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Executive Summary

The U.S. Department of Energy’s (DOE) Building America Program is reengineering new and
existing American homes for energy efficiency, energy security, and affordability. Building
America works with the residential building industry to develop and implement innovative
building energy systems—innovations that save builders and homeowners millions of dollars in
construction and energy costs. This industry-led, cost-shared partnership program has the
following goals:

e Reduce whole-house energy use by 40-70% and reduce construction time and waste

o Improve indoor air quality and comfort

o Integrate clean onsite power systems

« Encourage a systems engineering approach for design and construction of new homes

e Accelerate the development and adoption of high performance residential energy
systems.

In 2001, the Building America Building Science Consortium (BSC) developed the Web-based
Houses That Work (HTW) as a climate-specific technical resource for designing and building
homes that use 30% less energy or space conditioning and hot water than the 1995 Model Energy
Code (MEC). That resource reflected the experience gained from 5 years of Building America
teamwork, including insights gained during the construction of more than 8,000 production
homes from across the country. Houses That Work was, and is, a freely accessible learning
resource and reference for builders, building product manufacturers, building researchers, and the
general public.

Houses That Work II (HTWII) is more comprehensive and more detailed than the original HTW
and represents the latest BSC experience and results under the Building America program.
Specifically, HTWII includes the following:

e Updated North American hygro-thermal regions map that is aligned with the Department
of Energy climate zones and map proposed for the International Energy Conservation
Code (IECC)

e Climate-specific Best Practices with performance criteria for high-performance home
design and construction

e Three Building Profiles per climate

e A Building Materials Property Table populated with technical and performance
specifications from product manufacturers and building research members of the BSC.

This report has five sections—an overall HTWII introduction and four sections explaining the
four most important hygro-thermal regions: Hot-Humid, Mixed-Humid, Cold, and Hot-
Dry/Mixed-Dry. The introduction contains the hygro-thermal map, and each climate section
contains Best Practices and three Building Profiles. HTWII in its entirety is also available on the
BSC web site (www.buildingscience.com/housesthatwork). HTWII is also replete with electronic
building science references. Simply click on the URL from the BSC web site to access the
resource.
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Preface

This report is a combination of principles, technical information, and graphic design/construction
details driven by two systems: the physical and the legal.

The Physical System

The laws of physics (generally) and building science (specifically) are, pardon the expression,
“cast in concrete”; that is, they define or express an order of things. These laws can be ignored
but, ultimately, cannot be broken or changed. Think of the example of gravity—it’s not just a
good idea, it’s the law. You can “ignore” it, but almost always at your peril.

For Houses That Work, this means understanding and managing the way that four things move on
or through homes:

e  Water
e Vapor
o Air

e Heat.

The Houses That Work Best Practices and Building Profiles focus on these four phenomena.
Builders who follow the guidance provided can create high-performance homes that are safe,
healthy, durable, comfortable, and economical to operate.

The Legal System

These laws were developed to give an order to things—they are “man-made,” sometimes
arbitrary, and always changeable. These laws can be broken but, ultimately, cannot be ignored.
Think of the example of speeding—you can break the speeding limit no trouble at all, but you do
so at some legal risk. Sooner or later the speed limit will require your attention. Because houses
are among our most durable and valuable goods, we are pretty interested in how we build them to
manage long-term risk or legal liability. Houses That Work is about the design and construction
of high-performance homes for managing just such risk and liability.

How these Two Systems Tie Together in Houses That Work

Understanding and honoring the physical system can determine how much time and money you
or your company will have to spend understanding and dealing with the second. This may
involve some increase in initial costs, but is also likely to reduce at least the potential for long-
term liability costs. Basically, it’s the “pay now or pay later” order of things. It’s not a given that
your first costs will increase when applying the best building science, but it is a given that
considering your long-term costs along with your initial costs is a great way to manage the
hazards associated with the legal system. And as a bonus, understanding and honoring the
physical system almost always results in valuable and durable products—such as your home—
becoming even more valuable and durable.

Vi



As with most situations in life, Houses That Work holds true to three well-known proverbs:

The devil is in the details
Everything is connected to everything else

It depends.

Accordingly, Houses That Work is subject to the following:

Contains a lot of technical information and details for what we believe are functional and
practical building profiles

Is based on systems engineering and goes to great lengths to express how changing one
element of an assembly or system can affect other elements of the same assembly or
system

Gives climate-specific guidance, with precipitation, temperature, and humidity being
factors upon which the nature and make-up of buildings are most dependent.

Having said this, there is no way that the information provided in Houses That Work can be
considered as anything but guidance, nor should the details here be lifted directly into project
drawings or specifications. The information is not intended to replace professional engineering,
professional design, professional judgment, or common sense. And just as design, material
selections, and construction details may change from one climate zone to the next, local
environmental factors in your specific location or even on one particular lot can lead to changes
not covered in any particular Houses That Work building profile.

To bolster your own professional judgment and building common sense, we offer the following
ten building science principles to keep in the front and back of your head as you use Houses That
Work to guide you in building high-performance homes. It should not be a surprise that all of
these principles are at least indirectly related to moisture. Even in hot-dry climates, moisture
events related to occupant activities, leaks, and singular climate events can bedevil the
performance and durability of today’s homes.

L.

Our efforts to save energy and reduce the flow of heat through building assemblies have
reduced drying potentials and, therefore, increased the importance of controlling moisture
flow through building assemblies.

Ideally, building assemblies should be designed to dry to both the interior and exterior. In
heating climates, the primary drying potential is to the exterior (but not necessarily
exclusively so); in cooling climates, the primary drying potential is to the interior (but not
necessarily exclusively so); and in climates with both heating and cooling, some drying
potential in both directions is typically a good idea (but not necessarily exclusively so).

Building materials last longer when their faces are exposed to similar or equal
temperature and humidity. This is why the ventilation of claddings, particularly those that
store moisture (reservoir claddings), can be important.

Drainage planes, air barriers, and thermal barriers must be continuous to be truly
effective. Being able to trace each of these on a full elevation drawing without lifting
your finger (or pencil or pointer) from the elevation is a good test of continuity.

In moisture control, the priority is liquid water first, particularly when it comes in the
forms of rain and groundwater. In these forms it is referred to as “bulk” water. Following
are air-transported vapor and then diffusive vapor, all other things being equal. It’s
always a question of quantities and rates, of wetting and drying, and the tolerance of
materials (individually and in combination) for each and all of the above.
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10.

Three things destroy materials in general and wood in particular: water, heat, and ultra-
violet radiation. Of these three, water is the most important by an order of magnitude.

When the rate of wetting exceeds the rate of drying, accumulation occurs.

When the quantity of accumulated moisture exceeds the storage capacity of the material
or assembly, problems occur.

The storage capacity of a material or assembly depends on time, temperature, and the
material itself.

The drying potential of an assembly decreases with the level of insulation and increases
with the rate of air flow (except in the case of air flow in severe cold climates during cold
periods where interior moisture levels are high).

viii



ADA
AP
ASTM
BA
BSC
cfm
CGSB
DOE
EPS
ERV
FS
HDD
HPR
HRV
HSPF
HTW
HTWII
HVAC
ICC
IECC
MEC
MERV
oSsB
perm

Definitions

Airtight Drywall Approach

Air permeability (ASTM E2178-01)
American Society for Testing and Materials
Building America

Building Science Consortium

cubic feet per minute

Canadian General Standards Board

U.S. Department of Energy

Expanded Polystyrene

Energy-Recovery Ventilation

Flame Spread (ASTM E84)

Heat Degree Days

Hydrostatic Pressure Resistance (AATCC127)
Heat-Recovery Ventilation

Heating Seasonal Performance Factor
Houses That Work

Houses That Work

Heating, Ventilation, and Air-Conditioning
International Code Council

International Energy Conservation Code
Model Energy Code

Minimum Efficiency Reporting Value
Oriented Strand Board

Building Science Consortium definition: a perm is a
unit of measurement that reflects how readily water
vapor passes through a material of a certain
thickness. A material with a perm rating less than 1 is
considered impermeable, greater than 1 but less than
10 perms is considered vapor semi-permeable, and
greater than 10 perms is considered vapor permeable
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RH

SD

SHGC
SNAPSHOT

TIP
WA
wi/c
XPS

Definitions (continued)

Relative Humidity
Smoke Development (ASTM E84)
Solar Heat Gain Coefficient

Short Non-Destructive Approach to Provide
Significant House Operation Thresholds

Termite Infestation Problem
Water Adsorption (ASTM C209)
water to concrete ratio
Extruded Polystyrene



Introduction: House Desigh Recommendations by Climate

Buildings should be suited to their environments. We have accepted that design and construction
must be responsive to varying seismic risks, wind loads, and snow loads. We also consider soil
conditions, frost depth, orientation, and solar radiation. Yet we typically ignore the variances in
temperature, rainfall, exterior and interior humidity, and their interaction.

Building envelopes and mechanical systems should be designed for a specific hygro-thermal
region (Map 1), rain exposure (Map 2), and interior climate. While there are similarities among
hygro-thermal regions, there may also be important differences as a result of annual rainfall. It is
cold and dry in Wyoming; it is cold and somewhat wet in Wisconsin. Therefore, significantly
different design and construction practices would be called for in these two states. The Building
Science Consortium (BSC) design recommendations are based on the hygro-thermal regions with
reference to the annual rainfall. Local climate must be addressed if it differs significantly from the
climate described for a particular design.

AL * Our recommendations are based on our experience with what
fﬁﬁﬁﬁ% works and what does not work, from forensic investigations of
L 8. Dapartmsak al Ensegy building failures, and from the results of test houses and

thousands of houses constructed by builder partners of the
Building America (BA) program. These design recommendations are the starting point for a
thoughtful approach to designing a specific house in a specific location and climate, often for a
specific purpose. We include the reasoning behind our selection of different envelope assemblies
for different climates. We also discuss the greatest risks for moisture-related problems in each
specific design.

A house is a system of inter-related systems and materials. Consequently, a change in one
component might have dramatic, even catastrophic, effects on the performance of that assembly
or the house as a whole. In each of the Building Profiles, we discuss the critical elements in the
envelope that should be altered only with detailed understanding of the effects that follow the
change. To learn more about how a slight change in a wall assembly can have disastrous
consequences for a house and the builder, go to the article on Brick Veneer, Rain, and Sun at
www.buildingscience.com/resources/walls/brick veneers rain_sun.pdf.

Cost is usually a factor in designing and building houses, especially affordable houses. Every
project has a budget. Nevertheless, durability and its value to the owner should not be jeopardized
just to save a few dollars on construction costs. We point out ways in which the recommended
houses can be made even more robust at some additional cost. The designer, builder, and future
owner will have to decide how much more to spend for a house that performs better and longer.

Houses That Work (HTW) consists of three sets of guidance: Best Practices, Building Profile, and
the Building Materials Properties Table. These are briefly described here.

Best Practices

Based largely on BSC Building America Performance Targets (available at the BSC web site
www.buildingscience.com/buildingamerica/targets.htm), the Best Practices lay out the general
principles and performance objectives for designing and constructing high performance homes in
a given climate.



http://www.buildingscience.com/resources/walls/brick_veneers_rain_sun.pdf
http://www.buildingscience.com/buildingamerica/targets.htm

Building Profiles

The Building Profiles presented in this report are representative constructions consisting of the
following:

e A cross-sectional drawing
o Building science details

e Climate-specific details

o Field experience notes, and

e Material compatibility and substitutions.

The Building Materials Property Table

This table lists nearly 50 of the most common building materials with performance specifications,
such as vapor permeability, that support the selection or the substitution of building materials
based on building science and overall performance of the envelope system.

The first two sets of guidance, Best Practices and Building Profiles, contain many links to other
BSC technical resources that BSC staff and production builder partners use for more detailed
follow-up instruction or explanation.

Used in concert, the Houses That Work elements provide a comprehensive and detailed technical
resource on climate-specific residential construction.

Our New Hygro-Thermal Regions

Climate-specific design and construction of high-performance homes is a cornerstone of all BSC
work. With BSC input, Building America recently modified the criteria and North American
climate map defining the eight hygro-thermal regions (Map 1). The changes are not drastic, but
they are important because they make our criteria and map more consistent with the boundaries of
the Climate Zones proposed by the Department of Energy (DOE) for the International Energy
Conservation Code (IECC), and approved in September 2003 by the International Code Council
(ICC):_ www.energycodes.gov/implement/pdfs/color_map_climate_zones_Mar03.pdf. Whenever
the building science community and the code community get on (literally) the same page, this is
good news for builders of any homes, but particularly those that build climate-tuned, high-
performance homes.

Here is how the two maps align:

e New Hot-Humid region DOE Proposed Climate Zones 1, 2A, 3A below the
warm-humid line, and 2B below the warm-humid line
(“A” represents the “moist” portion of the DOE
temperature zones, and “B” represents the “dry”
portion).

e New Hot-Dry region DOE Proposed Climate Zones 3B, plus 2B above the
warm-humid line.

e New Mixed-Humid region DOE Proposed Climate Zones 4A, plus 3A above the
warm-humid line.

e New Marine region DOE Proposed Climate Zones 3C and 4C


http://www.energycodes.gov/implement/pdfs/color_map_climate_zones_Mar03.pdf

New Mixed-Dry region DOE Proposed Climate Zone 4B

e New Cold region DOE Proposed Climate Zones 5 and 6
e New Severe Cold region DOE Proposed Climate Zone 7
e New Subarctic/Arctic Region DOE Proposed Climate Zone 8.

Subarctic/Arcticy

Map 1. The New Building America Hygro-Thermal Regions
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DOE assigns specific locations to climate zones based the county in which the site is located.
These county assignments may be found on the Building America web site
(www.eere.energy.gov/buildings/building_america). However, the following approximate
definitions of each climate region have been developed based on heating degree-days, average
temperatures and precipitation:

New: Subarctic/Arctic?

A subarctic and arctic climate is defined as a region with approximately 12,600 heating degree
days (65°F basis)’ or more.

New: Very Cold

A very cold climate is defined as a region with approximately 9,000 heating degree days (65°F
basis)’ or more and fewer than approximately 12,600 heating degree days (65°F basis).

(Previously this was called Severe Cold, which was a defined as a region with approximately
8,000 heating degree days or more.)

New: Cold

A cold climate is defined as a region with approximately 5,400 heating degree days (65°F basis)®
or more and fewer than approximately 9,000 heating degree days (65°F basis)°.

(Previously this was called Cold, which was a climate is defined as a region with approximately
4,500 heating degree days or more and fewer than approximately 8,000 heating degree days.)

New: Mixed-Humid

A mixed-humid climate is defined as a region that receives more than 20 in. (50 cm) of annual
precipitation (Map 2), has approximately 5,400 heating degree days (65°F basis)’ or fewer, and
where the average monthly outdoor temperature drops below 45°F (7°C) during the winter
months.

(Previously this was called Mixed-Humid, which was a climate defined as a region that receives
more than 20 in. of annual precipitation, has approximately 4,500 heating degree days or less
and where the average monthly outdoor temperature drops below 45°F during the winter
months.)

New: Hot-Humid

A hot-humid climate is defined as a region that receives more than 20 in. (50 cm) of annual
precipitation and where one or both of the following occur:

e A 67°F (19.5°C) or higher wet bulb temperature for 3,000 or more hours during the
warmest 6 consecutive months of the year; or

BSC has not yet developed climate-specific building science guidance for the new Subarctic/Arctic region.
Celsius: 7,000 heating degree days (18°C basis)
Celsius: 5,000 heating degree days (18°C basis)
Celsius: 3,000 heating degree days (18°C basis)
Celsius: 5,000 heating degree days (18°C basis)
Celsius: 3,000 heating degree days (18°C basis)

>RSI S ]
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e A 73°F (23°C) or higher wet bulb temperature for 1,500 or more hours during the warmest
6 consecutive months of the year.®

(Previously this was called Hot-Humid, which was a climate defined as a region that receives
more than 20 in. of annual precipitation and where the monthly average outdoor temperature
remains above 45°F throughout the year.)

New: Hot-Dry and Mixed-Dry

A hot-dry climate is defined as a region that receives less than 20 in. (50 cm) of annual
precipitation and where the monthly average outdoor temperature remains above 45°F (7°C)
throughout the year.

A mixed-dry climate is defined as a region that receives less than 20 in. (50 cm) of annual
precipitation, has approximately 5,400 heating degree days (50° F basis) or less, and where the
average monthly outdoor temperature drops below 45°F (7°C) during the winter months.

On the new DOE climate map, this includes zones 2B, 3B, and 4B.

(Previously this was called: Hot-Dry/Mixed-Dry, which is a climate defined as a region that
receives less than 20 in. of annual precipitation and where the monthly average outdoor
temperature remains above 45°F throughout the year.

A mixed-dry climate is defined as a region that receives less than 20 in. of annual precipitation.

New: Marine®

A marine climate meets all of the following criteria:
e A mean temperature of coldest month between 27°F (-3°C) and 65°F (18°C)
e A warmest month mean of less than 72°F (22°C)
e At least 4 months with mean temperatures more than 50°F (10°C)

e A dry season in summer. The month with the heaviest precipitation in the cold season has
at least three times as much precipitation as the month with the least precipitation in the
rest of the year. The cold season is October through March in the Northern Hemisphere
and April through September in the Southern Hemisphere.

Note: Don'’t forget that it is always the conditions that you actually experience in your area that
determine the appropriate building design and construction details. The Building America
Climate Zones provide simplified groupings of geographic locations that may actually vary
greatly in terms of weather, and therefore should be viewed as guidelines.

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.

BSC has not yet developed climate-specific building science guidance for the new Marine region. In
the interim, guidance provided in the HTWII Mixed-Humid climate generally applies.



l. Houses That Work for Hot-Humid Climates

Introduction

For the purpose of defining best practices in this report, a hot-humid climate is considered a region that
receives more than 20 in. of annual precipitation and where one or both of the following conditions
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occur:

e A 67°F (19.5°C) or higher wet bulb temperature for 3,000 or more hours during the warmest 6
consecutive months of the year, or

e A 73°F (23°C) or higher wet bulb temperature for 1,500 or more hours during the warmest 6
consecutive months of the year.

The intense solar radiation in this climate imposes a large thermal load on the house that can increase
cooling costs and affect comfort. The approach presented in HTWII minimizes the impact of solar
radiation on the building, its mechanical system, and its occupants.

Moisture is a significant problem in this climate, more so in those areas that receive more than 40 in. of
annual precipitation. The ambient air has significant levels of moisture most of the year. Because air
conditioning is installed in most new homes, cold surfaces are present on which condensation can occur.
Controlling the infiltration of this moisture-laden air into the building envelope and keeping moisture
away from cold surfaces are major goals of design and construction.

Housing types vary greatly throughout all of the different climate zones, but nowhere is the contrast so
great as in the Hot-Humid climate of the southern United States.

In many parts of Florida, block wall assemblies predominate, whereas wood frame is most commonly
used in Texas. For this reason, we have chosen three different Building Profiles that we think best
represent the Hot-Humid climate:

e The “Houston” —two-story, slab-on-grade, first floor brick veneer, second floor fiber cement lap
siding, conditioned attic with asphalt shingle roof (Figure 1)

e The “Orlando” —two-story, slab-on-grade, both floors stucco, conditioned attic, tile roof (Figure 8)

e The “Montgomery” —one-story, conditioned crawlspace, vinyl/aluminum lap siding, unconditioned
attic, standing seam metal roof (Figure 14).

A substantial amount of repetition is present in these Building Profiles, but is necessary in order to
provide comprehensive, stand-alone, examples of performance packages that achieve 40% energy savings
while maintaining or improving quality and durability. Photographs and a case study for a production
builder project in a Hot-Humid climate are available on the Building America portion of the Building
Science Corporation Web site. The case study explores the builder's experience with the Building
America program and discusses the reasons for the specific design and construction details that are used
by Pulte Homes in Houston, Texas. Additional information on construction methods and alternative
designs are included in the EEBA Builder's Guide Hot-Humid Climates and in the EEBA Water Management
Guide (Www.eeba.org/bookstore).

Building America Best Practices for Hot-Humid Climate

The primary consideration for high-performance Building America homes in hot-humid climates is
maintaining moisture control both inside the home and within building assemblies, particularly as energy

'% This definition is identical to the ASHRAE definition of warm-humid climates and is very closely aligned with a
region where the monthly average outdoor temperature remains above 45°F (7°C) throughout the year.


http://www.eeba.org/bookstore

conservation shifts the relationship between sensible and latent loads. Reducing solar gain, using energy
conserving appliances and compact fluorescent lighting, reduces the size of the sensible load relative to
the latent load. This affects the ability of the air conditioner to remove moisture or dehumidify the air.

The following Best Practices are based on our Building America Performance Targets
(www.buildingscience.com/buildingamerica/targets.htm) and are reflected in the three Hot-Humid
building profiles: the “Houston,” the “Orlando,” and the “Montgomery.” All climate-specific Best
Practices are identified with a bolded and bracketed [HH].

Process: Building Design, Systems Engineering, and Commissioning

Design for Energy Performance

Energy performance for space conditioning and hot water 40% better than the 1995 MEC base case house
(i.e., equal to 10% better than ENERGY STAR® performance requirements)

Systems Engineering

Design structure using advanced framing methods (see
www.buildingscience.com/housesthatwork/advancedframing/default.htm or
www.buildingscience.com/resources/presentations/advanced framing.pdf)

Design structure to accommodate the most efficient duct distribution system that places all ducts and air
handling equipment within conditioned space (see
www.buildingscience.com/resources/misc/wood_efficiency.pdf; specifically Figure 3 and page 5)

Design and detail structure for durability, in terms of wall and roof assembly drying potential, continuous
drainage plane, and continuous thermal barrier that clearly defines the conditioned space (see the Building
Profiles section of this report) [HH]

Commissioning: Performance Testing

Air leakage (determined by blower door depressurization testing) should be less than 2.5 in.*/100 ft*
surface area leakage ratio (CGSB [Canadian General Standards Board], calculated at a 10-Pa pressure
differential); or 1.25 in.*/100 ft* leakage ratio (ASTM [American Society for Testing and Materials],
ca