnage from three tons to one and a half or two tons of A/C.  The unit will be a 14 SEER unit. 
2. The contractor agreed to install the dehumidification equipment.
3. Central manifold HVAC lines – commercial grade flex duct will be used or run in conditioned space and will make use of insulated jumper ducts to address the rooms located off the core.

3. Central fan integrated supply ventilation system Houston Habitat for Humanity provides 4” fresh air pipe in attic soffit to return air duct for make-up supply.  Potentially relocate return air grill to be proximate to the larger bathroom.

4. Added ceiling fans in all rooms and provided education to the owner that when ceiling fan are on the AC can be set at a 2-3º degree higher setting.

5. Utilize an insulation strip at the intersection of the slab and the floorplate.

Indoor air quality issues
1. 
Use only low or no VOC paints – Sherwin Williams’ paints will be utilized.
2.
 Minimize or eliminate carpet – prefer linoleum over Vinyl Composite Tile (VCT).
3.
 Agreed to a plan and did keep dust out of ductwork during construction.

4.
 Agreed to conduct a flush out of the ventilation system before owner move in.

5.
Use a mould pretreatment plan to protect framing.

Operations education

1. High Performance Homeowners Manual
Establish baseline energy consumption for the energy efficient affordable residence 

We modeled the energy consumption of an IECC 2000 code compliant building which will approximate the affordable house conditioned square footage using Emissions Reduction Calculator, developed by the Energy Systems Lab, Texas A&M. (See appendix 4.4 for house plans)
Table 4: Comparative energy consumption for energy efficient affordable residence using ESL tool

	1: ANNUAL Energy Savings (for base year conditions) 

	

	1.1: Annual Energy Consumption 

	

	Consumption

Electricity 
(kWh/yr) 
Natural Gas 
(Therms/yr) 
PreCode

13,183.00

0 

Code

12,988.00

0 

User Input

11,808.00

0 



	

	1.2: Annual Energy: Comparison 

	

	Comparison

Electricity 
(kWh/yr) 
Natural Gas 
(Therms/yr) 
Code vs User Input

(Up by) 1,180.00

0 

PreCode vs User Input

(Up by) 1,375.00

0 

PreCode vs Code

(Up by) 195.00

0 



	


Data collection methodology

· A data collection methodology similar to that employed for the energy efficient green house was adopted. The owners closed on their home on March 17, 2006. The data collection was initiated on April 20, 2006 and ended on October 23, 2006.  Due to the shortening of the study time frame from 3 years to 2 years, we do not have a whole years worth of data/utility bills for the energy efficient affordable design house.
· The Houston Habitat for Humanity has participated in numerous studies, but they contend that they have no real data on any of the studies.  We agreed to monitor and record data on a second house that they would like to use as a control.  They indicate that they will migrate many of the design and construction strategies to the house.  Their desire is to see how far they can go with their base model and compare it to this high performance affordable house.  Therefore, we monitored one such residence for AC power consumption and roof surface temperature for comparative purposes.  This house was identical in orientation and square footage to the design house.
Table 5: Installed Measurement Points in the energy efficient affordable design house

	Measurement Point
	Purpose
	Sensor Type
	Manufacturer

	2 power measurement

for both houses
	Electrical energy for AC Compressor Unit 
	Split Core Transducer
	Ohio Semitronics

	2 roof surface temperature for design house (inside, outside), 1 roof surface temperature for control house (outside)
	Heat flux
	Thermocouple
	Onset

	1 dry-bulb temperature/relative humidity (outside)
	Outdoor ambient temperature and relative humidity
	RTD for temperature and thin film polymer for humidity
	Vaisala

	1 Rain collector (outside)
	Amount of rainfall
	Tipping Bucket
	Onset

	1 Solar Intensity (outside)
	Solar gain
	Silicon pyranometer
	Onset

	1 Wind (outside)
	Wind speed, direction, and gust
	Anemometer
	Onset

	2 dry-bulb temperature/relative humidity (inside, attic)
	Indoor ambient temperature and relative humidity
	RTD for temperature and thin film polymer for humidity
	Vaisala

	1 CO2 living room
	Indoor air quality
	Silicon based Non-Dispersive Infra-Red sensor
	Vaisala

	1 CO living room
	Indoor air quality
	Electrochemical
	RKI Instruments


Table 6: Spot Measurement Instrumentation 

	Measurement Point
	Purpose
	Sensor Type
	Manufacturer

	1 TVOC (living room)
	Indoor air quality
	PID sensor
	GrayWolf

	1 Radon (living room)
	Radon infiltration
	Ionization Chamber
	Sun Nuclear


· The energy efficient affordable design house’s blower door test showed that it is a very tight house and its whole house test was highly favorable as well. The total leakage test number was slightly higher than the target, due to leakage at the HVAC unit itself on the original testing.  The house failed the first test and the Houston Habitat for Humanity field crew made the necessary repairs and DPSI reports that the leakage has been rectified using sealing foam and caulking in the required places.
Phase III: Results, Analysis, and Synthesis
Thermal comfort:

Both study houses (energy efficient green and energy efficient affordable) have additional components for dealing with the humidity. They also do not have the AC on all of the time. The energy efficient green house has an ERV with a fan. The energy efficient affordable design house has a dehumidifier which is regulated with a humidistat set at 68%. It is a whole-house dehumidifier, when the central air-conditioning system is running, and a localized dehumidifier when the AC is not running (in this case attic – where the dehumidifier is located).
The energy efficient green house’s thermostat was set at 73º F during the night and evenings and around 75º during the day. Additionally, each room also had control on its own temperature to some extent by adjusting the fan coil unit settings. As Chart 1 demonstrates, the average temperature is within the acceptable range. The game room temperatures are slightly high. The relative humidity is on the higher side with a maximum of 74% in the master bedroom. 
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Chart 1: Monthly average relative humidity and temperature profiles for the energy efficient green house
. 

The energy efficient affordable design house’s thermostat is set at 78º F and the humidistat at 68%.  As Chart 2 depicts the average temperature is around 80º F with a maximum of 87º F. The average relative humidity is 56% with a maximum of 74%. 
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Chart 2: Monthly average relative humidity and temperature profiles for the energy efficient affordable design house 

Attic conditions:  Both the energy efficient green home and the energy efficient affordable design house have spray on insulation on the roof deck and not on the ceiling deck as is traditionally done. This allows the attic temperatures to remain closer to the conditioned space temperatures of the house instead of closer to roof surface temperatures.  This dramatic drop in ambient temperature for the mechanical systems to operate in greatly improves efficiency and lengthens system lifetimes. 
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Chart 3: Monthly average and maximum temperature profiles for the energy efficient green house. 
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Chart 4: Monthly average temperature profiles for the affordable houses. The solid thick lines are for the energy efficient affordable design house.
The affordable control house has traditional asphalt shingles with a reflectance profile of 9%. The energy efficient affordable design house has high performance asphalt shingles with a reflectance profile of 26%. This shingle looks like and is colored like its traditional brother or sister shingle. The average roof surface temperatures with higher reflectance profiles are lower by at least 2-3º F.
Indoor Air Quality:
We measured radon, carbon monoxide, carbon dioxide, and TVOC for the energy efficient green home and the energy efficient affordable design house. Table 2 shows the minimum, maximum, and average values for the two houses and how they compare with the standards.
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(*) Using data at hourly intervals.
Table 2: Indoor air quality parameters

TVOC Note 1: TVOC levels were measured using a PID sensor. The readings are in parts per billion (ppb), with isobutylene as the reference compound. The homes were occupied during the measurements. There are no clear-cut, applicable standards for exposure to TVOC’s in schools, offices, or residences (as opposed to industrial) environments. The American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) recommend that concentrations should be no higher than 1.0 mg/m3 (500 ppb, isobutylene units) in non-residential buildings. The European Community has a guideline for TVOCs of 0.3 mg/m3 (150 ppb, isobutylene units), where no individual VOC should exceed 10% of the TVOC concentration. Study of TVOC measurements in residences is limited. A study by Wallace et.al, 1991, of 200 existing, occupied homes recorded a median TVOC concentration of 0.7 mg m-3 (350 ppb). The TVOC concentrations in the 11 unoccupied new site-built houses by Hodgson et.al, 1999, exceeded this median value (2.72 mg/m3, ~1360 ppb, with a range of 1.58 - 4.88 mg/m3, ~ 790 – 2440 ppb).

Radon: EPA has established the exposure limit for radon in residences as 4.0 pCi/L. It is based upon an exposure of 18 hours per day for 40 years. The most stringent residential standard is the Swedish standard of 2 pCi/L. Both the houses have levels which are below the EPA standard.

Carbon-Monoxide: ASHRAE Standard 62-1989 indicates that the 8-hour average exposure limit for carbon monoxide should not exceed 9 ppm. Levels above 5 ppm indicate the undesirable presence of combustion pollutants. The energy efficient green home mostly shows 0 ppm carbon-monoxide (CO) readings even when the garage has CO concentrations (with a maximum of 300 ppm). This shows that the wall between the garage and the study is very tight. The attached garage is isolated from the house through triple wall board from slab to roof deck. There have been few hours when the CO was 5 ppm or more with a maximum value of 12.75 ppm (from analysis of 15 minute data). These values are only for a few hours during the study and possibly due to the door between the garage and the house being open. 
The energy efficient affordable design home does not have a garage, and all appliances and heating are electric as there is no natural gas available in the district.  The low level of CO measured could be due to tobacco smoking in the house.
CO2: ASHRAE Standard 62-1989 recommends 1,000 ppm as the upper limit for comfort (odor) reasons. The CO2 in the energy efficient green house (measured in the play area, study, and the solarium) has been within this limit except once when it reached 1025 ppm in the play area and about 1300 ppm in the study room. Most of the high values were recorded for the Thanksgiving, Christmas, and New Year’s time frames.
The energy efficient affordable design house CO2 values have been very high at times. The possible reasons for this are:

1. The outside cfm used for mechanical ventilation is 60 cfm. The house has six occupants (according to ASHRAE Standard 62.1 2004, the ventilation rate should have been 90 cfm at 15cfm/person). 

2. The house has a very tight construction (less than 0.1 ach) and the occupants rarely open doors/windows. 
3. The AC is set at 78º and not ON much of the time.  We observed that when mechanically ventilated the CO dropped to acceptable levels.  We counseled with Houston Habitat for Humanity and the family. 

Chart 5 demonstrates the phenomenon of mechanical ventilation reducing CO2 when the AC is switched ON.  The data is for one example time period during the study.
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Chart 5: CO2 concentration as a function of time, when the AC is ‘ON’ energy consumption
Mould:  Moisture and/or any conditions that may lead to elevated moisture; that, in turn, could lead to elevated microbial (fungal in particular) contamination are the focus of Microbiological Specialists, Inc. (MSI) study of the two houses (see appendices 5& 6).  The following interpretation of microbial data is based on a visual assessment and a limited microbial investigation and testing of the two houses. 

In the energy efficient green house, air sampling throughout the house and surface sampling in the HVAC (heating, ventilation and air conditioning) system(s) were done in order to determine how well the house is maintaining climate control and if any water intrusions or elevated moisture areas have caused any reservoirs to form or amplify. The following areas were sampled:
· Kitchen nook 

· Orchid room 

· Dining/Study near Stairs 

· Master bedroom 

· Family room 

· Child's room 

· Landing

· Fan Housing Units – Study, Child’s Room and Master Bedroom Closet

· Study 

· Books

· Family room – HVAC unit in attic fan blades

· Fresh air ventilator fan blades

There were a few areas in the house that are/were suspect either due to a persistent increase in humidity (the Orchid Room), a heavy collection of dust (for example, all the fan blades) or due to changes in surface texture on contents (for example, the books on the landing).  The laboratory analysis/data in the energy efficient green house suggests the need to clean (HEPA vacuum and/or decontaminate) and/or discard and replace certain permeable/porous contents (books, lampshades, upholstery) and clean any non-porous or semi-porous items or surfaces. The cleaning should be inclusive of proper personal protective equipment (PPE), partial barrier containment and/or engineering controls to protect any persons and/or areas that may not be currently involved or contaminated with dust. 

In the energy efficient affordable design house which was pretreated with a mould inhibiting system, Air-O-Cell sampling throughout the house, surface sampling in the HVAC system, Andersen N-6 culture samples and one carpet dust sample were conducted. The laboratory analysis/data in the energy efficient affordable design house suggests the need to clean (HEPA vacuum and/or decontaminate) and/or discard and replace certain permeable/porous contents (books, lampshades, upholstery) and clean any non-porous or semi-porous items or surfaces. The cleaning should be inclusive of HEPA vacuuming the HVAC supply and return plenums.
AC Energy Consumption
Preliminary analysis of the power data for the energy efficient green house shows that the compressor is using a maximum of 4.5 kW (it is a 5 ton-hour unit) with an average usage of 0.44 kW.  For a 5 ton unit, this translates into 3.91 COP (at rated conditions, the COP of the unit is 4.1 – 14 SEER).
Blower door test results show 1751 CFM at a pressure of 50 Pascal. This translates to approximately 0.12 ACH (air changes per hour), suggesting a very tight construction.
The electricity and gas consumption at the energy efficient green house (from utility bills) is shown in Chart 6. The yearly electricity consumption is 31,817 kWh (23.9 kBtu/sf) and the yearly gas consumption is 717 CCF (15.8 kBtu/sf), yielding a total of 39.7 kBtu/sf/yr. The average energy consumption for Texas is 65 kBtu/sf/yr (1997 Recs data).
The energy efficient affordable design house AC compressor analysis shows a utilization of a maximum of 1.9 kW of electricity. For a 2 ton unit, this translates into 3.71 COP (at rated conditions, the COP of the unit is 4.1 – 14 SEER). The utility data for the affordable design house includes only seven months of data.  That data is dominated by cooling season requirements.  We used EnergyGauge (with DOE2.1 simulation as back engine) to project the yearly energy consumption. We also compared the projected number with the daily average energy consumption number from the utility data and found the two numbers to be within an acceptable range. The projected annual electricity consumption number for the energy efficient affordable design house is 27 kBtu/sf/yr, which is less than half of the Texas average number.
We feel that Building America should be proud of the energy performance of the energy efficient affordable design home and that the value of a long term green architect in creating energy efficient “green” homes is confirmed with this data.
Blower door test results for the energy efficient affordable design house show 286 CFM at a pressure of 50 Pascal. This translates to approximately 0.07 ACH (air changes per hour), suggesting an extremely tight construction.
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Chart 6: Electricity and gas utility bill data for the energy efficient green house
In order to understand the effect of the efficiency features relative to IECC 2000 standard design, we ran two models of the energy efficient affordable design house using the EnergyGauge software (using DOE2.1 E back engine) developed by Florida Solar Energy Center. The annual energy consumption of the IECC compliant house is 14,884 kWh vs. the annual energy consumption for the energy efficient affordable design house is 9,770 kWh.
Findings

1. The efficiency features incorporated in the energy efficient affordable design house result in at least a 35% savings in energy consumption compared to an IECC 2000 standard house.
2. All homes in the study are better than Energy Star.  The energy efficient affordable design home cost $84,000.  There was no price premium estimated by The Houston Habitat for Humanity because most of the unique design elements were donated.  The estimated cost of the donations was less than $ 4,500 more than their standard practice.  
3. The utility bill shows that the electricity cost in that area is an average of $0.16. With 35% savings, the simple payback would have been 5.5 years if the items had been priced into the home. 
4. An Energy Star home is one with a rating of 86 or more – the higher the number, the better the energy efficiency is. This is true because these three homes were rated using the pre-2006 version of Energy Star.  In the post-2006 Energy Star version, the lower the number the better the energy efficiency performance.
	
	Pre -2006 Energy Star Rating

	Energy efficient green house
	89.3

	Energy efficient affordable design house
	88.9

	Habitat control house
	88.6


5. Energy efficient affordable houses can be built easily which are healthy; Energy Star rated, and has better indoor air.
6. The energy efficient “green” home clearly scored the highest Energy Star rating and its healthy home data are very positive.  This supports the original goal of the study that highly trained experienced designers can with the cooperation of an owner builder execute design concepts and systems approaches that are beyond the IECC and not in the mainstream with dramatic energy efficiency and healthful results.
Recommendations for dissemination 

1. Air tightness, energy efficiency, and mechanical ventilation issues have to be considered at from a systems perspective with occupant behavior – a CO2 sensor should be employed for ventilation monitoring.
2. Energy efficient affordable houses can be built which are energy efficient and can surpass the IECC 2000 standard by 35 %. The strategies that lead to a efficient and better indoor quality are as follows:
a) Overhangs of at least 24” in length to shade windows;

b) Use of a high reflectance roofing material;

c) Consistent application of vapor and water barrier approach including under all framing plates;
d) Quality insulation use spray foam of at least 3 inches R- 30 on the roof deck, the mechanical vault, and the jumper ducts out of the conditioned space;
e) Employ the unventilated attic concept with insulation at the roof deck.

f) Locate the mechanical systems in the conditioned attic.

g) Insulate walls well at least R-16.

h) Use Low-E double pane argon filled windows with thermally broken vinyl frames.

i) Install only Energy Star lighting and appliances.

j) Use only florescent lamps.

k) Use a tankless water heater.

l) Right size the heating and cooling system; one ton per 1,000 square feet should be attainable and the unit should be at least a SEER 14.
m) Use a dehumidifier only during the heating months and turn it off in the cooling months.
n) Install ceiling fans in all rooms.

o) Utilize an insulation strip at the intersection of the slab and the floorplate.

For indoor air quality the following strategies are recommended:

a)
Use low or no VOC paints.

b)
Minimize or eliminate carpet – prefer linoleum over vinyl.

c) Keep dust out of ductwork during construction.

d) Conduct a flush out of the ductwork and home before the owner moves in.

e) Use a mold pre-treatment plan to protect framing from becoming a host site.

5. Owner system education is very important.  Affordable home builders building tightly constructed energy efficient homes will need to invest in training materials and labor to receive the results their homes are capable of delivering.

a) Educate the owner at purchase

b) Educate the owner at closing

c) Educate the owner at occupancy

d) Educate the owner post occupancy
Case Study

HARC has generated a case study for these two distinct housing types (included as Appendix 7).  The design of the case study has been tailored to the public audience first and to the built environment professionals secondly.  The need for mortgage bankers, code officials, and insurance industry specialists is great.  The strategy is to begin there and to reach out to design and construction professionals over time.  The desired result is with this information in the public domain, the public can begin to utilize the information to create demand for energy efficient affordable housing by talking about the project and asking “what is possible?”  The built environment professional focus of the case study will be more fully developed and widely deployed in the future.
Phase IV: 
Outreach, Education and Social Marketing

The preliminary findings of this Building America funded study have been reported in three public presentations to date.  First, to the Engineers Without Borders Houston Chapter.  Second, to the 9th Annual Texas Recycling conference, and thirdly, in an American Institute of Architects, (AIA) Committee on the Environment (COTE) symposium known as Gulf Coast Green.  Unfortunately since these where invited presentations the evaluation forms distributed by the host were designed by the host.  Thus the data presented in Appendices 8 and 9 is generic in nature.

A further series of public sessions tailored to the built environment stakeholders will be conducted by HARC in the Houston Galveston Area, the next will occur January 14, 2007 at a Cultivate Green presentation.  Cultivate Green is a demand side public education program of the Houston Advanced Research Center.  During the public process both LaVerne Williams, the principal of Environment Associates Architects and Consultants and a Habitat for Humanity representative have agreed to participate in the dissemination of information.  This element will culminate in the inclusion of the lessons learned; macro level cost considerations, and all recommendations into ongoing outreach, education and social marketing components programs that HARC facilitates.  
And finally, HARC intends to have articles published in relevant professional magazines and journals.  A comprehensive report with database, analysis, and recommendations based upon the performance each residence yielded will be supplied. This document will also chronicle the experience and will be used to create the excitement about affordable housing opportunities for energy efficiency in affordable housing learned in this project.  The comprehensive report and the case studies will also be made available to the public through placement on the HARC web-site, www.harc.edu.

Conclusions 
Most importantly, Building America now knows that affordable builders given the information, data, sources, time and the opportunity are more than willing to explore ways for their product to become more energy efficient and thusly more affordable for their buyers.  Secondly, the energy efficient green home designed by the environmentally friendly architect with thirty years of experience and built by the owner performed very well and represents the compendium of personnel knowledge and persistent application of that knowledge to build an energy efficient and healthy home.  Thirdly, the healthy building parameters we looked at were and are important.  Mould was and is a major concern in the industry.  Considering the effort of the teams in this arena it comes as a little bit of a surprise that there was as much mould as the science confirms there was.  There is every reason to believe that under more traditional methods in conventional situations that the conditions could and would only worsen, thus setting off the cycle in the hot and humid hygro-thermal zone that concerns many us a great deal.  Fourthly, when the contract terms were shortened, the dynamics of data collection and analysis was not weighed heavily enough on the education and outreach component of the work.  The result is less outreach and education than the project deserves and we want to and will do a great deal more with these results.

We also are interested in suggesting some possible topics to research in the future– 

1. Best combination of attic technologies – radiant barrier, reflective roof, unventilated attic, and insulation at the roof deck.
2. CO2 sensor for ventilation air in homes.
� Houston Metropolitan Transit Authority Study


� The monthly average data for this and the subsequent charts are calculated only from the data that is available – due to issues related with extended power outages, hurricanes, and logger reliability, there were instances of data loss
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