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1. Executive Summary

Project Background

Concrete slabs represent the primary foundation type in residential buildings in the fast-growing
markets throughout the southern and southwestern United States. Nearly 75% of the 2005 U.S.
population growth occurred in these southern tier states. Virtually all of these homes have
uninsulated slab perimeters that transfer a small, but steady, flow of heat from conditioned space
to outdoors during the heating season. It is estimated that new home foundations® constructed
each year add 0.016 quads annually to U.S. national energy consumption; we project that
roughly one quarter of this amount can be attributed to heat loss through the slab edge and the
remaining three quarters to deep ground transfers, depending upon climate. With rising concern
over national energy use and the impact of greenhouse gas emissions, it is becoming increasingly
imperative that all cost-effective efforts to improve building energy efficiency be implemented.
Unlike other building envelope components that have experienced efficiency improvements over
the years, slab edge heat loss has largely been overlooked. From our vantage point, a marketable
slab edge insulation system would offer significant benefits to homeowners, builders, and the
society as a whole.

Conventional slab forming involves the process of digging foundation trenches and setting forms
prior to the concrete pour. Conventional wood form boards (usually 2 x 10’s) are supported by
vertical stakes on the outer form board surface, and by supporting “kickers” driven diagonally
from the top of the form board into soil outside the trench. Typically, 2 x 10’s can be used only
twice before they become waste material, contributing to an additional 400 pounds of
construction waste per house. Removal of the form boards and stakes also requires a follow-up
trip to the jobsite by the concrete subcontractor and handling (storage/disposal) of the used
boards.

In the rare cases where the slab is insulated (typically custom homes with radiant floor heating),
the most practical insulation strategy is to secure rigid foam insulation, such as Dow
Styrofoam™, to the inside of the wooden slab edge forms. An alternative is to clad insulation to
the perimeter of the slab after the slab has been poured and cured. In either case, the foam must
have a “termite strip” that prevents termites from creating hidden tunnels through or behind the
foam on their way to the wall framing above. Frequently this termite strip is a piece of sheet
metal that must be fabricated for each project. The above-grade portion of the insulation also
needs to be coated for appearance and to prevent damage from construction and UV degradation.
All these steps add time, complexity, and expense to the insulating process.

! An estimated 868,000 slab foundations in 2005
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The Opportunity

Builders currently have the opportunity to install slab edge insulation on new homes, but as a
rule they choose not to. Added cost, installation difficulties, construction slowdown, appearance,
and termite issues (in some parts of the country), are all factors that affect their decision. A cost-
effective, installer-friendly system could have huge market appeal. California, our target market
for introduction of a slab edge insulation system, offers additional leverage to the situation. The
statewide Title 24 residential energy code, the most aggressive in the nation, offers credits for
perimeter slab insulation. Since the three year Title 24 update cycle has essentially harvested all
of the low hanging (energy efficiency) opportunities, a cost-effective slab edge insulation system
may well offer more bang for the buck than competing measures. These market forces should
drive acceptance of a well-engineered, easy to install slab edge insulation product.

Formsulate Concept

The Formsulate concept developed in this project replaces conventional wood form boards with
a PVC profile extrusion that is filled with rigid insulation treated with termiticide. The product
includes linear couplers and interior and exterior corners to provide a professional looking
product and to help streamline the installation process. The goal of this development project was
to design and demonstrate an improved product and processes that save construction time
compared to current slab edge forming practices, while providing insulation that substantially
improves energy performance, offers value to builders, and reduces greenhouse gas emissions.
The Formsulate system is shown in Figure 1 and Figure 2.

Davis Energy Group, Inc. 2 December 2009
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Figure 1: Formsulate Schematic

Figure 2: Formsulate Components
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Project Objectives

The key project objective was to successfully commercialize a slab edge insulation form
(“Formsulate™) systems that has benefits for the builder (favorable costs offset with value from
energy credits), operating cost savings for the homeowner, and societal benefits for all by
reducing heating energy consumption and the associated environmental impacts. To successfully
penetrate the production home construction market, the Formsulate system should provide the
following benefits:

o Favorable builder economics
o Easy toinstall

e Proven termite mitigation

e Provide long-term durability

During the course of the project the popularity of post-tensioned slab construction in many
regions of the country became evident. A project reach goal was added to design and
demonstrate a Formsulate system that could accommodate both post-tensioned and conventional
two-pour slabs.

Project Results and Accomplishments

This project spanned two NETL funding Phases. The first Phase ran from May 2005 through
October 2006. Favorable Phase | progress and overall findings resulted in NETL extending
funding for Phase Il efforts. Phase Il work, focused on finalizing the design and developing a
market ready product, ran from October 2006 through August 2009. Key accomplishments by
Phase are listed below.

Phase |

Task 1: Market Research. We completed a review of code issues and current slab construction
practice with input from builders, concrete subcontractors, post-tension contractors, building
officials, and other parties that influence the selection and specification of construction materials.
We developed a detailed cost model based on two production scenarios, and a nationwide market
analysis based on U.S. Census Bureau data for four different commercialization strategies.

Task 2: Insulation Optimization. A highly regarded TRNSYS three-dimensional finite
difference model was used to evaluate potential Formsulate savings in five U.S. climates with
three different insulation levels (R-5, R-10, and R-15). Reasonable national savings estimate for
a typically sized new home with a central gas furnace is on the order of 60 therms per year for
the R-10 case.

Task 3: Design Options and Details. We evaluated various design alternatives in terms of cost,
ease of installation, durability, construction industry acceptance, and structural performance
using Finite Element Analysis. We developed designs for the staking system, linear and corner
joints, and evaluated each design for thermal expansion, termite resistance, weatherability and
other issues. Together with Dow Chemical, we evaluated foam material options.

Davis Energy Group, Inc. 4 December 2009
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Task 4: Prototype Development. We selected an extrusion vendor and procured a die for the
PVC profile. We installed both Styrofoam and foam-in-place polyurethane into profiles to create
sample forms which then underwent strength testing. An interior staking system was prototyped
and installation evaluated in a variety of soil conditions.

Phase I

Task 4b: Prototype Development. Based on our improved understanding of slab construction
practice in much of California and other growth areas of the country, we directed project
resources to designing a post-tensioned slab (PT) compatible Formsulate system. An initial
design was completed, but projected tooling costs in addition to the conventional Formsulate
design costs could not be accommodated within the existing project budget. Additional funding
is needed to fully develop, refine, and demonstrate a PT Formsulate product.

Task 5: Mockup & Prototype Testing. A 10’ x 20’ slab was built with a heated structure above.
The slab separated into two 10” x 10° halves by R-10 rigid insulation, had one side with
uninsulated slab edge and the other side with Formsulate. Monitoring was completed in both
forced air and radiant floor heating modes of operation. Results demonstrate the benefits of the
insulated slab edge, as well as the higher edge losses during the floor heating mode of operation.
Monitoring results were compared to TRNSED slab edge heat loss simulation results and found
to be in good agreement.

Task 6: Field Testing. The goal of the field testing task was to install Formsulate in both
custom and production homes. Given the housing market slowdown, finding and securing
production home builders proved to be difficult. In the end, three custom home projects, ranging
in size from 1,400 to 3,800 ft?, were secured. Unfortunately the third site (3,800 ft%) converted to
a PT design at the last minute and dropped out. Installer and builder feedback from the
remaining two sites was uniformly positive.

Task 7: Evaluation, Reporting, and Technology Transfer. As the Formsulate design process
was moving towards completion, we engaged vendors, suppliers, and industry professionals to
develop a product that was geared towards low-cost and meeting the needs of the foundation
contractor. Builders were contacted both in one-on-one sessions and through venues such as the
Pacific Coast Builders Conference. This project final report represents the culmination of this
development project.

Market Viability

The potential market for a viable slab on grade insulation system is considerable. U.S. Census
Bureau data indicate that 868,000 slab foundations were constructed nationally in 2005. The
housing downturn has certainly tempered short term market projections, but construction should
return to this level within five years. At this point, projected Formsulate costs appear to be
competitive, especially in the current custom home market where slab edge insulation is typically
installed with radiant floor heating systems. In the more cost-competitive production home
market, Formsulate incremental costs present a marketing challenge. However in states with
aggressive energy codes such as California, Formsulate cost effectiveness is likely considerably
more favorable than competing measures that provide incremental efficiency improvements.
The Formsulate cost structure and payback analysis are shown in Table 1. Projected savings are
based on the detailed modeling completed in this study. Average assumed natural gas rate of
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$1.50/therm is higher than current short-term rates, but reflects our estimate of costs in a few
years when market demand increases and carbon taxes come into play.

Table 1: Formsulate Cost Model

Scenario Low-Volume (Start-up) Medium-Volume
# of Houses/Production Batch 50 1,000
Materials Subtotal per House $895 $753
Markup 100% 50%
Wholesale Price per House $1,790 $1,130
Annual Projected Savings $90/year (60 therms/year)
IRR (4% utility rate escalation) 8.5% 15.0%

Extensive communications with construction industry experts during 2005 and 2006 indicated a
shift away from standard two-pour slab construction to a monolithic post-tensioned (“PT”)
process in many areas where slab on grade construction is common. The PT process involves
installation of steel tendons prior to the pour, with cable tensioning occurring after the pour. The
significant market share of PT slabs strongly suggests that the Formsulate product should
ultimately be made compatible with this construction process.

Termites represent a key code issue that must be successfully addressed for code acceptance in
many jurisdictions. Formsulate has been designed to provide a continuous termite barrier and
uses insulating materials that are treated with approved chemicals to resist termites from
tunneling through the foam insulation.

Projected Formsulate National Energy Impacts

Based on the market analysis completed in Phase I, we estimate that 56,000 Formsulate homes
will be built nationwide in the third year of product commercialization after the housing market
returns to the construction rates of the early 2000’s. Based on estimated 60 therm/year national
average estimated savings, we project the first-year energy savings of these homes will be 3.4
million therms. With a 20% annual growth rate in installations, cumulative Formsulate energy
savings will total 214 million therms in the first 10 years after market introduction. In Califrona,
sales should be positively influence by the latest Title 24 revision (takes effect January 2010), as
builders search for the most cost-effective compliance options. Greenhouse gas reduction goals
and other climate change initiatives will further spur conservation efforts resulting in greater
demand of easy to implement products such as Formsulate.

Steps to Commercialization

We feel that the potential for a slab edge insulation product is significant and the market is
primed for introduction of a viable product. In Phase I, we made significant progress in
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understanding the market, assessing potential savings, and developing a prototype design. Phase
Il funding allowed our team to refine the Phase | design, improve system cost, complete
production tooling for the non-PT design, monitor Formsulate performance, and demonstrate the
system in the field. The technology is now ready for marketing to the preferred radiant floor
heating market. Additional funding is needed to fully develop a PT-compatible design suitable
for commercialization. In August 2009, a proposal was submitted in response to NETL’s
American Recovery and Reinvestment Act’s “Advanced Energy Efficient Building Technology”
solicitation to complete PT development and demonstration and to perform market
transformation activities.

Davis Energy Group, Inc. 7 December 2009
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2. Introduction

2.1. Background

Concrete slab-on-grade construction is the predominant foundation type for new low-rise homes
in fast-growing residential markets throughout the southern and southwestern U.S. According to
the National Association of Home Builders, over 2 million homes were built in 2005 (1.7 million
single-family and 350,000 multi-family). U.S. Census data indicates that the six states with the
greatest population increase from 2004 to 2005 (Florida, Texas, Georgia, California, Arizona,
and North Carolina)? are all located in the southern tier where slab-on-grade construction is the
predominant foundation construction technique. Improving the energy efficiency of production
home slabs could have a noticeable impact on new home heating energy use. Since most
“envelope” components in new buildings have evolved to fairly high levels of energy efficiency,
the uninsulated slab edge stands out as one of the few building features that have not improved
over the past fifty years. It is estimated that new home foundations add 0.016 quads annually to
U.S. energy consumption; we estimate that ~25% of this is due to uninsulated slab edges.

Slab edge insulation is used on a small number of new homes, most commonly on custom homes
with radiant floor heating. The current process is cumbersome, time-consuming, and costly.
With typical slab-on-grade construction, the most practical insulation strategy is to secure rigid
foam insulation (typically extruded polystyrene such as Dow Styrofoam™) to the inside of the
wooden slab edge forms. An alternative is to attach insulation to the perimeter of the slab after
the slab has been poured and cured. In either case, the rigid foam must have a “termite strip”
(often a sheet metal piece) that prevents termites from creating hidden tunnels through the foam
on their way to the wall framing above. In addition, high termite infestation areas require that
below grade insulation have ICC approval for termite effectiveness. The above-grade portion of
the insulation should also be protected both to prevent damage from construction, ultraviolet
degradation, and “weekend warrior” shovels, as well as for appearance. For applications other
than radiant floor heating, the high cost for slab edge insulation typically deters its use.

California is an ideal market for introduction of a slab edge insulation system, because the state’s
stringent Title 24 residential energy code forces builders to adopt increasingly costly measures to
demonstrate compliance and also offers credits for perimeter slab insulation. Since a builder
must invest in a variety of energy efficiency measures to demonstrate Title 24 compliance, the
viability of a slab edge insulation product is further enhanced if it is more cost-effective than
competing measures. Since the first increment of insulation is always the most cost-effective,
the economics of slab edge insulation should be highly favorable. Title 24 also requires that all
radiant-heated slabs have slab edge insulation. This represents a natural niche market for
Formsulate since construction cost pressures are typically lower and the radiant heating market
has struggled over the years to find the right insulation solution.

2 Representing 57% of the total U.S. population growth in the year 2005.
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2.2. Project Partners

The project team is comprised of Davis Energy Group, Dow Chemical, and Amaro Construction.
Additional tooling and production support was provided by Dennis Hart, Profile Plastics, and
Magic Plastics.

Davis Energy Group (DEG) has provided energy consulting and product development services
geared toward energy efficient construction over the past 25 years. One product development
involved a cooperative effort between DEG and the Certainteed Corporation. In 1993 Davis
Energy Group (DEG) and Certainteed agreed to co-develop an advanced slab edge insulated
form system. Certainteed extrudes unique plastic shapes for the construction industry. The two
firms invested more than $50,000 over a two-year period before a management change at
Certainteed ended the project. The effort resulted in completion of a substantial market analysis,
development and refinement of a range of design concepts, and the completion of several initial
prototype efforts.

Dow Chemical is a leader in science and technology, providing innovative chemical, plastic,
building materials, and agricultural products to many essential consumer markets. Dow’s strong
connection to the building products industry and its key market position in both rigid polystyrene
and spray urethane foams make it an ideal project partner.

Amaro Construction serves the California construction industry with Home Energy Rating
Services for new and retrofit residential housing. Their connection to the building industry and
experience with construction practices supported the market data collection and field
demonstration portions of the project.

In addition to the formal members of the team, DEG cultivated relationships with builders,
concrete subcontractors, post-tension contractors, and building officials to further the design and
market acceptance of the slab edge insulation system developed in this project.

2.3. Objectives

The key project objective was to successfully commercialize a slab edge insulation form
(“Formsulate™) system that offers benefits for the builder (favorable first costs and potential
energy credits), homeowner operating cost savings, and general societal benefits by reducing
heating energy consumption and reducing wood waste, both of which offer associated
environmental impacts. The insulated Formsulate form board takes the place of conventional
wood forms, but remains in place to provide permanent slab edge insulation.

To penetrate the production home construction market, a successful slab edge insulation system
should provide the following benefits:

o Favorable builder economics. By replacing the wood used in conventional forms,
additional material costs can be minimized, and the concerns over form storage and
disposal are eliminated. A conventional form board staking system provides a familiar
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solution to concrete subcontractors. Energy savings enhance marketability and
elimination of wood form boards offers additional environmental benefits.

o Structurally sound and easy to install. Acceptance with concrete contractors depends on
providing a product with adequate strength and ease of installation. The light weight of
the Formsulate product and lack of need for storing and disposal (conventional wood
forms) are clear product benefits.

e Accommodate post-tension process. Prior to the 2008 housing downturn, post-tensioned
concrete slabs had developed a strong market position in the production home market in
the Sunbelt states. The ability of the form system to accommodate the post-tensioning
process is important for future broad market success. A description of the post-
tensioning process can be found in Appendix A.

e Proven termite mitigation. Most of the residential slab construction market is in areas of
heavy termite risk. To comply with building codes the form system cannot allow
termites to reach the wood structure undetected, and should be made of termite-resistant
materials.

o Long-term durability. As a permanent building product, the form materials must have a
lifetime of 50 years or more. However, durability is most related to cosmetic appearance
because the form is structurally loaded only during the concrete pour. Weatherability
factors such as UV- and corrosion-resistance have the greatest impacts.

2.4. Phase | Accomplishments

The goal of Phase | was to update market research, analyze insulation performance, develop the
Formsulate design including all accessory details, and fabricate prototypes of the basic form
system. The Phase | work was divided into the following tasks:

Task 1: Market Research. We completed a review of code issues and current slab construction
practice with input from builders, concrete subcontractors, post-tension contractors, building
officials, and other parties that influence the selection and specification of construction materials.
We developed a detailed cost model based on two production scenarios, and a nationwide market
analysis based on U.S. Census Bureau data for four different commercialization strategies.

Task 2: Insulation Optimization. A sophisticated finite difference model was needed to
understand the heat transfer processes between house and the ground in a variety of climates.
We investigated available tools, selected a preferred model, and completed simulations to
determine optimal insulation thickness in a variety of climates. Projected “typical” average
national savings of 60 therms per year are estimated for an R-10 insulated 2000 — 2500 ft* new
home with a central gas furnace.

Task 3: Design Options and Details. We evaluated various design alternatives in terms of cost,
structural and thermal performance, ease of installation, durability, and construction industry
acceptance. To optimize the extrusion design, we used Finite Element Analysis (FEA) and
coordinated closely with the extrusion vendor. We developed designs for the staking system,
linear and corner joints, and evaluated each design for thermal expansion, termite resistance,
weatherability and other issues. Together with Dow Chemical, we evaluated foam material
options.

Task 4: Prototype Development. We selected an extrusion vendor and procured a die for the
PVC profile. The vendor developed the die and produced an initial run of 1000 of the profile.
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Both DEG and Dow installed Styrofoam and foam-in-place polyurethane into profiles to create
sample forms for strength testing. An interior staking system was prototyped and installation
evaluated in a variety of soil conditions.

The Phase I final report can be found in Appendix B.

2.5. Phase Il Accomplishments

The goal of Phase Il was to finalize all aspects of the Formsulate system in anticipation of
product commercialization, including:

Finalizing extrusion design

Procurement of all production tooling

Development and fabrication of linear couplers, interior, and exterior corners
Field thermal testing of Formsulate slab vs. conventional slab

Field demonstrations at several new home construction sites

Project management and reporting

Phase Il accomplishments by task included:

Task 4b: Prototype Development. Based on our improved understanding of slab construction
practice in much of California and other growth areas of the country, we directed project
resources to designing a post-tensioned (PT) slab compatible Formsulate system. An initial
design was completed, but projected tooling costs in addition to the conventional Formsulate
design costs could not be accommodated within the existing project budget. Additional funding
is needed to fully develop, refine, and demonstrate a PT Formsulate product.

Task 5: Mockup & Prototype Testing. A 10’ x 20’ slab was built with a heated structure above.
The slab separated into two 10” x 10’ halves by R-10 rigid insulation, had one side with
uninsulated slab edge and the other side with Formsulate. Monitoring was completed in both
forced air and radiant floor heating modes of operation. Results demonstrate the benefits of the
insulated slab edge, as well as the higher edge losses during the floor heating mode of operation.
Monitoring results were compared to TRNSED slab edge heat loss simulation results and found
to be in good agreement.

Task 6: Field Testing. The goal of the field testing task was to install Formsulate in both
custom and production homes. Given the housing market slowdown, finding and securing
production home builders proved to be difficult. In the end, three custom home projects, ranging
in size from 1,400 to 3,800 ft?, were secured. Unfortunately the third site (3,800 ft%) converted to
a PT design at the last minute and dropped out. Installer and builder feedback from the
remaining two sites was uniformly positive.

Task 7: Evaluation, Reporting, and Technology Transfer. As the Formsulate design process
was moving towards completion, we engaged vendors, suppliers, and industry professionals to
develop a product that was geared towards low-cost and meeting the needs of the foundation
contractor. Builders were contacted both in one-on-one sessions and through venues such as the
Pacific Coast Builders Conference. This project final report represents the culmination of this
development project.
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3. Design Development and Prototype Fabrication

3.1. Phasel

During Phase | of the project, three iterations of the Formsulate design were developed. (The
design approaches and details are fully presented in the Phase | report.) The first design was
completed immediately after the start of the project. Intended for use with conventional two-
pour slabs, the design featured a PVC profile extrusion at the top edge for strength in the
horizontal direction, but relied on extruded polystyrene insulation to provide strength from the
top edge to the bottom stake connection point. The first Phase | design shown in Figure 3.
includes an interior staking concept that eliminates any post-pour additional labor for stake and
form removal.

fid
Figure 3: First Phase | Formsulate Design

After market research indicated that the majority of production homes were being built with
post-tensioned slabs, the design was revised to accommodate post-tension cables and to be
compatible with both a uniform thickness “monolithic” slab (trenchless) and a waffle slab (with
perimeter and interior trenches). In contrast to the original design in which the PVC extrusion
was used only at the top, Finite Element Analysis (FEA) indicated that a bottom extrusion was
also needed to provide additional strength. The second Phase | design is shown in Figure 4.
Holes would need to be drilled in the field to accommodate the post-tension cables.

FEA computer simulations reduced design cycle time relative to physical prototypes and

optimize designs more accurately than would otherwise be possible without fabricating a large
number of prototypes. FEA is particularly well suited to tooling-intensive production processes

Davis Energy Group, Inc. 12 December 2009



DE-FC26-42320 — Formsulate — Phase 11 Final Report

and homogenous materials such as plastics. Significant detail on the FEA design activities can
be found in the Phase I final report.

A
|

Figure 4: Second Phase | Formsulate Design

After learning more about weatherability and termite issues, we revised the design to use a
closed PVC profile. FEA was used on both the extrusion and stakes to ensure sufficient
deflection resistance. To reduce overall Formsulate costs, labor steps, and a potential tripping
hazard associated with the prior interior staking system, we designed a staking system relying on
only a diagonal stake just below the base of the extrusion. With these changes, we arrived at the
final Phase 1 Formsulate design, shown in Figure 5.

The staking system was revised completely to use a diagonal stake just below the bottom of the
extrusion, and the post-tension anchors were moved from the stake to decouple the PT
anchor/cable spacing from the stake spacing. (PT cable spacing varies from 18” to 5°, with
typical spacing of 24 to 30 inches. The stake spacing is nominally 3’, depending upon soil
conditions and slab thickness.) This also eliminated the potential corrosion path through the
stakes to the PT anchors and cables. A cross-section detail of the final Phase 1 Formsulate
design is shown in Figure 6.
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Figure 5: Final Phase | Formsulate Design
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Figure 6: Cross-Section Construction Detail of Final Phase 1 Formsulate Design
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At the conclusion of Phase I, the team investigated several corner and linear couplers and chose a
strategy of fabricated corners with a simple H shaped extrusion for linear joints, as shown in
Figure 7.

i

Figure 7: Corner and Linear Joiner Concept at End of Phase |

As part of Task 4, the team ordered extrusion tooling from Profile Plastics and 1000° of
extrusion for Phase Il activities. As with all Phase | designs, the final design used internal
stakes. A sheet metal supplier fabricated 100 prototype stakes. A mockup of the final Phase I
design is shown in Figure 8.

Key design elements include:

PVC Extrusion. A rigid, closed design PVC profile provided the strength necessary to
resist the static and dynamic loads of a concrete pour. The 12” tall profile included
details for attaching an internal staking system and structural hold-downs, and includes a
continuous horizontal strip that embeds in the concrete to prevent termites from passing
between the form and slab. The profile had two hollows to accommodate 2” wide foam
insulation.

Foam Insulation. In Phase | we identified two leading candidates for foam insulation:
extruded polystyrene foam (Styrofoam™) and polyurethane foam. Both foam materials
have R-5 per inch insulative performance. At the time of completion of Phase I, Dow
Chemical was preparing to begin production of Blueguard Styrofoam, a new termite-
resistant insulation approved by ICC-ES for below grade use in heavy termite risk areas.
The polyurethane foaming approach provides for greater form board strength, but does
not resist termites.

Stake system. All stake materials were originally designed to be installed inside the form
board, eliminating the need for the concrete contractor to return to the site. The team
attempted to develop a low cost system that can be quickly and accurately installed in a
range of soil types, but was unable to develop a stake that could be driven into the hard
summertime soils found in California.

Structural hold-downs. A proposed track system at the top of the PVC profile would
accommaodate all popular structural hold-down products.
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Figure 8: Mockup at Conclusion of Phase |

3.2. Phasell

Task 5 began with the first Formsulate installations, one for thermal testing at DEG’s shop
facility and another at a custom home project in Davis, California.

One of the main challenges encountered in Task 4 of Phase | was installation of foam in the PVC
extrusion. Polyurethane pour-foam was used with some success, but required forms and careful
control to prevent it from deforming the rigid PVC extrusion. At the start of Phase II, the team
switched to using Dow BlueGuard Styrofoam extruded polystyrene insulation, which had
recently received IBC listing in compliance with termite resistance. However, using the rigid
BlueGuard meant that two different shaped foam inserts needed to be cut to fill each 8’ length of
extrusion. (BlueGuard availability is limited to 4 x 8 sheets, so four pieces would be required to
fill a 12’ length.)

Another major departure for the team was abandoning of the interior staking concept used
throughout Phase I. Because internal stakes are encased within the concrete, the original
Formsulate concept eliminated the need to return to the site to strip formboards or recover stakes.
However, most homes include some portions that do not require insulation, such as garage stem
walls. These use conventional forms and stakes, making it necessary to return to the site
anyway. In addition feedback from concrete subcontractors questioned the benefit of an interior
staking design both from an installation perspective and from a total system cost perspective. At
the time, steel prices were skyrocketing as part of the bubble in commodity prices and prices are
still high enough to preclude the viability of disposable stakes.
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The team also had difficulty fabricating corner pieces for the Phase | design. Waviness in the
extrusion made it impossible to precisely match surfaces for solvent joining. Available PVC
solvent cement products require interference fit instead of a butt joint, so the team was forced to
fabricate and rivet joiners from straight pieces of extrusion, as shown in Figure 9.

T

Figure 9: First Task 6 Installation (Davis, CA)

The standard Simpson® forming tool for suspending structural hold-downs (shown in blue)
worked well screwed directly in to the PVC form. The holes were sealed afterwards and covered
by a sheet metal flashing. As a result, the team chose to use these for future designs to take
advantage of the low cost and wide availability of the Simpson product, rather than develop a
custom injection-molded part that would use the track integral to the extrusion.

After these early installation experiences, the team concluded that the Phase | extrusion design
needed redesign in response to the following issues:

e Double-hollow shape required excessive cutting and fitting of the foam
e High per-foot material content resulted in high costs
e Lower exterior lip interfered with stakes

Despite these shortcomings the Phase | extrusion did demonstrate that the basic concept was
valid. The concrete bonded well to the PVC, and both the team and the concrete contractor felt
that the extrusion was stiff enough to be used with similar stake spacings as wood formboards.

In addition to developing a new extrusion, the team also concluded that injection molded linear
and corner couplers would be necessary. During Phase I, the team had hoped to be able to use
Phase 2 resources to develop the ancillary parts needed to make Formsulate compatible with the
slab post-tensioning process, despite the fact that this effort was not part of the original project
scope. However, development and tooling costs for the new extrusion and couplers would
consume a substantial portion of the remaining project budget. This meant that the team would
have to minimize costs associated with field testing (Task 6) and severely curtail technology
transfer activities (Task 7). Despite this, the team felt strongly that a revised Formsulate design
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would take advantage of the important lessons learned from the first extrusion, resulting in a
higher quality product with a greater chance of widespread market success.

The primary departure from the Phase | design is that the Phase Il extrusion design is an open C-
channel shape. A single piece of rigid foam is used, and because of the great consistency in the
Phase 2 design, the foam can be cut in bulk ahead of time. Four %” wide pressure-sensitive
adhesive (PSA) strips are strategically applied to keep the foam from moving during handling
and to create a composite beam. As a result of these changes, both material and labor costs were
substantially less than in the Phase | extrusion. The Phase Il Formsulate design is shown in

Figure 10.
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Figure 10: Phase 2 Formsulate Cross-Section Construction Detail

The team selected a new extrusion vendor, Profile Plastics of Hartsville, Ohio due to cost
concerns and the Phase | vendor’s desire to focus on core business opportunities. Die design,
fabrication, and troubleshooting took about four months. After the team approved samples,
Profile supplied 2000’ of Phase Il Formsulate extrusion, once again made from PVC. (PVC is
sometimes derided for dioxin that may be produced during PVC processing; however the team
felt that no other material, plastic or otherwise, could meet the project requirements for cost,
rigidity, and weatherability.)
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Early in Phase II, project partner Dow Chemical supplied 2000 board-feet of BlueGuard
Styrofoam extruded polystyrene (XPS) for lab and field testing. BlueGuard had finally received
its listing with the International Code Council Evaluation Service (ICC-ES) for ground-contact
installation by demonstrating that termites would not eat BlueGuard (unlike conventional
Styrofoam products). Together with the 2000° of extrusion from Profile, this was enough
material for all Phase Il activities. Figure 11 shows a short section of the Phase Il extrusion
filled with BlueGuard.

T

Figure 11: Phase Il Extrusion (End View)

However in the fall of 2008, Dow Chemical chose to discontinue production of BlueGuard after
less than a year on the market. This may seem odd in light of the long effort to get ICC-ES
listing for Blueguard, but Dow underwent a company-wide restructuring due to the deteriorating
economy, and the discontinuation of BlueGuard was collateral damage. As a result, the team has
(at least) temporarily shifted to its backup foam option: borate-treated expanded polystyrene
(EPS). Although not as rigid or as termite-resistant as BlueGuard,® borate-treated EPS has a
much longer track record for use in ground-contact installations, and has been ICC-ES listed for
many years. In addition, borate-infused EPS costs about one-third as much as BlueGuard and is
available from several manufacturers in locations across the country. Dow has several
Styrofoam plants, but had been producing BlueGuard only at their plant in Georgia.

Fortunately, Profile Plastics has an existing marketing relationship with Team Industries of
Grand Rapid, Michigan, and a leading supplier of plain and borate-infused EPS for construction
applications. Suppliers in California and Nevada would be closer to the initial California market,

® According to DOW
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but the relatively short distance between Profile Plastics and Team Industries makes it possible to
install the foam at Profile. Packing density is only moderately affected, and this integration of
foam and extrusion at Profile limits the scope of the effort required to commercialize Formsulate
from genuine manufacturing to simpler warehousing and logistics.

At Davis Energy Group, the linear and corner couplers were designed along with the revised
extrusion. However, because of the high tooling costs associated with injection molding, the
team chose to hold off ordering the coupler tooling until the first extrusion samples were
delivered. Once ready, these samples were delivered to the injection molder, Magic Plastics of
Valencia, California, so that they could match the couplers to the extrusion as much as possible.
Although longer, this process results in better fit than “tolerance stacking.” Lead times for the
injection molded parts were actually slightly shorter than the extrusion, despite manufacturing
the molds in China, where the sample parts were run. Once the sample parts were approved by
DEG, the molds were disassembled and shipped to Valencia, where Magic Plastics molded 500
of each part. This process took about four months from purchase order to parts received at DEG.

Magic Plastics’ tooling partner fabricated two molds. The first mold was a two-cavity mold that
made two linear couplers in each cycle. The second mold was also two-cavity mold, but it
produced one outside and one inside coupler in each cycle. Each cavity can be run separately in
this mold (at a higher per-part cost), which is necessary because outside coupler are about three
times as popular as inside couplers. Because of the high tooling costs ($18,250 for the linear
coupler mold and $43,500 for the combination interior/exterior corner coupler mold, as
compared to $8,525 for the extrusion) the team chose to make the corner coupler mold only after
receiving samples of the linear coupler. This provided the opportunity to make any necessary
corrections before the substantial outlay for the corner coupler mold.

When the first linear coupler samples were compared to the extrusion, the fit was good
everywhere except at the very top, where the tapered angles differed enough to create a
noticeable gap between the two parts as shown in Figure 12.

Figure 12: Excessive Gap at Extrusion/Coupler Interface
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After conversations with both vendors, the team concluded that it was easier and cheaper to
modify the extrusion rather than the injection molding equipment. However, after leaving the 6”
thick extrusion die, the plastic profile passes through a vacuum calibrator for several feet. The
vacuum holds the extruded shape against a segmented exterior profile as the plastic cools. After
leaving the calibrator, the plastic is rigid enough to hold the shape. As Phase Il was ending,
Profile Plastics had completed modifications to the calibrator so that the extruded profile would
better fit the couplers. It was not necessary to modify the tool, only the calibrator. The team
chose to make the corner couplers match the geometry of the linear couplers, and gave Magic
Plastics the go-ahead to begin mold production. The team was able to use the existing 2000” of
extrusion for the Phase Il activities. Early commercialization will use latest Formsulate
extrusion. The finished Formsulate parts are shown in Figure 13, Figure 14, and Figure 15.

Figure 14: Outside Corner, Extrusion, and Linear Coupler
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Figure 15: Inside Corner, Extrusion, and Outside Coupler
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4. Detailed Ground Modeling

One of the more complicated areas in building energy simulations is to accurately model heat
fluxes between a house slab, the soil below, and the slab perimeter edge. These heat fluxes are a
function of many factors including:

soil thermal characteristics (density, diffusivity, moisture content, homogeneity)
deep ground temperature (primarily a function of latitude)

climate

the impact of varying soil strata close to the surface

house geometry*

conditions surrounding the house (snow, shading, pavement, precipitation, etc.)

A TRNSYS-based model developed by Thermal Energy System Specialists (TESS) of Madison,
Wisconsin was ultimately used to assess expected energy impacts of slab edge insulation
systems. The TRNSYS model was synthesized into a user-friendly TRNSED format that
provides for a reduced set of data inputs specific to the application being evaluated. The
TRNSED model utilizes a customized routine to model the energy transfers from the concrete
floor slab to the soil beneath the surface and to the outdoor environment via the slab edge. The
energy transfer is assumed to be conductive/convective only and soil moisture effects are not
accounted for in the model. The model relies on a 3-dimensional finite difference model of the
soil and solves the resulting inter-dependent differential equations using a simple iterative
method. Heat transfers from the slab, the deep ground, and surface-influenced nodes affect the
near-field soil temperatures. Figure 16 depicts examples of how the soil grid is developed for
different applications. The finite element size is adjusted to focus maximum resolution in the
areas where the highest resolution is needed.

The TRNSED model does have some modeling limitations. Due to the complexity of the finite
element model and the need for a 15-minute time step, average model run times are on the order
of three to four hours. To reduce this to a more manageable level, simplifications were made.
By assuming the house has a rectangular footprint, symmetry allows for modeling only one
quarter of the full slab footprint and associated underground thermal nodes. In addition, the
rectangular assumption simplifies the finite element modeling by including only one corner to be
modeled. This symmetry assumption is accurate for a rectangular slab configuration, but
introduces some minor inaccuracy for “real world” slabs.

* A house with a square footprint would have a different “thermal bubble” under the house than a house with a large
perimeter to area ratio.
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Figure 16: TRNSED Ground Modeling Configuration

The assumed characteristics of the prototype house used in the modeling, are as follows:

« Single-story 2,000 ft* house, with an exterior perimeter of 210 feet

« 20% glazing, uniformly distributed (100 ft* for each orientation)

e R-12 *average” walls and R-25 “average” ceiling

o Fixed heating and cooling thermostat settings of 70°F and 76°F, respectively
e 70% of slab area covered by R-2 carpeting; remainder hard surface flooring

Assumed soil properties were based on “heavy/damp soil” characteristics to reflect typically
damp soil conditions during the winter months:

e Conductivity of 0.75 Btu/hr/ft-°F
o Density of 131 Ibs/ft®

« Thermal diffusivity of 0.60 ft/day
o Heat Capacity of 0.23 Btu/lIb-°F

To evaluate the thermal performance impact of both traditional and post-tensioned slab
construction, we modeled a “conventional” 4 inch thick slab with 12 x 12” perimeter footings
and also an 8” monolithic post-tensioned slab. The TRNSED model has some constraints on
how the model can simulate the insulating form, as shown in Figure 17. For footed slabs, 4” of
slab is directly exposed to outdoors with the footing (and insulation, if present) extending 12”
below grade. For the monolithic slab case, the full 8” slab is modeled as being exposed to
outdoors. If insulation is installed, i