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CHLOROFLUOROCARBON {CFC) TECHNOLOGIES REVIEW
OF FOAMED-BOARD INSULATION
FOR BUILDINGS™

D. L. McElroy and M. P. Scofield!
ABSTRACT

This report reviews the use of foamed-board building
insulation and alternative technologies to reduce the use of
chlorofiuorocarbons (CFCs). CFCs harm the environment by
depleting the ozone layer in the stratosphere. Thermal insula-
tions are reviewed to introduce current rigid-foam insulation
technology, and alternatives to meet the Montreal Protoco?
requirements are presented. Analyses of the energy-use impact
from alternatives for building envelopes are described. The
primary purpose of this report is to provide comments in a
matrix table about foam insulations (e.g., rigid polyurethane
foam, rigid extruded polystyrene foam, and alternatives) and
about primary concerns (e.g., applications, availability, devel-
opment risks, environmental health and safety, and energy and
economic impacts). An appropriate federal role would be to sup-
port development and execution of a broad-based research program
in cooperation with industry to prove the applicability of new
insulation products. The estimated cost to complete an existing
research menu of 29 projects in 5 years is $16 miliion.

1. THERMAL INSULATION TECHNOLOGY

INTRODUCTION

Insulation material alternatives to chloroflucrocarbons (CFCs) are

needed because CFCs are damaging the ozone layer in the stratosphere.

depietion of the gzone is critical since it controls the radiative balance

in the atmosphere; this has caused worldwide concern because of the

adverse environmental impacts resulting from destruction of this protec-
tive stratum in the upper atmosphere.
is to provide comments in a matrix table of concerns for materials consid-

ered as alternatives to CFCs for use in foamed-board insulations in

The primary purpose of this review

*Research sponsored by the Office of Buildings and Community Systems,
U.S. Department of Energy, under contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.

TU.S, Department of Energy.



buildings. Section 1 reviews thermal insulation technology, Sect. 2
describes CFC alternatives, and Sect. 3 presents an impact analyses. The
matrix table is discussed in Sect. 4. A review of DOE-sponsored research
is given in Sect. 5, and conclusions are discussed in Sect. 6.

A successful thermal insulation technology includes three inter-
related activities: (1) production, (2) application, and (3) properties.
Federally sponsored efforts have emphasized determination of properties
(characterization) and analysis of applications.®* Clearly, these latter
two activities are impacted by the insulation that is produced by
industry; but until now, the as-received product has been the starting
point for property and applications research. With energy regulation, the
foam-aging phenomena, and the advent of the Montreal Protocol? and
40 CFR Pt. 82 (refs. 3 and 4), alternate product suggestions are emerging
from the applications and properties studies.

1.2 APPLICATIONS

Commercially avaijable thermal insulations are widely applied in
building envelopes and building equipment to conserve energy. Table 1.1
lists typical applications.S

Table 1.1. Typical appiications Tor thermal insulations

Building envelopes Building equipment Other
Residential
Floors Refrigerator/freezers Refrigerated transport
Walls Freezers Portable coolers
Attics RaeTrigerators District heating and
Foundations Baverage vending machines cooling systems
Hater heaters
Commrercial
Walls
Roofs
Foundations

Source: S. K. Fischer and F. A. Creswick, Energy-Use Impact of
Chlorofluorocarbon Alternatives, ORNL/CON-273, Oak Ridge National
Laboratory, Oak Ridge, Tenn., 1989.



1.3 PROPERTIES

One purpose of a thermal insulation is to conserve energy by reduc-
ing heat flow from its intended area of use. The material often enhances
other desirable features including personal comfort, noise reduction,
high strength-to-weight ratio, and mechanical rigidity. Within a thermal
insulation, heat flows from high temperatures to low temperatures by
conduction, convection, and radiation. The thermal resistance value
(R-value) of an insulation depends on the ability of the material and
structure to control each mode of heat transfer. A high R-value corre-
sponds to high resistance to heat flow. The R-value of a homogeneous
material is defined as:

thickness (1)
thermal conductivity

R-value =

The thermal conductivity (K) is a material property of the particular
insulation. The R-value for an insulation system is raised by increasing
the thickness of the insulating system; or for a particular system thick-
ness, the designer can choose a material with a lower thermal conductivity.

Thermal insulations are low-mass {low-density) solids used in vari-
ous forms including batts, boards, loose fills, spray applied, and foamed
in place. These low-mass-type insulations have densities ip) generally
in the range 0.6 to 3 1b/ft® or 1 to 5% of the p of water.” Table 1.2
shows the variety of solid materials used as low-mass-type insulations,
and Table 1.3 shows the nominal R-value per inch of insulation at 75°F.

The thermai conductivity of an insulation normally increases when
temperature vises and is dependent on the density of the particular
insulation product. Various product types span a density range, but a
particular product can be produced to have a specific density in this
range. The thermal conductivity increases when temperature rises because
the thermal conductivity of gas within the insulation increases when
temperature rises and heat transfer by radiation increases when temperature
rises. The thermal conductivity-density dependence is the sum of heat
transfer terms and normally has a minimum at low density. Some products,
such as low-density fiberglass batts, are designed for the portion of the
thermal conductivity-density relationship where thermal conductivity
decreases when density increases. Other products can be designed for use
where thermal conductivity increases when density increases.

*Although the policy of the Oak Ridge National Laboratory is to report
work in SI units, customary units are used in this report. The insulation
industry in the United States at present operates entirely with customary
units. The use of the SI units would Timit the usefulness of this report
for the primary readership. The SI equivalents of units used in this
report are listed in Appendix A.



Table 1.2. Solids used in mass-type insulations

Nonplastics Plastics
Fiberglass Polyurethane
Rock wool Polyisocyanurate
Celiulose Expanded polystyrene
Perlite Extruded polystyrene
Vermiculite Phenolics
Fiberboard

Cellular glass

Insulating concrete

Gypsum

Plywood

Foit-faced laminated board
Insulating brick

The materials with low R-values (R/in. < 5) have structures that are
apen to air. The materials with high R-values (R/in. > 5) have a rigid,
closed-celi structure that contains a low-thermal-conductivity gas such
as a CFC. In both cases, the total heat transfer can be approximated as
the sum of the individual heat transfer mechanisms. For a low-p fiber-
glass hatt, 0.8 1b/ft® (ref. 6),

K{75°F) = A+ B xp+Clp , (2)

where A, B, and C ares constants;

K(total) = K{conduction by air) + K{conduction by fibers)
+ K(radiation)
9.32 = {0.18 + 0.003 + 0.14) Btu-in./h-ft*-°F

100% = 55% + 1% + 43%

Fer a 2-1b/7t? polyurethans toam’:

K(total) = K{condguction by gas) + K(conductior by struts (3)
arnd cell walls) + K(radiation)
0.121 = (0.061 + 0,02 + 0.04) Btu-in./h-ft2-°F
100% = 50% + 16% + 34% .



Table 1.3.

5

Nominal thermal resistance per unit thickness value
for some typical insulations, R-value per inch at 75°F

Density

R-value per inch

i a
Material (1b/Ft?) (h-ft2-°F/Btu) Source
Nonplastics
1. Air, conduction only 0.08 5.5 1
2. Air, with radiation, <1 2
AT = 50°F
3. Loose fills 3
Fiberglass 0.6 2.2
Rock woo? 2 3.0
Cellulose 3.0 3.5
Perlite/vermiculite 2-11 3.7-2.5 4
4. Fiberglass batt 0.6 3.2 3
5. Fiberboard 2.8 5
6. Cellular glass 2.6 5
7. Gypsum 44 0.8 b
8. Plywood 30 1.3 7
Plastics
9. Rigid polyurethane Z 7.2 8-10
foam
10. Rigid extruded 5.0 8-10
polystyrene
11. Expanded polystyrene 1.0 3.9 8-10
1.5 4,2
12. Phenolics 2—3 8.3 8-10

4This table js repeated in Appendix B with a listing of

sources.



Equations {(2) and (3) provide a means to predict the K-value and R/inch
value for a new product.

The rigid, closad-cell plastic foam insulations have the highest R-
value per unit thickness of all commercially avaiilable thermal insulations.
This characteristic is mainly due to the low thermal conductivity of the
gas contained in the closed cells. Table 1.4 shows the gas K for CFC-11,
CFC-12, and aii at 75°F. Appendix B provides a description of the nomen-
clature for CFCs.

Table 1.4. Gas thermal conductivity at 75°F¢

Gas K, (Btu-in.)/(h-ft2.°F) W/m-K
Air 0.180 0.026
CrC-11 0.057 0.00824
CFC-12 0.067 0.00962

dgas K-values in the literature may show as
much as a *10% range in value at a agiven tempera-
ture.

1.4 FOAM AGING

Prior to the Montreal Protocol? agreements to phase out the use of
CFCs, two factors influenced foam insulation technology and applications:
foam aging and energy regulations. Foam aging occurs because the thin-
plastic cell walls, nominally less than 1 um thick, are permeable to gas
diffusion. The composition of the gas in the cell changes with time after
manufacture as air diffuses into the cell and CFC diffuses out of the
cell. The gas composition controls the gas thermal conductivity, so the
K of foam increases with time after manufacture. Aging decreases the
R-value per unit thickness and hence the thermal efficiency of the foam.

Table 1.5 piovides diffusion coefficient values for several important
gases.®»? The effective diffusion coefficient for gases through foam
walls increases with temperature.



Table 1.5. Relative and effective diffusion
coefficients for gases at 75°F through polyurethane

Coefficient
Gas .
. Effective
Relative (cm?/s x 10%)
Carbon dioxide (CO,;) 200 202
Oxvgen (0,) 50 46.8
Nitrogen {N.;) 10 7.6
Chlorofluorocarbon~11 (CFC-11) 0.2 0.2-0.6

Plastic foam producers follow American Society for Testing Materials
(ASTM) standards te age board products and measure the resulting aged-
product K-value. The resulis are not without controversy, because
many contend that field exposures promote larger decreases in R-value
than do controlled laboratory tests. The National Roofing Contractors
Association®® (NRCA) has adopted a conditioning procedure (180 d * 5,
73.4°F + 3.6, 50% relative humidity + 5%) prior to standard ASTM testing
(C 177, € 236, and C 518 if comparable to the absolute values of C 177)
to provide accurate and consistent information. NRCA and the Midwest
Roofing Contractors Association!? (MRCA) recommend that designers,
users, and other affected parties use an R-value of 5.6/in. as a reason-
able guide when calculating thermal resistance of polyisocyanurate and
polyurethane insulation boards over their normal life in a roofing system.
ASTM C 1013-85 (ref. 11) specifies this conditioning procedure because of
the lack of validation data for an accelerated conditioning technique of a
90-d exposure in a 140°F oven. ASTM C 1013-85 (ref. 11) specifies these
three test methods for thermal resistance determination at 75°F with a
40°F minimum temperature gradient on test sample(s) at the full insulation
board thickness. In case of dispute, test method C 177 is the reference
method.

Board is produced with membrane facers that may be either permeable
(such as conventional organic/inorganic facers) or relatively impermeable
(such as an aluminum foil) to lengthen the gas diffusion path. For a
1-in.-thick, 4-ft-wide, 8-ft-long board faced with an impermeable foil,
the distance to the board center is increased from 0.5 to 24 in. Because
the gas diffusion rate is proportional to the square of distance, theoret-
ically the rate of change of gas composition at the board center should be
decreased by a factor of 2304 (24/0.5)2. 1In practice, the effectiveness
of impermeable facers is often less than predicted, because of pinholes in
the facer, poor adherence of the facer to the foam, or fractured cells
within the foam under the facer, which reduces the distance for diffusion.



For example, Jim Walters Research Corporation®? reports R/inch values
for design R-values for 6-month performance of 5.6 for permeable facer
boards and 7.2 for impermeable facer board. The latter value is based on
tests for boards agsd at 75°F as follows:

15 months R/in.:7.2
68 months Rfin.:7.04
11 years R/in.:56,.91

Many factors affect R/inch values including foam facer, foam density,
cell size, cell wall thickness, polymer composition, manufacturing
process, foam/facer interfacer, and exposure environment. There is no
such thing as one poiyurethane (polystyrene, polyisocyanurate, or
phenolic); they are chemical families with millions of relatives. All
tend to show R-value loss with time after manufacture, and this phenome-
non appears to be a linear function of log time. This relation allows
laboratory aging rates to be predicted and 5-year predictions from data
collected 100 to 180 d after manufacture. Field performance rarely equals
laboratory values for R/inch.

Models that predict the gas composition of the closed cells as a
function of exposure have been developed., These models provide a theoret-
ical basis for predicting aged R-value.®>® Laboratory testing of thin
sections of foams as a function of time may provide results to validate
models that predict R-values for boards as a function of exposure.

1.5 ENERGY PERFORMANCE STANDARDS

A second factor that affected foam insulation technology prior to the
Montreal Protocol was the pending energy performance standards for appli-
ances, including residantial refrigerator/freezers (R/F). These standards
affect building equipment applications, but any resulting insulation
improvements can chanae insulations for buildinas. In 1987, a typical 16
to 18 ft® R/F with automatic defrost and a top-mounted freezer used about
1100 kWh/year {ref. 13). California regulations require that a similar
unit sold in California after January 1, 1987, use only 978 kWh/year, and
by 1992 use only 677 kWh/year (ref. 14). Pending federal regulations
would require that similar units produced after January 1, 1990, consume
only 950 k¥Wn/year (ref. 15). These regulations prompted appliance manu-
facturers to study improved insulations as a means to achieve energy
reductions. At least one R/F manufacturer obtained patents an powder-
filled evacuated panels with an R-value per inch of over 20. Current
foamed-in-place R/F insulations have an R-value of about 8/in., and a
shift to 20/in. could save as much as 550 kWh/year per R/F unit.!®



Although the initial application for such panels is in R/Fs, numerous
other insulation applications currently met by foam insulations could ben-
efit from such panels if they proved to be economically feasible and were
commercially available. In addition, these energy regulations prompted
studies on ways to improve existing foam insulations.® These studies
inctuded (1) decreasing the cell size to the 0.1~ to 0.2-mm-diam range to
increase the cell strut density and decrease the radiative heat transport
and (2) increasing the amount of solid in the cell walls and decreasing
the amount in the cell struts to increase the wall resistance to gas
diffusion.

2. CHLOROFLUOROCARBON TECHNOLOGY REVIEW
AND FOAM INSULATION ALTERNATIVES

2.1 REVIEW

This section provides a background to the summary notes in the matrix
table (see Table 4.1) on aiternatives to CFCs for insulations.

The U.S. Environmental Protection Agency (EPA) Regulatory Impact
Analysis (RIA) (refs. 4 and 17) treats seven specific use areas for CFCs:

1. commercial and residential refrigeration and air conditioning,
2. mobile air conditioning,

3. production of plastic foam and foam insulation products,

4, sterilization of medical equipment and instruments,

5. soivent cleaning of metal and electronic parts,

6. aerosol propellants and other miscellaneous uses, and

7. fire extinguishing.

Area 3 {production of plastic foam and foam insulation products) is
divided into four subareas: '

3.1 molded flexible polyurethane foam,
3.2 sliabstock flexible polyurethane foam,
3.3 rigid polyurethane foam, and

3.4 rigid extruded polystyrene foam.

This report focuses on areas 3.3 and 3.4, which are insulations,
and provides Timited comments on flexible stock, which is not used as
insulation.

Starting July 1, 1989, the Montreal Protocol will freeze CFC pro-
duction at 1956 ltevels for the Group I controlled substances shown in
Table 2.1.

The Montreal Protocol requirements include production decreases for
these and other chemiczals {Group II: Halon 1211, Halon 1301, and
Halon 2402), trade restrictions, record-keeping reguirements, and periodic
assessments to determine whether changes in the control provisions are
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Table 2.1. Group I controlled substances

: Ozone Relative greenhouse
Group I chemicals depletion potential?  warming potential®
CFC-11 (CFC1y) 1.0 0.4
CFC-12 (CF,Ci,) 1.0 1.0
CFC-113 (C,F5C15) 0.8 0.3-0.8
CFC-114 (C,F,C1,) 1.0 0.5-1.5
CFC-115 (C,FsC1) 0.6 1-3

®Relative to CFC-11, which is assigned the value of 1.00.
bRe}ative to CFC-12, which is assigned the value of 1.00.

warranted. EPA estimates that 5 to 7 years of research and development
will be needad to produce safer chemicals for new products.?’

2.2 FOAM INSULATIONS

Chemicals with low ozone-depletion potential being developed as CFC
supbstitutes are shown in Table 2.2.

In addition, industry is testing blends of Group I chemicals with
other chemicals as a means to reduce CFC usage, but with loss of thermal
efficiency of insulations. The other chemicals are often called fast
diffusers and leave the product quickly. One goal of the industry search
is to obtain a "near drop-in" chemical that requires a small change in the
production process and meets the Montreal Protocol requirements. The
other chemicals include H,0 - CO,, butanes and pentanes, methyl chloride,
and ethyl chloride.

EPA notes that the production of plastic foam and foam insulation
products accounts for 28% of the ozone-depleting potential of CFCs. The
CFC usage for four major foam types are given in Table 2.3. These foams
are described below in terms of uses, current alternatives, and future
alternatives.

2.2.1 Molded Fiexible Polyurethane Foam

Used for automobile seat/back cushions and other products, the foam
types range from very soft, low-density foams to hard, dense foams.
CFC-11 is used to make the former in a closed mold process. The CFC-11
helps reduce the foam density, but all of this gas is released Lo the
atmosphere at the factory. If CFC-~11 is not used, the foam will have a
higher density. High-resilience foam can be produced with water-blown
formulations. Substitutes for CFC-11 include HCFC-123 and HCFC-141b.
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Table 2.2. Foam insulation alternatives to chlorofluorocarbons

Ozone Greenhouse
Chemical Potential use depletion warming
potential? potential?

HCFC-22 Alone and in blends, for food 0.05 0.07
packaging, fast food freezing,
12ak testing of fire extin-
guishers, and possivly
refrigeration

HCFC-123 Undergoing toxicity testing <0.03 0.01
for possible use in foam manu-
facturing, chillers, and solvent
cleaning

HFC-134a Undergoing toxicity testing for 0.0 <0.01
possible future use in refrigera-
tion, chillers, and mobile air
conditioners; and foam manufac-
turing

HCFC-141b Undergoing toxicity testing for <0,1 0.05
possiblie use in certain foam,
refrigeration, and aerosol appli-
cations

HCFC-142b For possible use in certain foam, 0.06 <0.2
refrigeration, and air condi-
tioning applications

dRelative to CFC-11, which is assigned a value of 1.00.
bRe]ative to CFC-12, which is assigned a value of 1.00.

Molded flexible polyurethane foams are not used as thermal insulations, so
no adverse energy impact exists for this product type.

2.2.2 Siabstock Flexible Polyurethane Foams

Used as furniture cushions, carpet underlay, and bedding, the softer
foams are produced with CFC-11., The foam is produced on moving belts and
subsequently cut to shape. Product substitutes and process changes are
being considered as alternatives to CFC slabstock. Built-up cushions are
more expensive and iess durable than those made from flexible slabstock.
Process changes include recovery of CFC-11, other blowing agents such as
methylene chloride, and soft polyol foams. Both HCFC-141b and HCFC-123
are potential blowing agents. Because slabstock is not used as a thermal
insulation, no adverse energy impact is associated with this product.
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Table 2.3. Chiorofluorocarbon use and foam produced

Current usage

(metric tons of gas) Foam

tonnage
(metric tons)

CFC-11 CFC-12
Moided flexible polyurethane 3,300
foam (CFC-11)
Slabstock flexibie poliyurethane 11,500 440,000
foam (CFC-11)
Rigid polyurethane foam 40,000 6,700 300,000
(CFC-11 and CFC-12)
Rigid extruded polystyrene foam 9,200
(CFC-12)
Boardstock 87,000
(1.1 x 10° poard ft)
Foam sheet 208,200

(packaging material)

2.2.3 Rigid Poiyurathans Foams

These foams are produced by CFC-11 or CFC-12 volatization in liquid
plastics to yield a rigid, closed-cell structure containing the blowing
agent. These products are used as insulating materials in building and
industrial applications as rigid bunstock or laminated boardstock, poured-
in-place foams, or spray-applied foams. The applications include various
types of insulation for low-sloped roofs, building sheathing, building
foundations, walls, refrigerators, freezers, storage tanks, and door
cavities. This classification includes polyisocyanurates.

After manufacture, the gas composition in the cells of rigid polyure-
thane foams changes because of inward diffusion of nitrogen (N,) and oxy-
gen (0,) and outward diffusion of CFC. The latter process is very slow
and may require decades for compietion. Currentiy available alternatives
with lower R/inch capacity include expanded polystyrene bead board,
extruded polystyrene boardstock, fiberglass, and fiberboard. These alter-
natives would require thicker sections to achieve the same insulating
capacity, and this reguirement could become an economic issue. No other
materials exist with the equivalent insulating capacity for the poured or
sprayed appliications. Future alternatives include HCFC-123 and HCFC-141b
as substitute blowing agents.
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2.2.4 Rigid Extruded Polystyrene

This foam is produced by high-pressure extrusion of molten poly-
styrene containing CFC~12 to yield foam boardstock or foam sheet. The
foam boardstock is used for many insulating applications, and the foam
sheet is used for disposable packaging. The alternatives for foam sheet
include other disposables {paper, plastics, metal foils, and their
laminates) and HCFC-22, which has Food and Drug Administration (FDA)
approval for food packaging. HCFC-22 has an ozone-depletion potential of
0.07 compared with 1.0 for CFC-12. The food service and packaging indus-
try has a program that the food industry has adopted, which includes use
of HCFC-22.

Despite the change to the use of HCFC-22, an environmental group,
Citizen's Clearinghouse for Hazardous Waste,!® maintains that no amount of
CFCs is acceptable and wants industry to use recycled paper. The foam
packaging industry is seeking a substitute such as HFC-134a with zero
ozone-depleting potential. This alternative would require toxicity test-
ing and FDA approval.

Numerous product substitutes with lower insulating capacities are
currently available for rigid extruded polystyrene boardstock. These
products include fiberglass board, expanded polystyrene, cellular glass,
and insulating concrete; but they require greater thicknesses and may
not be equaliy useful as foundation insulations.

Dow Chemical USA, a major producer of rigid extruded polystyrene
boardstock, announced that this year (1989) a substitution would be made
at all of their domestic and international plants.!® While this may
include the use of HCFC-22, it is noteworthy that the lead time for a
production process change such as this can require at least 1 year to be
certain of the choice and, additionally, up to 1.5 years to acquire needed
regulatory approvals for the product. Anouncements by Dow Chemical,
summer 1988, confirmed their use of HCFC-142b. Avaitability of a new
rigid extruded polystyrene boardstock this year is evidence of industry
commitment to meet and exceed the Montreal Protocol requirements by a
process change. This new product may provide a target for other foam
manufacturers and an alternative to the rigid pelyurethane foam boardstock
industry. Future alternatives could include HFC-134a (zero ozone-
depleticn potential).

Rigid (closed-cell) phenolic foam thermal insulations are produced
with the use of CFC-11 or CFC-113. Approximately 1500 metric tons of CFC
gases were required. Because this usage represents only 3% of the CFC
gases used for insuylations, a discussion of phenoiics is excluded from
this section.

A large number of alternative gases are being considered as blowing
agents for the rigid foam. It is important to compare the thermal resis-
tance of insulations at the same mean temperature such as 75°F, or at a
mean temperature that is representative of the particular end-use
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application. Tabie 2.4 compares fresh {unaged) foam R/inch values calcu-
lated from gas K-values. A constant term, 0.073 Btu-in./heft?+°F, is
assumed to represent radiation and solid conduction for a 2-1b/ft® rigid
polyurethane foam as suggested by Eq. (2), Glicksman,’ and Lund, Richard,
and Shankland.2° Table 2.4 contains R/inch values for some aged products.
These R-values are, however, largely unknown for the new foams because the
diffusion rates of the alternate gases are different for the different
foams and need to be determined.??

Table 2.4, Therma? conductivity at 75°F for various gases
and projected fresh foam K and R/inch valuesé

Gas K Fresh Toam Aged foam
Gas . K R/7in. R/in.
SR Gtusing (neftTeoF/ (neftRecF
- heft2:°F) Btu) Btu)
Air 0.18 0.253 3.95 3.9
co, 0.107 0.180 5.56 3.9
CFC-11 (CFC1,) 0.057 0.130 7.69 6.2
CFC-12 (CF,C1,) 0.067 0.140 7.14 5.0
HCFC-22 (CHF,C1) 0.073 0.146 6.85 ~4
HCFC-123 (C HF;C1) 0.072 0.145 6.90
HCFC-124 (C,HF,CT1) 0.075 0.148 6.76
HFC-134a (C,H,F,) 0.094 0.167 5.99
HCFC~141b (C.H;FC1,) 0.070 0.143 6.99
HCFC-142b (C,H,;F,C1) 0.077 0.150 6.67
Air/CFC-11 (50/50) 0.118 0.191 5.24
C0,/CFC-11 (33/66) 0.073 0.146 6.85
C0,/CFC-11 (5C/50) 0.082 0.155 6.45
Butane (C,H;,) 0.100 0.173 5.78
Pentane (CgH,.) 0.089 0.162 6.17

aProjected fresh foam values are with gases contained in the closed
cell: K(foam) = K{gas) + 0.073 Btu-in./h-ft2.°F.

3. ENERGY IMPACT ANALYSIS

3.1 INTRODUCTION

The report entitied Energy-Use Impact of Chlorofluorocarbon
Alternates by S. K. Fischer and F. A. Creswick’ provides a valuable
assessment of national energy impacts for building equipment, building
envelopes, and transportation. Fischer and Creswick note: "There is a
strong likelihood that national energy use will increase through the use
of environmentally acceptable alternative chemicals and technologies.”
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3.2 METHODOLOGY

Their methodology for establishing the energy impacts included estab-
lishing a base case national annual energy use for Group I CFCs, followed by
comparison with energy use for the four alternate strategies listed below:

1. The preferred response that uses foam insulations with HCFCs to
replace Group 1 CFCs. This strategy assumes “"near drop-in" substitute
chemicals that are used even though these are not yet commercially
available. The product properties are typically within 10% of those
obtained by Group I CFCs.

2. A raliback position that replaces currently used CFC-blown foam insu-
lations with the most energy efficient available non-CFC insulation.

3. A worst-case scenario that replaces all CFC-blown foam insulation
without regard to energy efficiency.

4. An advanced technology that develops highly efficient insulation and
refrigeration systems.

Fischer and Creswick note: "If the 'near drop-in' compounds can be devel-
pped as substitutes for Group I CFCs, there will not be a significant
increase in national energy use. But if this is not possible there will
be an increase of about one quad [1 quad = 1 Btu x 10'®] per year.

« « -The major energy impacts will occur in those applications that rely
almost exciusively on CFC-blown foam insulation.”

The Fischer/Creswick energy impacts for building envelopes are sum-
marized in Table 3.1. The table and their summary comments follow.

Table 3.1. National energy impacts of alternative
building envelope technologies {quad/year)

Advanced
. . Preferred Fallback Worst-case
Apptication ez - technology
response position scenario solution
Residential walis 0.01 0.02 0.05 -0.04
Residential
Foundations 0.00 0.17 0.32 a
Commercial walis 0.02 0.04 0.08 ~-0.08
Commercial roofs 0.03 0.11 0.20 a
Subtotal 0.06 , 0.34 0.65 -0.12

3advanced technologies are not evaluated for these applications.

Source: S. K., Fischer and F. A. Creswick, Energy-Use Impact of
Chloroflucrocarbon Alternates, ORNL/CON-273, Oak Ridge National
Laboratory, Oak Ridae, Tenn., 1988.
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3.3 RESULTS AND CONCLUSIONSF®

"There are also fairly large impacts for buildings applica-
tions in which foam boards or sprayed urethane are used alone
rather than in conjunction with fiberglass batts, as is the case
with foundation insulation and the roofs and walls of some
commercial buildings. Those applications in which foams are
used in addition to fiberglass batts, such as in residential
walls, have a low impact. Additionally, the 0.06, 0.34, and
0.65 guad/year for the preferred, faliback, and worst-case
scenarios for building thermal envelopes are based on current
levels of usage in building construction. However, residential
and commercial construction trends are towards using highar pro-
portions of CFC-blown foams, and these lost opportunities for
enargy conservation are in addition to the impacts identified
nere,"

"A vigorous R&D program can alleviate most, if not ail, of
the adverse energy impacts that could occur as a result of not
using CFC-~11 and CFC~12 in the applications studied. The suc-
cessful development of (and industry acceptance of) vacuum-
insulated panels for appliance applications and some building
applications can lead to significant energy savings, particu-
lariy for household refrigeratoers, freezers, and water heaters.
To improve efficiencies of mechanical refrigeration systems,
researchers at ORNL are developing an R&D plan to assess these
opportunities.”

3.4 [ENERGY IMPACTS
3.4.1 HHalls

Chapter 11, Resijdential Insulation, of the Fischer/Creswick report®
provides an analysis for walls for single-family and multifamily resi-
dences that replaces egual thicknesses of alternate materials for cur-
rently used CFC-blown-foam sheathing. An analysis by Petersen and
Fanney?? showzsd that substituting greater thicknesses of a less effective
insulation for the CFC-bDiown foam is justified on 1ife cycle costs,
depending on the type of windows used. The equal thickness analysis is a
conservative assumption (i.e., the actual energy impacts will be lower
than estimated).

The base case is new construction of opague walls that uses 14% rigid
extruded polystyrene (CFC-12), 11% rigid polyurethane (CFC-11), and 75%
fiberboard or plywood (i.e., the substitution is for 25% of the nationwide
wall area). The ailternatives considered are given in Tabtle 3.2.
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Table 3.2. Energy impact analysis for walls

Energy penalty (quad/year)

Strategy wall fraction

25%3 50%° 100%¢
industry

1. Preferred response 0.01 0.02 0.04

Polystyrene with HFC-134a for
polystyrene with CFC-12
{R:4.59 for R:5.0)

Polyisocyanurate/polyurethane
(PIR/PUR) with HCFC141b for
PIR/PUR with CFC-~12
{(R:6.86 for R:7.2)
2. Fallback position 0.02 0.04 0.08
Expanded polystyrene for both
(R:4.17)
3. Worst-case scenario 0.05 0.10 0.20
Fiberboard for both
{R:2.64)
4, Advanced technoiogy -0.04 ~-0.08 -0.16

Panels for both
(R-10)

dFor 25% of opaque walls.

bIndustry recommendation for 50% of opaque walls
(Appendix D).

“For 100% of opaque walls.

The energy penalties for walls is relatively small because only 25%
of currently built walls use foam sheathing. A fourfold increase in
energy penalty would result if 100% of exterior walls were being
sheathed with CFC foam. Another reason for the relatively small energy
penalty is that the foam sheathing for walls is an add-on to a cavity
that contains R-13 fiberglass. The U.S. Department of Energy (DOE)
Insulation Fact Sheet*® recommended R-value for new construction is an
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R-19 wall. Industry representatives provided evidence that at least 50%
of exterior walls are sheathed with CFC foams (see Appendix D). Among
the cases considered by Fischer and Creswick,® this recommended level is
met by only one inch of rigid polyurethane {CFC-11 or HCFC-141b)
sheathing. Construction using 2 x 6 in. studs on 24-in. centers with
0.5-in. gypsum wallboard and 0.5-in. backerboard siding achieves R-19
walls without using CFC foam sheathing. This construction method
results in no energy penalty but involves a cost for expanding the wall
thickness to accowmmodate more insulation. Petersen and Fanney?? noted
that this construction method is not a cost-effective means of reducing
usage of CFC-biown insulation.

3.4.2 Foundations

Chapter 12, Foundation Insulation, of the Fischer and Creswick
report® provides three estimates of energy penalties for CFC foam alterna-
tives for foundation insulation (Table 3.3). All of these penalties arise
from potential unavailability of economical extruded polystyrene (EXPS).

These four scenarios are based on potential foundation insulation
energy savings contained in Impact of CFC Restrictions on U.S. Building
Foundation Thermal Performance,** by J. E. Christian. Both studiess’?®
use the same potential energy savings numbers. The number of housing
units affected differs. Fischer and Creswick® assume an entire building
stock turnover; Christian's projection is based on an estimate of naw
construction starts from 1990 until 2010 and assumes 30% retrofit of
existing stock during that time. The second major difference is an
estimate of the worst-case scenario. Christian estimates a total energy
impact of 0.83 quad/vear. This estimate is based on (1) the assumption
that an economic environmentally acceptable EXPS would not be availanie
between 1990 and 2010; (2) the new energy standards for foundations recom-
mended in 1988 and 198%9 would not be implemented and, as a result, the
same high fraction of uninsulated new foundations built today would remain
unchanged in the future; and (3) expanded polystyrene (EPS) and fiberglass
drainage insulation board would continue the current EXPS market share but
would not enlarge the overall foundation insulation market,

The scenario by Christian is based on the hypothesis that an inside
basement with insulation is unacceptahble. Fischer and CreswickS assumed
that 85% of new construction would be insulated on the inside with fiber-
glass foundation walls, because current interior insulation is more
common. Moisture damage and footer froezing are more likely when insula-
tion is placed on the inside of the foundation wall. Homeowner surveys of
those who added interior foundation insulation have reported occasional
mildew or odor problems, believed to be due to moisture seepage into the
basement insulation cavity.

For the first time, the CABQ Model Energy Code, 1989 Edition (MEC),?%
nas a complete set of foundation insulation requirements consistent with
the payback of the recommendations for above grade envelope components.
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Table 3.3. Energy impact analysis for foundations

Energy penalty (quad/year)

Strategy Fischer Foundations
and remain
Creswick uninsulated
1. Preferred response 0

Assumes substitute cost-effective
blowing agent: is quickly found
for CFC-12 currently used in
extruded polystyrene

2. Faliback position ‘ 0.17

Commercially available insulation
alternatives used to satisfy aill
basement and crawil space insulation
requirements. Only energy impact is
slabs assumed to go uninsulated

3. Worst-case scenario D.BZa 0.831

Fischer and Creswick assume 15% of
basements and crawl spaces would
have used extruded polystyrene but,
because of restrictions, will go
uninsulated, which leads to

0.15 guad energy savings lost, added
to the assumption that no slabs are
insulated 0.17 quad.

dpased on 15% of all basements and crawl spaces uninsulated,

bBased on 15% of currently insulated foundations fraction
going uninsulated and 100% of the current fraction of uninsulated
foundations which would have been insulated if Model Energy Code,
1989 Editipn, and ASHRAE 90.2P were implemented.

Local code bodies are now debating whether to implement this new version
of the MEC. Second, ASHRAE 90.2P (ref. 26), the residential energy stan-
dard, which is5 in public review, also contains a complete set of founda-
tion insulation recommendations. The perception that EXPS may not be
available in the future and that moisture damage risk is greater with
interior foundation insulation places at risk the broad acceptance of
systematic foundation insulation levels. Some may argue that until
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environmentally acceptabie EXPS or a suitable replacement is available,
foundation insulation code upgrades should be placed on hold.

Fischer and Creswick® assumed that 15% of the basement and crawl-
space walls would be uninsulated to obtain the energy loss impact for the
worst case. If, instead, they had assumed that in the future the same
fraction of basements and crawl spaces currently being built uninsulated
(the "additional" building stock referred to in Tables D1-D3 of Fischer
and Creswick's report) continue being built uninsulated (the 1989 MEC and
ASHRAE 90.3P are not implemented) because of the CFC adverse impacts and
uncertainty about the long-term performance of other commercially avail-
able insulations for below grade applications, then the loss of energy
savings would increase to 0.83 quad for the worst case.

3.4.3 Commercial Construction

Chapter 13, "Commercial Construction," of the Fischer and Creswick
report® provides an analysis for five building walls for commercial con-
struction (Table 2.4). Because Petersen and Fanney?? concluded that an
adverse energy impact would likely occur for foam-core panels and
concrete-masonry walls with interior insulation, only these were analyzed
by Fischer and Creswick. The percentage of walls used was 20 or 40% in
the various strategiss.

Table 3.4. Energy impact analysis for commercial walls

Energy penalty (quad/year)

Strategy Fischer

Creswick
1. Preferred response {20% of walls) 0.01 0.05
Rigid polyurethane (HCHC-141b
for CFC-11)
(R-6.86 for R-7.2)
2. Fallback position (20% of walls) 0.05% 0.25
Expanded polystyrene (R-4) for
both foams
3. Worst-case scenario (40% of walls) 0.11 0.28
Decrease R-values by 8%
4. Advanced technology option (40% of walls) -0.08 -0.20

Increase R-values by 4.5%

aIndustry would increase this penalty to 0.07 quad.
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Fischer and Creswick emphasize that only coarse estimates are given
and presume that a refined analysis would decrease the energy penalty.
Assuming 100% of commercial walls would increase the values. The very
high cost of interior floor space is an important economic consideration.

Industry representatives (see Appendix D) expressed concern about
the basis for the percentage of wall fractions and whether the fallback
position of EPS foam panels is realistic. This usage would increase the
energy penalty from 0.05 to over 0.07 quad/year. Industry represen-
tatives suggested that a more detailed analysis be done.

3.4.4 Low-Sloped Roofs

Chapter 14, "Low-Sloped Roofs," of the Fischer and Creswick report®
provides an analysis (see Table 3.5) that assumes 65% of commercial roofs
use CFC foams and that all are built up with two 1-in. layers of insula-
tion with an average R~value of 6.38/in.

An advanced technology was not considered. The 1983 Chang and
Busching energy savings analysis?’ was used to estimate energy penalties

Table 3.5. Energy impact analysis for low-sloped roofs

Energy penalty {quad/year)

Strategy 65% of 100% of
roofs roofs
1. Preferred response 0.03 0.05

Foam with HCFC-141b
(Same thickness as CFC-blown foam)

2. Fallback position 0.11 0.17

Expanded polystyrene or fiberglass
(Variable thickness: two~thirds
equal thickness, one-third equal
R-value)

3. Worst-case scenario 0.20 0.31

Expanded polystyrene or fiberglass
(Same thickness as CFC-blown foams)
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for a roof stock of 33 x 10° ft2. The 65% CFC-blown foam market pene-
tration is a 1983 estimate. The second column assumes a 100% changeover
for each strategy.

3.4.5 Alternate Anglyses

Fischer and Creswick® state that their preferred response (the
lowest energy penalty) involves assuming the commercial availability of
drop-in compounds. If these compounds are not developed successfully,
national energy use will increase 1 quad/year (building envelopes,

0.34 guad/year). More detailed analyses are needed, and if the assump-
tions are changed then the resulting energy impact will change.

Energy analyses are complex, and oversimplification can bias the
results. The worst-case scenario for building equipment (1.52 quad/year)
and building envelopes {(0.65 guad/year) imply a significant energy penalty
(2.17 quad/year: in dollar terms, at $3.3 billion/quad, a total of
$7.16 billion/year using $18/barrel oil).

Representatives of the CFC industry have expressed concerns about the
Fischer and Creswick energv penalty analyses. Industry concerns are cited
above and summarized in Appendix D. Industry representatives have sug-
gested that more detailed analyses would be useful and raised the question
of whether retrofit applications have been included in the existing
analyses.

EPA!7 provides 1985 production data for rigid extruded polystyrene
foam board feet and rigid oolyurethane foam tonnage {see Table 3.6).
These data can be used to calculate eguivalent board feet of insulating
boards.

If all board prodiuction was 1 in. thick and was used in stand-alone
applications, then the energy saved in a single year by use of insulation

Tabie 3.6, Calculated board feet

Assumed property

Metric tons Board feet 1b/£t3 R/in.
Rigid poliystyrene 87,000 1.15 x 10° 5
Rigid polyurethane 300,000 3.97 x 10° 2.0 7.2

Fiberboard 3.0
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containing CFCs relative to fiberboard can be calculated as a function of
the annual temperature difference (see Table 3.7):

q{annual) = %I (8760 h/year) (board-ft production) ,

Table 3.7. Boardstock: AT energy impact analysis

1
l-in.-?hick Annual heat f1ow (10** Btu for assumed AT)
material 10°F 20°F 30°F 40°F 50°F
Rigid polystyrene 2.01 4.03 6.05 8.06 10.08
1.15 x 10°® board ft
Rigid polyurethane 4.83 9.67 14.50 19.33 24.17
3.97 x 10® board ft
Fiberboard
1.15 x 10°® board ft 3.36 6.72 10.08 13.44 16.80
3.97 x 10° board ft 11.6 23.2 34.8 46,37 57.96
Energy reduction AQ
Rigid polystyrene 1.36 2.69 4,03 5.38 6.72
Rigid polyurethane 6.77 13.53 20.30 27.04 33.79
Total in quad/year 0.081 0.162 0.243 0.32 0.40
Total x 1.26 0.10 0.20 0.30 0.40 0.50

This calculation yields energy impacts for ope year only that are, as
expected, below those of the Fischer and Creswick® worst-case analysis for
buildings (0.65 quad/year) but near the fallback-position analysis (0.34
quad/year). Obviously, the energy impacts increase with annual temperature
difference, which is the basic reason that the building equipment energy
impacts exceed those of the building envelope (an annual AT of 10°F
corresponds to 3650 degree-days, which is near the Oak Ridge environment,
whereas a AT of 40°F roughly corresponds to the operating condition of a
refrigerator). The energy impact values would increase four times if the
comparison were made with 0.5-in.-thick board stock. The energy impacts
would decrease significantly if the applications were not stand-alone
boards but were used in series with other insulation. Industry
representatives suggested that these values be increased by 26% to account
for the growth in board production since 1985.
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The foregoing energy impact analyses for building envelopes are
compared in Table 3.8. The energy impact ranges from -0.28 to
1.52 quad/year depending on the particular strategy one assumes to
represent the future. The faliback positions and the boardstock AT (40)
value yields an average energy impact of about 0.4 quad/year. If this
value persisted until the year 2000, then the 10-year energy penalty would
be about 4 quads. If the current $18/barrel prices for Texas Intermediate
Crude 011 rises linearly to $40/barrel (7%/year), then a total 10-year
energy impact would cost about $22 billion for building envelopes.

Table 3.8, Comparison of building envelope
energy impact analysis (quad/year)

Advanced
. , Preferred Fallback Worst-case
Application , . 5 technology
response position scenario solution
A. Fischer/Creswick
Residential walls 0.01 0.02 0.05 -0.04
Residential foundations 0.00 0.17 0.32 a
Commercial walls .02 0.04 0.08 -0.08
Commercial roofs 0.03 0.11 0.20 a
B. This text values
Residential walls (50%) 0.02 0.04 0.10 ~0.08
Residential foundations 0 0.17 0.83
Commercial walls (100%) 0.05 0.25 0.28 -0.20
Commercial roofs (100%)  0.05 0.17 0.31
Subtotal 0.12 0.63 1.52 -0.728

C. This text, boarastack AT analysis

10°F 30°F 50°F

Text 0.08 0.24 0.40
Text x 1.26 0.10 0.30 0.50

aNot analyzed.
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4. MATRIX TABLE

4.1 INTRODUCTION

The primary purpose of this report is to provide comments in the
attached matrix table (Table 4.1) on concerns about materials considered
as alternatives to CFCs for foamed-board insulations for buildings. The
specific comments in the matrix table are discussed under the subdivisions
used by EPA. For buildings, two product types are primary headings:

Topic 1. Rigid polyurethane foam, and
Topic 2. Rigid extruded polystyrene foam.

Both primary product types contain subheadings for alternative blowing
agents that are being studied as substitutes for Group I chemicals.
Topic 3, alternative materials, includes three vacuum concepts and lists
currently available substitute materials.

The horizontal subheadings provide abbreviated responses to six
topics, with the first horizontal row describing currently available rigid
foams.

1. Applications: Cites proven end-uses for existing products. These
end~uses are targets for new products, but each product application
must be proven by testing.

2. Availability: Cites current chemical availability for production
quantities and cites projected timing for gas-producing plants.

3. Development risks: Cites risk to product change in terms of missing
gas-reduction targets.

4. Environmental health and safety: Cites gas properties, ozone-
depletion potential (ODP), greenhouse warming potential (GWP),
toxicity, and flammability.

5. Energy impact: Compares estimated R-value of new product to that of
existing product(s) as a ratio; text estimates energy impact.

6. Economic impact: Compares price of gas in new product to existing gas
price.

7. Comment: Cites primary current issues.

It is important to comment that the entire thermal insulation indus-
try is competing for the end-use applications. The foam-board industry
has captured major fractions of building applications in the past 10 years
by displacing previously used insulations such as fiberglass. For
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example, in roofing, foam usage ranged from 45 to 75% of all insulation
used in 1987; and available surveys show that residential wall foam in
sheathing use represented at least 25 to 30% of the market in 1985 and
over 40% in 1987. For sheathing, the 1986 survey showed that 14% was
polystyrene, 23% polvurethane, and 75% fiberboard or plywood. Thus, indi-
vidual product restrictions or advances can result in significant competi-
tive changes in end-use decisions.

The matrix table (Table 4.1) compares alternative blowing agents,
including blends and extenders (C0,) for replacements to CFC-11 and CFC-12
blown products. The CFC-11 and CFC-12 gases are uniquely suitable to pro-
duce rigid polyurethane and rigid extruded polystyrene foams. Foam-
production criteria inciude modest costs, appropriate volatility (normal
boiling point between 32 and 122°fF), nonreactivity (lack of chemical reac-
tions with plastic foam), adeguate solubility in prefoaming, effective
heat of vaporization for foaming, low vapor thermal conductivity to be an
insulant, low molecular weight to achieve volumetric efficiency, and non-
flammablity and low toxicity for processing and application safety.

CFC-11 and CFC-12 do not meet environmental requirements for low ODP or
low GWP.,

The alternative blowing agents are those that have passed initial
feasibility studies using these replacement criteria and appear to be
worthy of further study to quantify the limitations of each.
Environmental health and safety factors are primary criteria: 1low ODP,
Jow GWP, nonfiammability, and low toxicity. All1 alternates show ODPs
below 0.05 and GWP below 0.1.

4.2 CANDIDATE COMMENTS

1. HCFC-22 is a currently available major product with direct replacement
potential for both CFC-11 and CFC-12. The low boiling point requires
foaming process adaptations. High diffusion out of foam leads to
rapid air replacement and less insulating efficiency (an aged product
with R:4.2/in. is expected for a fresh foam with R:6.8/1in.).

2. HCFC-142b is being manufactured in limited quantities, and additional
production plants are expected in 1990-91. Properties are similar to
those of CFC-11, except it is flammable; but it is nonflammable if
biended with HCFC-22. A blended gas foam would lose HCFC-22 rapidly,
which could change insulating and flammability properties. Rigid
extruded polystvrene foam R-value is expected to be 4.7/in. or
5% below existing CFC-12 products (5/in.).

3. HCFC-124 is limited to laboratory quantities but has properties near
those of CFC-12. Foam properties are unknown, but fresh foam R/inch
of 6.7 is expected (a 7% insulation impact, initially).

4. HFC-134a is becoming commercially available, but its status is
unknown until toxicity tests are complete. DuPont has announced that



Table 4.1. Matrix table of alternatives to chiorofluorocarbons for foamed-board fnsulations for buildings?

Applications

Availability

Development risks

Environmental
health and safety

Economic

Energy impacts )
erdy e impacts

Comments

RIGID POLYURETHANE FOAM
{CFC-11 and CFC-12)
cavities

Alternative Blowing Agents

1.1 HCFC-123

1.2 HCFC-141b

1.3 HCFC-22
(blends with CFC-11)

1.4 CFC-11/00,

Low-siope roofs, sheathing,
wall cavities, goor

R1gid boardstock poured in
place or spray-applied
feam tonnags: 300,000 mi;
gas tonnage 47,000 mt

Gas avallability is increasing
for R&D tests but stilt
1imited

Gas available for R&D testing

Major existing product

€0, is widely available

Industry survival
requires change;
CFC-11 and CFC-12
costs are
escalating

Modest to low
risks depending
on toxicity test
resuits

Modest, but flam-
mability is a
safety issue;
could require
explosion-proof
equipment;
toxicity data
needed

Low

Low

CFC-11 ODP:1, GWP:D.4
CFC-12 0DP:1.0, GWP:1.©
Nonflammable

Low toxicity

00P:<0.03, GWP:0.01

Nonflammable

Toxicity tests tn
progress

ODP:<B.1, GMP:<0.05
Filammabie range and
toxicity unknown

0DP:0.05, GWP:0.07
Nonflammable
Proven low toxfcity

See CFC-11 above

85% of worst-
case scenario
is 0.55 quad
annually; aged
base R:7.2/1in.;
fresh base
R:8/in.

1f industry dies,
energy costs for
0.55 quad annually
ts $1.8 biltfen

Fresh R:7.2/in. 1.5X to 2X
or 10% less CFC-11
effective

Calculated 1.5X to 2X
fresh R:7/in. CFC-11
or 12% less
effective;
tests showed
R:6.7/%n.

Expect R:8.7/ 1.2% to 2X
in. fresh or CcrC-12
16% less
effective

Fresh R:6.85/
in. for 1/3
CO,, 16% less
effective

Extender may reduce
gas cost invest-
ment in foam

(1) Industry needs
tead time to make
and prove new
products work;

(2} Products become
noncompetitive

Nead toxicity test
results and R&D on
foams, particu-
tarly attack of
plastics

Need toxicity test
results and R&D on
foams, particu-
larly attack of
plastics

Low boiling point,
rapid diffuser out
of foam

Industry is pursuing
this topic

L



Table 4.1.

{continued)

Applications Avaiiability

Devejopment risks

Environmenzai
health and safety

Energy impacts

Economic
impacts

Comments

RIGID EXTRUDED POLYSTYRENE
FOAt ({FC-12)

Alternative Blowing Agenis

2.1 HCFC-22

2.2 HCFL-1420

2.3 HCFC-124

2.4 HFC-1342

2.5 Butane and pentane as
blends

Boardstock, 1.1 x 10 board
feet; foam tonnage:
87,000 mt; CFC-12:

Low-slope roofs, sheathing
walls, foundations, roads
9,200 nt

Currently a major prodict

Limited quantities until
1990/91 piants on-lina

Limited to laboratory
quantities; no commercial
planis announced

duPort: 450-mt plant in
1990; others to have
piants in 1992-93

Very avaiiabie

Industry must change
to survive;
procduct changes
anncunced in mid-
1989; CFC-12 gas
<osts are
escalating

Low risks, but less
insulating
capacity is a
deterrant

Modest risks due to
flammability
requiring process
changes; blends
with HCFC-22 are
nonflammable

Attractive proper-
ties but lacks
avaiiabitity

Best ODP demands
study; modest
risks

Gases used to pro-
duce first foams;
processing
requires safety
measures

00P:0.1, GWP:1.0
donfiammabie
Low toxicity

00P:0.05, GAP:0.07
Nonfiammable
Proven low toxicity

09P:0.05, GWP:<0.2
Fiammabie
iow toxfcity

0DP:<0.05, GWP:<0.1

Nonflammable

Low toxicity, but
testing neeced

00P:0.0, GkP:<0.01

Honfiammable

Toxicity tests are
in progress; test
results in 1992

Flammabie

152 of worst-case
scenario is
0.1 quad
anaually;
pase R:5/in.;
fresh 7.2/4n.

Fresh R:4.2/1n.
15 expected or
40% less
sffective

Expect fresh
R7/in. 6.75;
35% less
effective

Expect R:6.7/1n.
fresh, aging
unknown; fresh
is 7% less
effective

Expect R:8/in.
frash, or 16%
less effective

Fresh R/in. 5.7
to 6.2, or 17%
less effective

Cost for .1 quad
is $0.3 piliion
annually

1.2-2X CFC-12

2X-4X CFC-12

Unknown

3X to 5X CF{-12

Very inexpensive

Inminent product
change expected;
will compete with
rigid polyurethane
products

iow boiting point;
rapid diffiuser out
of foam

Flammabiiity must
be addressed;
coulc be feasible
candidate

Need R&D on proper-
ties that may
prompt production;
jow diffusivity

Toxicity must be
resoived; low
diffusivity is
expected

Poor choice; products
not 1ikely to meet
reguiraments

8¢



Table 4.1. (continued)

Applications Availabitity

Oevelopment risks

Envirommental

health and safety Energy impacts

Economic
impacts

Comment s

3. ALTERMATIVE MATERIALS Low~-sioped roofs, sheatning
walls, foundations

3.1 Advanced Materials

Powder-filled evacuated ganels
Stlica-aerogel insulations
Compact vacuum insulations

3.2 Currently Avaiiable Substitute
Haterials

Fiberglass board

Periite board

Expanded polystyrane
Fiberboard

Cellular glass

insulating concrete
Gypsus

Piywood

Fofl-faced laminated board
Insutating brick

Very iimited; for demonstration HModerately high for

tests

Widely available

all; appilances
are first logical
application

Hone

None known -0.12 quad/yeer
R:20/1in. or
better than
R:7.271n.
rigid foams;
R:15 For 0.1 in.

None Poorer insula-
tions than
rigid foams;
sawe R-value;
requires thicker
sections

$0.3 bittion
savings/year

Costs less than
rigid foams

Problems to be
solved: relfa-
bitity, aging,
tifetime, auto-
mated production,
cost reduction

This group reprasents
the worst-case
scenario; energy
tmpact 0.5 to
1.5 quads/year.

aCO, = carbon dioxide; GWP = greenhouse warming potential; 0DP = ozons-depletion potential; RAD = research and development.

6¢
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a one-million-pound production plant for HFC-134a will be completed
in 1990 (ref. 28). MHCF-134a gas conducts 40% better than CFC-12,
which projects a fresh foam with 16% less effectiveness.

5. Various blends and extenders are being studied to replace some of the
CFC-12 in use, including CFC-12 with HCFC-22, with butane, pentans, or
HCFC-142b. Generally, prices are higher and foams have poorer mechan-
jcal strength and less insulating capacity.

6. HCFC-123 is a strong candidate to replace CFC-11 if current testing
shows low toxicity. HCFC-123 gas is a 25% better conductor of heat
than CFC-11, which leads to a fresh-foam energy penalty of 6.9/8 or
14%. Molecular weight is greater than that of CFC-11, which calls for
11% more HCFC-123 gas for foaming (tests used 25% more). R&D tests
show that HCFC-123 attacks structural plastics used in refrigerator/
freezers (ABS and HIPS). Aging for 300 d is similar to aging of
CFC-11. An HCFC-123 foam increased by 0.04 K-units, which corresponds
to an aged R/inch of 5.5 (ref. 18).

7. HCFC-141b is a candidate alternative to CFC-11 but has a vapor flam-
mable range in air between 6.4 and 15 vol % and unknown toxicity.
HCFC~141b gas conducts 22% petter than CFC-11, which leads to a fresh-
foam energy penalty of 7/8 or 12%. The low molecular weight of
HCFC-141b implies 31% greater expansion capacity than that of HCFC-123
and 15% greater than that of CFC-11., Thus, blends of HCFC-141b and
HCFC-123 could match the expansion capacity of CFC-11. HCFC-141b,
1ike HCFC-123, attacks poiymers. Early foam-aging tests show that
HCFC-141b reaches an R/inch of 5.3 in 300 d (ref. 18).

8. CFC-11/C0, mixtures as blowing agents can reduce CFC-11 gas usage and
still produce 2 foam product. This mixture yields a less effective
foam product, depending on the C0, concentration, because the K of
C0, (0.107) is 87% nmore than the K of CFC-11 (0.057).

Cailculated R-values for fresh foams are: 100% CO, R:5.6/in.,
50% CO0, R:6.4/in., and 33% C0, R:8.8/in. If an ideal gas barrier
could be created and onty lateral diffusion of N, and 0, were
allowed, then, theoretically, such products would perform better than
CFC-11 foams with no barriers.

4.3 ALTERNATIVE MATERIALS

The matrix table heading "3. Alternative Materials," includes two
subheadings: "3.1 Advanced Materials," which use a vacuum to produce
high thermal resistance systems; and "3.2 Currently Available Substitute
Materials,” which provide less thermal resistance than rigid-foam products.
Some technical background is provided below, because since the former are
a newer concept than that of rigid foams.

The advanced materials category includes two soft vacuum (1 to 70 mm Hg)
concepts (powder-filled evacuated panels and silica aerogel insulations)
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and one hard-vacuum (10”7 mm Hg) concept (compact vacuum insulation).
Vacuum insulation ftechnology was discovered by Sir James Dewar in the
eighteenth century. Current hard-vacuum cylindrical and spherical systems
obtain R-values of over 100/in. to allow effective shipment and storage of
cryogenic tiquids such as liquid helium (4.2 K) and tiquid nitrogen (77 KJ.

In the mid-~1930s, Kistler?® noted that high R-values/inch were
obtained at modest vacuums for aerogels and small-diameter powders. In
the mid-1950s, evacuated flat-metal panels were studied by the General
Electric Company (GE}, but the study was abandoned because of high costs
and high heat leakages by the outer metal envelope.®*?,3* [n 1981, DOE
funded a technical assessment on advanced insulations for appliances.!®
This assessment yielded three important observations: (1) an annual
energy savings of about one quad [10*® joules (J), 0.947 x 10*% Btul would
result if an insulation with a K = 0.05 Btu-in./h-ft?-°F and R = 20/in.
were used in appliances; {2) theoretical analyses of 12 candidates indi-
cated that neither evacuated nor gas-filled insulation systems could meet
the K-value target; and (3) materials property information was not avail-
able to verify these promising candidate systems. In addition, this
report identified U.S5. Patent 4,159,359 issued to L'Air Liquide, France,®?
which showed K-values below 0.035 Bturin./h-ft?-°F for evacuated panels
containing fumed silica particles when tested at low temperatures
(-120°F).

DOE funded research at Oak Ridge National Laboratory {ORNL) to obtain
property information on candidate systems that might cbtain R = 20/in. A
series of ORNL publications described tests on air-filled and evacuated
powders.?*~%*7 These tests showed that high thermal resistance depends on
decreasing gas-phase conduction and decreasing radiative fransport in the
system without significantly increasing the contribution due to solid-
phase conduction. For example, particulate thermal insulations containing
air at atmospheric pressure as the gas phase have the K of air as a limit-
ing value unless the effective pore size can be reduced to less than the
mean free path in the gas phase. Because the K for air at 75°F and one
atmosphere prassure is 0.18 Btu<in./h-ft?-°F, practical R-values per inch
are limited to 5.5. However, the K-values obtained for beds composed of
small~diameter, pure-amorphous-fumed silica particles at 75°F and atmos~
pheric pressure show a minimum K of 0.146 Btu-in./h-ft?-°F (R/in. of 6.8).
Thus, when as-received powders from two companies (Cabot and DeGussa) are
compacted, ¥ is obtained in air at one atmosphere that is only 80% of the
thermal conductivity of air. Thus, K is determined by an assembly of par-
ticles that changes two heat transfer components: reduced gas conduction
by a mean-free-path effect and reduced radiative transport by increased
density.

Recently, two U.S. patents®®.3® were issued to GE for paneis evacvated
to 1 mm of Mg coentaining a filler material of precipitated silica with or
without fly ash that achieved high thermal resistance (R-20/in.) at room
temperature. These systems achieve high thermal resistance by using
smali-diameter powders to produce void spaces with dimensions much smaller
than the mean free path of the interstitial gas. This process reduces the
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contribution of gas conduction to the K-value of the system. The GE panel
construction consists of a filler, an inner porous bag, and an outer bar-
rier envelope, The gas permeability of the barrier is crucial to main-
taining the system vacuum and R-value. The GE panels are hand produced to
sizes up to 15 x 18 x 1 in.

During the early 1980s, some refrigerators produced in Japan included
evacuated panels containing perlite and embedded in polyurethane foam as a
thin-walled, high-resistance system. Production of such units was stopped
because of the high costs of producing and installing the units.

ORNL reported R/inch values for evacuated panels from France, Japan,
and the United States, both as-received and for times up to 78 months
after manufacture, as follows:

Country R/inch value (mo = month)
France 15 mo:16.8 78 mo:9.6
Japari 1 mo:18 38 mo:9
United States 1 mo:19.3 34 mo:14.5

The powder-fiiied evacuated panels show R/inch values that approach
20/in., which degrade with time. Their one-atmosphere value is expected
to be near 7/in., which is higher than aged rigid foams. Before this
technoloqy can be successfully applied to building equipment or building
envelopes, the reliability issue must be resolved, the material cost
reduced, and an automated production concept demonstrated. These are
formidable barriers, but as Fischer and Creswick® note, this advanced
technology option could provide energy savings of 0.8 quad/year. Current
R&D is focused on demonstrating the effectiveness of panels.

ORNL has compliested baseline tests on the ice-melting rate of three
types of portable coolers, and industry is producing panels that will be
foamed into the envelopes of a set of portabie coolers. The results
should be availablie in 1990. This cooperative effort was preceded by an
assessment of this industry that identified an automated technique to pro-
duce the panels.

Current manual labor and material costs are about $2.50/board ft or
about $0.13/board ft-R. A horizontal form, fill, and seal machine (as
used in food packaging) might provide an automated process with a pro-
jected labor and materials cost of $0.85/board ft or $0.04/board ft-R.
The costs of current rigid-foam insulations are below $0.03/board ft-R.

A major concern for evacuated panels in any application is the loss
of vacuum due to even one pinhole-sized puncture. Research at the
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Massachusetts Institute of Technology (MIT) is in progress on improving
the effectiveness of rigid foams by including a number of small evacuated
panels in boards. Such a composite might obtain an R-value of 10/in. and
avoid the single-puncture problem.

This technology is not ready to allow industry to comply with the
Montreal Protocoi. However, the above demonstrations and those in pro-
gress by major appliance producers could yield substantial benefits.

4.3.1 Silica Aerogéi Insulation

Quantum Optics (Thermolux) in California is in the process of com-
mercializing a siiica aerogel product that obtains an R of 20/in. at
0.1 atmosphere. The slab-1ike product is produced by making a gel from a
silicon-containing chemical, alcohol, and water. The liquid in the gel is
removed by a supercritical drying process to yield an open-pore, low-
density structure. The slab is then vacuum packaged in a manner similar
to that of evacuated panels in a barrier envelope.

Quantum Optics is fabricating 7 x 7 x 3/4 in. slabs for refrigerator
performance testing by WCI Refrigeration Division (funded by EPA, Electric
Power Research Institute (EPRI), Snohumish, Pacific Power and Light
Company, and National Resources Defense Council).

Prototype (1989) and commercial (1990) plants are being planned to
produce up to 100,000 ft? of evacuated aerogel per year."“?

4.3.2 Compact Vacuum Insulation

Compact vacuum insulation (CVI), being developed at the Solar Energy
Research Institute {SERI), is an extension of the laser sealed vacuum
insulation window that SERI is developing.®! CVI consists of a vacuum gap
contained in a metallic enclosure, which is sealed by laser welding. A
very low internal vacuum (<10~® mm Hg) is required for this concept, and
additional internal layers and low emittance coatings may be needed.
Resistance of 15/pane! for panels approximately 0.1 to 0.25 in. thick have
an estimated cost of $2/ft2,

In March 1989, the first test panel of CVI was successfully fabricated
and tested at SERI. The insulation value for the 0.2-in.-thick panel
measures R-5, which compares favorably with a typical value of R-7 for
1-in.-thick, CFC-blown, polyurethane foam insulation used in
refrigerators. SERI researchers expect that further development of this
novel vacuum insulation concept will result in a 0.1-in.-thick panel with
an insulation value of R-15. 1In collaboration with the three major U.S.
manufacturers, SERI will install the improved versions in four full-scale
refrigerators over the next 12 months.

4.3.3 Current State of the Art

Advanced evacuated thermal insulation technology was recently
reviewed by H., A. Fine with an emphasis on material costs and problem
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identification.®® Thesa thermal insulations have been shown to have the
potential for significant energy conservation if employed in residential
and commercial refrigerator/freezers. Many materials and systems have
been proposed for incorporation into refrigerator/freezers to achieve this
potential.

The state of the art for advanced evacuated insulations that might
achieve resistivities of 20 was established by reviewing measurements
available in the open iiterature on the dependence of the thermal perform-
ance of many materials on internal pressure. The materjals cost for the
powdered, fiber, foam, and multilayer materials were then found by con-
tacting the manufacturers of the products. Possible candidates for inciu-
sion into refrigerator/freezers are described and ranked on the bases of
their thermal properties and materials costs.

Several filler materials were found that may be used to make super
insulation panals with material costs of less than $1.00/board ft, if a
plastic laminate is used for the container required to maintain the neces-
sary vacuum levels. Materials in this category incliude: Beverly silica
dust, open-cell polyurethane foam, fine perlite, 2.7-1b/ft® fiberglass,
and 3.61-1b/ft® fibergiass with CFD Al, precipitated silica, and precipi-
tated silica/fly ash mixtures. Materials costs approaching $3.00/board ft
will result if metailic containment is required.

5. DOE-SPONSORED RESEARCH

The U.S. Department of Energy has sponsored research relevant to CFC
technology thiough the Office of Buildings and Commiunity Systems Division
of Building Systems and Division of Building Equipment. Results from this
research are the basis for much of the foregoing text, and a 1977-88 chro-
nology of CFC~related activities is given in Appendix E of ref., 17.

Table 5.1 summarizes the activities including building materials property
tests, insulation Tor appliances, field testing for roof and foundation
applications, energy impact analyses, cooperation with EPA, and two public/
private workshops on alternative insulations containing CFC (June 9-10,
1988, and January 31, 1989). A clear conclusion is that the DOE-sponsored
research has established a firm base in CFC technology, and this base is
being used to initiate individual projects focused on CFC-related issues.

A second clear conclusion, derived from the following material, is that
DOE~sponsared research should be conducted in concert with industry.

The Joint Public/Private Workshop on Alternatives for Insulations
Containing Chlorofluorccarbons was held June 9-10, 1988, This workshop
was attended by 69 participants from industry, academia, and government
agencies. The first CFC workshop is reported in ORNL/CON-269.%°® The
attendees assigned priority rankings to 29 research projects of a CFC
research menu and voted on who should be rasponsible for each of govern-
ment, industry, or cooperative. Table 5.2 is a reproduction of the pro-
ject ranking. ORNL staff estimate that a 5-year R&D program to conduct
these projects would cost about $16 million.
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Table 5.1. Chronology of U.S. Department of Energy activities
relevant to chlorofluorocarbon research

Year Activity
1977 Recommended standard reference materials
1981 Analyzed advanced insulation for appliances

1981-1986 Demonstrated R-20/in. insulations

1982-1983 Field tested EXPS below grade

19811989 Basic research on foam behavior

1985-1987 Field tested phenolic foam for roofs

1985 Developed foundafion insulation levels for ASHRAE 90.2P
1986-1988 Produced Building Foundation Design Handbook

1987 Identified energy impact of CFC restrictions for
foundations

1987 Identified energy impact of CFC restrictions for walls
and roofs

1987 Assessed foam-in-place urethane foams

1987 Discussed industry/government CFC research needs

1988 Tested HCFC-22 blown extruded polystyrene

1988 Provided DOE preliminary project listing

1988 Held Tirst joint public/private workshop research menu

1988 Coordinated DOE/EPA sponsorship of basic foam research

1988 Deiivered SRM 1449 with R-7/in.

1988 Initiated cooperative project on R-20/in. panels in
portable coolers

1989 Held second joint public/private workshop

1989 Participated in United Nations Environment Program

Review of CFC insulation technology

1989 Initiated cooperative (industry/government/university)
project on HCFC-123 and HCFC~141b foams for rocfs
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Table 5.2. Chlorofluorocarbon research project rankinga

Score
Code Rasearch project title
Tech.  Pub/Pri?

C.4.1 Public/private research menu 4.3 2.16
C.4.2 DOZ/ORNL/industry workshop 4,13 1.87
C.1.12 Database of physical properties 4,04 3.29
C.1.11 Protocol to predict thermal performance 3.8 1.96
C.l.4 Identify new bliowing agents 3.7 3.51
C.1.6 Environmentally acceptable blowing agents 3.66 2.5
C.2.6 New facing materials 3.59 3.46
C.4.5 Energy impact for walls and roofs 3.53 1.72
C.3.1 CFC manufacturing recovery processes 3.51 3.51
C.1.2 Low K standard reference material 3.39 0.98
C.1.3 Database foir alternate blowing agents 3.24 3.27
C.1.1 Accelerated foam aging for design R-values 3.23 2.41
C.2.2 Evacuated Panel "super insulation” 3.11 2.94
C.2.3 Components for super insulations 3.05 2.78
C.1.5 Field test project 3.02 1.98
C.2.1 Composites with high thermal resistance 3.02 2.91
C.4.4 Establish essential material properties 2.91 2.8
C.3.4 CFC destruction 2.84 2.25
C.1.8 Thermal resistance measurements Z2.79 2.31
C.4.3 Critical assessment of product property tests 2.74 2.22
C.3.2 CFC incineration 2.71 2.43
C.3.6 CFC adsorbents 2.54 1.75
C.3.5  CFC recapture at R/FY retirement 2.55 2.5
C.1.10 Manufacture of environmentally acceptable foams 2.51 3.86
C.1.8 Thermal conductivity of expanded polymers 2.2 2.04
C.2.4 Non-CFC systems 2.18 2.57
€.2.5 Non-CFC foundation insulation 2.02 1.98
C.3.3 Recyciing panels 1.82 2.39
C.1.7 Calculation meihodology-Tlammability testing 1.145 1.98

Average score 3.01 2.52

aThese rankings were determined by workshop participants, as reported
by J. E. Christian and D. L. McETroy, pp. 106-8 in Results of Workshop to
Develop Alternatives foir Insulations Containing CFCs —~ Research Project
Menu, ORNL/CON-269, Oak Ridge National Laboratory, Oak Ridge, Tenn.,
December 1988.

bTechnical merit: 0, low; 5, high. Public/private: 0, public;
5, private.

“DOE/ORNL = U.S. Department of Energy/Oak Ridge National Laboratory.
dR/F = refrigerator/freezer.
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The top two projects were to (1) prepare the research menu (j.e.,
deliver a consensus plan for private industry and government) and (2) host
semiannual government/industry workshops as a forum to exchange results
and guide future research. Because of the latter, the second workshop was
held at the American Society of Heating, Refrigeration and Air Conditioning
Engineers {ASHRAE) meeting in Chicago on January 31, 1989. The second
workshop examined a singie cooperative industry/government project on the
long-term performance of substitute insulations for roofing containing
CFC 123 and CFC 141b.

The first meeting of the steering committee for this cooperative
industry/government project occurred on April 18, 1989, and witnessed pro-
duction of prototype foam boards. The project involves the Society of the
Plastics Industry, the Polyisocyanurate Insulation Manufacturers of
America, NRCA, DOE, EPA, MIT, and ORNL. The project, although restricted
to roofing appiications, involves production of boards with on-line pro-
duction equipment, analysis of physical properties of the boards at
several industrial laboratories, thermal aging studies at ORNL, and exami-
nation of installed systems for impacts on long-term performance. The
objectives of the testing are to provide a comprehensive examination of
the materials and systems properties of roof insulations produced with
these replacement chemicals and to provide a protocol for testing of other
alternate systems that will appear later. The project is estimated to
cost about $400,000 and be completed in 1991.

A third workshop has not been planned, but an obvious missing link is
a similar research project that focuses on R/F needs and the new foams.
It may be that a technical committee on insulations for R/F that is cur-
rently being organized will address this issue.

The Third National Program Plan (1988) prepared by the Building
Thermal Envelope Research Coordinating Council (BTECC) includes a chapter
on building materials research needs prepared by the Building Thermal
Envelope Materials Research Coordinating Committee (RCC) of BTECC. This
chapter Tists 81 projects, which recently were ranked by RCC. The top-
ranking project was entitled, "Effect of Aging on the R-Value of Foamed
Board Insuiation Products.” The project objective focuses on the fact
that laboratory measurements over time do not simuiate the effect of
installed conditions in the long-term insulation properties of foamed-
board insulation. This fact particularly applies to roofing applications
where insulation i5 more exposed to the vagaries of the weather.
Controlled measurement of changes in R-value after periods of outdoor
exposure are needed to determine the true performance of insulation
products, Etstablishment of a performance database is desired. This data-
base would be useful to architects and building owners who lack informa-
tion on the real thermal properties of foamed-board insulation for
extended time periods. The results of this project would permit a more
informative choice of insulation products. A six-speaker seminar was held
on June 7, 1989, in Washington, D.C., to provide an overview of foam
aging.
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6. CONCLUSIONS

The CFC issue is enormous. Industry produces over 400,000 metric tons
of rigid foam-board insulation annually and therein consumes aver
60,000 metric tons of CFC-11 and CFC-12. This consumption is equiva-
lent to 6 biilion board ft of foam and represents the most effective
thermal insulation that is commercially available. If environmentally
acceptable alternative gases and foams are not available, the esti-
mated energy impact for building applications alone is between 0.65
and 1.5 quad/year.

Industry is pursuing a variety of alternative blowing agents to CFC-11
and CFC-12 for producing rigid-foam-board insulations. Development
risks to foam-insulation producers include the commercial availability
of the alternative blowing agents and their subsequent acceptance by
regulatory agencies. The new products will be less hazardous to the
environment but more expensive and less effective thermal insulations
(Tower R/inch values).

A new rigid extruded polystyrene foam-board product was announced and
became available for buildings application in mid-1989. The new prod-
uct will reduce the CFC probiem because the polystyrene industry pro-
vides about 20% of the total rigid-foam tonnage. However, a major
problem persists for the rigid-polyurethane industry.

Use of the rigid-foam-industry products in buildings applications con-
serves energy, which benefits the nation. The federal government
should support the develcpment and execution of a broad-based research
pregram in cooperation with industry. This program should include
proving the applicability of new products and determination of new
product properties. The estimated cost of completing an existing
research meny of 29 projects in 5 years is $16 million.

The federal govarnment should accelerate R&D efforts on advanced,
high-risk materials technologies that could reduce CFC use and energy

use in building eguipment and building envelopes by as much as
0.8 guad/year.
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Appendix A

SI EQUIVALENTS OF CUSTOMARY UNITS

Customary unit

in.

ft

1b/Ft3

1b
Btu+in./ft2+h-°F
ft2-h+°F/Btu

°F

mile

SI equivalent

25.4 mm

0.3048 m

16.02 kg/m?

453.6 ¢

0.144 W/m-K

0.1762 K m*/4

°C = (5/9)(°F ~ 32)
1.6 km
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Appendix B

CHLOROFLUOROCARBON NOMENCLATURE NOTES

The nomenclature used to describe chlorofluorocarbons (CFC) is domi-
nated by abbreviations. The CFC prefix refers to fully halogenated
chlorofluorocarbons. Halons are fluorocarbons that contain bromine atoms.
CFC compounds with hydrogen in their molecular structure are referred to
as HCFC compounds; those without chlorine in their molecular structure are
referred to as FC. (Europeans often use HFA for HCFC, where HFA repre-
sents hydrofluorcalkanes.)

The suffix numbers are keyed to whether the CFCs are derivatives of
methane (CH,), two digits (e.g., "11" suffix of "CFC-11"), or ethane
(C,Hg), three digits (e.g., "113" suffix of "CFC-113"). H. Kruze and Heese
showed the suffix code as follows:

For two-digit suffixes, the first digit is the number of hyvdrogen
atoms +1, and the second digit is the number of fluorine atoms. For
three-digit suffixes, the first digit is the number of carbon atoms -1,
the second digit indicates the number of hydrogen atoms +1, and the third
digit indicates the number of fluorine atoms. The suffix a er b (e.g.,
"p* suffix of "HCFC-141b") refers to the structure of the compound. Some
replace CFC with R, but this can be confused with R-value (thermal resis-
tance value) for insulations.

R0
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R 120 Rt
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\ R CRH Ll CaHF L~ C,F,Cl
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Fig. B.1. CFC derivatives of methane and ethane. Source: Reprinted

with permission from H. Kruze and V. Heese, Possible Substitutes for Fully
Halogenated Chlorofiuorocarbons Using Fluids Already Marketed, Purdue
University, West Lafayette, Ind., July 1988.
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Appendix C

Nominal thermal resistance per unit thickness value
for some typical insulations, R-value per inch at 75°F¢

Density

R-value per inch

Material (1b/ft3) (heft?-°F/Btu) Source
Nobplastics
1. Air, conduction only 0.08 5.5 1
2. Air, with radiation, <1 2
AT = 50°F
3. Loose-Fills 3
Fiberglass 0.6 2.2
Rock wool 2 3.0
Cellulose 3.0 3.5
Perlite/vermiculite 2~11 3.7-2. 4
4. Fiberglass batt 0.6 3.2 3
5. Fiberboard 2.8 5
6. Cellular glass 2.6 5
7. Gypsum 44 0.8 6
8. Plywood 30 1.3 7
Plastics
9. Rigid polyurethane 2 7.2 §-10
foam
10. Rigid extruded 5.0 8-10
polystyrene
11, Expanded polystyrene 1.0 3.9 8-10
1.5 4.2
12. Phenolics 2-3 8.3 810

aSources are listed on the following page.
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1. R. ¥. Powell, C. Y. Ho, and P. E. Liley, Thermal Conductivity of
SeJected Materials, NSRDS-NBS-8, Nov. 25, 1966.

2. Calculated from vef. 1 and a radiation heat transport between twe
jnfinite surfaces with a total hemispherical emittance of 1 and spacing of
1 in. See H. A. Fine et al., Analysis of Heat Transfer in Building Thermal
Insulation, ORNi/TM-7481, December 1980.

3. Insulation Fact Sheet, DOE/CS-0180, U.S. Department of Lnergy,
January 1988.

4. An Assessment of Thermal Insulation Materials, BNL-50862,
Braokhaven National Laboratory, Upton, N.Y., June 1978.

5. &. E. Courville and J. 0. Kolb, Economic Analyses of Insulation
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National laboratory, 0Oak Ridue, Tenn., 1984.
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May 22, 1988

Distribution

Summary of Meeting of ORNL Staff with Industry Representatives ~ May 11, 1985

J. E. Christian, G. E. Courville, and D. L. McElroy met with G, F. Bauman
(Mobay), J. Hagan (Jim Walter Research Corp.), and R. Riley (BASF) to
discuss the draft report, CFC Technologies Review — Foamed-Board
Insulation for Buildings (Draft 1, May 5, 1989).

1.

2.1

2.2

2.3

The report outline, summary, and conclusions were distributed and
discussed.

"A11 suggested that the conclusions be more quantitative, i.e.
times, tonnage, R/D costs, quad/costs, accumulated loss, and
incorporate how CFC impacts the DOE 'Bill of Rights' (5 criteria).”

Section D — Energy Impact, was reviewed in detail, starting with how
the Fischer/Creswick report is summarized and then focusing use and
comments on the results for Chapters 11, 12, 13, and 14.

Walls - Chapter 11. The draft report quotes the Fischer/Creswick
analysis for 25% of the nationwide residential wall area and lists a
four-fold increase, i.e. 100% of walls. Industry (Hagan) provided
the LSI survey (August 1988) which shows that nearly 50% of walls
are sheathed with polystyrene/polyurethane. Industry recommends
doubling the Fischer/Creswick values. Industry noted that Petersen/
Fanney misinterpreted the LSI survey (August 1986) in obtaining the
25% factor. Growth in wall fraction was noted:

1985 (27%), 1986 (35%), 1987 (40%), 1988 (?45%), 1989 (?50%).
Industry noted that Tables 11.1 and 11.2 contain errors and could be
clearer.

Foundations — Chapter 12. J. E. Christian explained an analysis
that increases the worst-case scenario from 0.32 quads to 0.8 gquads.
Industry supported this inclusion.

Commercial Construction — Chapter 13. The Fischer/Creswick analysis
uses reduced wail area due to large window fractions in commercial
construction. Industry would 1ike to know the basis for the 50% and
30% fractions. The fallback position assumes that EPS can bz in
foam core panels, and industry doubts this assumption, and
recommends increases in the fallback position energy impact from
0.05 to 0.07 guad. Industry believes a more detailed analysis of
buildings could be done.
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Distribution
Page 2
May 22, 1989

2.4  Low-Sloped Reoofs — Chapter 14. G. E. Courville explained the
Fischer/Creswick analysis and noted that the fallback position
assumes incieases in thickness to maintain a constant R-value as
well as different thicknesses in northern and southern areas.
Industry suggested that the next analysis could include local use
conditions foir foams in roofs, which would change the base case.

2.5 The energy impact analysis that uses board foot production was
described. Industry suggested increasing the 1985 production by 25%
to reprasent 19389 production and to include an R-4/in. case with the
R-3/in. case.

3. Are there other specific concerns? Industry responded:

3.1 Major producers of potential alternate gases (HCFCs) are balking at
committing money to construct HCFC plants. The foam industry

survival rest an HCFC 141b and HCFC 123 being commercially
available.

3.2 Regulations to tax gas users impacts foam production decisions.

3.3 Industry needs Tirmm federal endorsement that alternate gases are
acceptable alternatives and will not become controlled Lhem1cals
New data on HCir{ 141b gives a range of CDP values. A decision to
ban a1l chlorine bearing gases could dramatically alter current
efforts.

3.4 Industry suggested that the fallback position is the more probable
futiure scenario.

3.5 Industry dozs not kinow what impresses policy makers: quads, money,
or energy cost increases.

4.0 J. Hagan provided a not2 on May 16, 1989, indicating his belief that

the existing energy impact analysis did not address retrofit
applications. This is noted in Section E.

D. L. McEiroy, Metals and Ceramics Division, Building 4508, MS5-6092 (4-5976)
DLM:glc

Distribution:

G. F. Bauman J. Hagan
J. E. Christian R. Riley
G. E. Courvilie M. P. Scofield
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