Dear reader of the "Performance of Adobe" report by David Roberison, PE,

The CID has asked me to make this almost unknown report availabie via a PDF file. | should write
a few words about why it's important that you read through the 30+ pages.

During the period 1976 - 1887, New Mexico was the national leader in research about solar and
mass. The spark was the oil embargo of 1973/74. Energy, then as now, was key. Several national
and state entities joined with trades folk, contractors and architects to document the effects of
solar and mass. Hundreds upon hundreds of thousands of dollars were spent by the two iabs,
UNM, NBS, HUD, DOE, Eight Northern Pueblos to see how and why it worked. The oid saying
"sun and adobe work fogether” was put to the test.

The culmination of this work was the Southwest Thermal Mass Study, usually tagged SWTMS.
David Robertson, PE explains its operation in his report. Eight test structures measuring 20' x 20'
x 8 were built at Tesuque Pueblo in 1980-81. The site, at 6,330 feet and 5800 degree heating
days, was suitable for a cold winter energy study. The belief at the time was that computer
modeling alone could not tell the true story of how a structure performed in nature. The buildings
included log, adobe, concrete biock and frame, plus an instrumentation building.

Adobe has a low R factor, but still works towards dweller comfort. Why? Robertson clears up the
mystery, showing how mass saves energy, especially when temperatures vary widely (spring and
fall) and how mass moderates extremes, reducing the size and run time of heating and cooling
units. Take a look at Figures 2 and 3 (in the back of the report). Also, in Figure 4, we see that the
mass effect decreases as the climate becomes colder. At around 5000 degree heating days, the
effect is saving you perhaps 7 to 8% in energy use. In Las Cruces, the effect could save you 12%.

Beyond just mass is solar. Incorporating it properly with mass enhances the savings. Robertson
says; "Furthermore, for passive solar applications, the high conductivity (low R-value} of adobe is
actually desirable, because heat can be readily absorbed, stored and released in the daily solar
cycle—if exterior walls are well-insulated on the outside."

Table 1 gives building load energy reductions using mass. Note that wall insulation of R-5 does as
well as wall insulation of R-20. And yet Robertson suggests R-20. | think that with R-10, one has
almost maxed out the benefits. There may continue to be some controversy about this aspect.

By the time the SWTMS report was printed in1986, the "energy crisis" had long been declared
over. Printing budgets for energy research resuits had been cut. In the end, only SWTMS staffers
and a few NMERDI offices carried the report. Qutside of North Central NM, few contractors,
architects or engineers knew of the research. Today, results of SWTMS still influences NM code
via the Residential Applications Manual, largely watered down in the late 80's and 90's as
concerns about energy lapsed. It is now being updated by the Energy and Minerals Dept.

Since the 70's, NM has taken a centuries old, vernacular architectural form and developed it into a
refined, energy-producing medium, well noted around the Southwest. Rather than cast this unique
honor aside, our codes should continue to reflect appropriate regional themes.

Sincerely,
Joe Tibbets
October, 2009  p.s.- my apologies for the undertining in the report- my only copy.
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Adobe as Thermal Mass

Introduction

Adobe is the inﬁigenous, massive building material of the
Southwest. It has been used worldwide for millénia,_and some
estim&te that overrpne-half of the world's population currently
lives in some typé of earthen structure (Reference 17).

Adobe isg a sun-dfied mud brick, typically sized 10"x14"x4"
in New Mexico. It can be laid, usﬁally with mud mortar, to make
a2 wall 10" thick or 14" thick. As a structural material, it
pfovides several advantages over wood-frame construction,
including sound atﬁenuation. fire resistance, and the rbu;ded,
aestheticallyfpleasing appearance unique to Southwestern homes.
Among its disadvantages are somewhat higher cést and slower
constructioh than wood-frame, more difficulﬁy in'handling‘due to
its weight, and more difficulty in insulating due to the absense
of a cavity in which to place batt (e.g., fiberglass) insulation.
A comprehensive book on the engineering and architectural aSpects
of adobe has been written by McHenry (Reference 17).

In terms of energy-related characteristics, traditional
unstabilized adobe is a low-embodied-energy material (Reference
17). That is, less energy is required tc manufacture the
material (per aquare foot of wall area), cbmpared to many other
wall materials. It can be made by hand if necessary, and solar
energy is used to cure the bricks. Fregquently it can be made on-
site, using raw materials from the site, so transportation energy

also is minimal. As it performs in a building, with space
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heating and cooling equipment, it is also a thermal mass material
capable of absorbing heat or coolness for release later in the
day. |

The goals of this paper are: to explain what thermal mass
is and hpw it operates, with an.emphasié on adobe; to review the
history and current status of thermal mass regsearch, and
national, state, and local codes with respect to thermal mass;
and to offer specific recommendations on how best‘to use thermal
mass for energy efficiency and comfort. Much of the material
comes directly from the Southwest Thermal Mass Study (SWTMS), an
experimental research study on the thermal performance of adobe
conducted at Tesuque Pueblo, New Mexico in the early 1985;3. An
added goal is to providé«a.sumﬁary of that research in “"layman's"
terms. The focus will be primarily on residential congstruction,

_although the theory and most of the recommendations apply to
small commercial buildings as well.

The target audiénce consigsts of anyone who is interested in
energy-efficient construction using massive materials,
particularly adobe, and it includes architects, engineers,
researchers, government agehcies, builders and other_members of

the construction industry, homeocwners, and homebuyers.

What is Thermal Mags?

Thermal mass consists of massive (usually high-density)
materials, within a building or as part of a building envelope.
Thermal mass moderates heat flow through walls. That is, a daily

heat pulse on one side of a wall will be significantly reduced




land delayed) when it reaches the other side. This is also true
for lightweight walls, but to a much lesser extent.

Mass has the ability to absorb, store, and release heat. In
pPassive sgolar applications, mass absorbs excess heat when
interior air temperature rises above the mass temperature, stores
it, and then releases it when the 8pace temperature drops. This
also occurs in conventional (noﬁ-solar) buildings in transition
seasons (spring and fall) and in the cooling season. Thus; mass
Operates as a "thermal flywheel,” or stabilizer of interior air

temperatures.

Ihe Southwest Thermal Mass _Study

The Southwest Thermal Mass Study (SWTMS) had its beglnnlngs
1n the—m1d—1970's when Bill Haney, a Sdnta Fe architect, found
that the U.S. Department of Housing. and Urban Development (HUD)
would nof permit adobe construction for federally-funded Indian
housing projects. HUD's reasoning was that uninsulated adobe did
not meet HUD's energy efficiency criteria for new construction.
If the adobe wés insulated to meet the energy efficiency
criteria, it then did not meet EUD's cost criteria. Both
criteria were based on insulated wood-frame construction. An
added wrinkle was that HUD pfojects had to use the federal Davis-
Bacon wage rates, which required that adobe layers (who
traditionally are considered semi-skilled) be paid the same as
skilled bricklayers. This also increased the cost of adobe
construction.

Haney found that there had been no detailed, extensive
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research conducted on the in situ performance of thermal mass in
residential construction. Much work had been done on the steady-
atate (constant conditions) performance of building materiala, in
order to develop steady-state R-values, but analysis of the
dynamic heat transfer characteristics of massive materials, under
. %
actual conditions and over the long term, had not been performed.

. —— - e e s
With the then New Mexico Energy Institute (NMEI) at UNM,

Baney prepared and submitted 4 proposal tc HUD, the U.S.
Department of Energy (DOE), and‘other-federal.vstate, and local
governmenﬁal agencies to construct and operate an adobe research
facility. Coincidentally, DOE was starting up a thermal mass
research program, operated through Oak Ridge National -
Laboratories (ORNL).

The proposal was accepted, and HUOD funded‘the construction
of the.facility. DOE funded the research,'thé Eight Northern
Indian Pueblos Council and the Pueblo of Tesuque donated the use
of thefland a;d an instrumentation building, and the New Mexico
Eneréy and Minerals Department funded development of the
technical reports through the state's Energy Research and
Development Program. The project was conducted by staff of NMEI,
with asmistance from several consultants and oversight by the DOE
Thermal Mass Review Panel. A parallel experiment funded by DOE
was conducted by the National Bureau of Standards (NBS). The NBS
experiment was also overseen by the Thermal Mass Review Panel,
which met three times each Year for the duration of the project
and included representatives of industry, government, and the

research community. The adobe industry was represented at panel




meetingas by Tom Harley of Hans Sumpf Company of Fresno,

California.

In 1980 and 1981, the facility was built and ingtrumented at

Tesugque Pueblo, 12 miles north of Santa Fe, at an altitude of

6,330 feet, and in a relatively cold climate with approximately

-

5,800 heating degree days (base 65°F). Annual average insoclation

at the gite was approximately 1800 Btu/ftz*day on a horizontal
surface. The facility consisted of eight simple and well~

instrumented test buildings, sized 20'x20'x8" high (Reference

13). Four types of construction were used (adobe, concrete

epEey

'masonry units, milled log; and insulated wood~-£frame), 1nc1ud1ng
five adobe buildings w1th walls of varying thicknesses (10", 14"

. and 24") and both "traditional" and stabilized bricks. See

s’

Figure 1. The‘buildingé were initially thermally uncomplicated
. {nc windows or doors, heavily insulated ceilings and floors,
uninsulated adobe walls, and very low air infiltration rates) so

that the behavior of the wallg could be isolated angd easily

measured and understood. Later, windows were added to all bu;
one of the buildings, and one of the adobes was also insulated.
The primary question that the regearchers wanted to answer

T oitia o, R A
was: If you had two conventional {non-solar) buildings, one

. l;ghtwelght (wood-frame walls) and one mass;ve {adobe walls),

otherwise identically constructed and insulated, what would be

o

the difference in space heating and cooling energy consunmption
H_

over the course of a year? This is what iz commonly referred to
e

now as the "thermal mass effect." It was recognized that the

measured energy use differences EEEld only be valid for that




particular building configuration (e.g., shape, orientation,
Rkt bty

window area, number of rooms) and for the climate in which the
™ R T e e b T T r——,
experiment was conducted, in this case Northern New Mexico.

s A bt ce

Additional questions posed were: What is the in situ

steady-state R-value of adobe? What does thermal mass do and how

does it work?

Results of the Southwest Thermal Mass Study

The data from the SWIMS was collected by a Doric datalcgger,
~stored on floppy disks, transferred to magnetic tape, and then
plotted, reduced; and analyzed. The results are presented in two
reports (References 14 and 20). Building heat flows were summed,
and energy balances were performed. Energy balances were
generally accurate to within +10%; that ;is, the sum of all
measured heat flows for é building (walls, floor, ceiling,
infiltration, and solar gain) was within 10% of the heating
energy use measured for each building. That is good agreement
for an experiment using buildings constructed with normal

building methods and materials.

Steady-State R-Value
The steady-state conductive {(surface-to-surface) R-values of
adobe were calculated using long-term averages of wall heat flow
and surface-to-surface AT. Including the 1/2" of mud plaster on
each side of the walls, the R-values (in units of hour*square
foot*degree F per Btu) were: 2.0 for the 10", 2.7 for the 14"
and 4.4 for the 24". These were for well-cured, in-place adobe

-

walls, with moisture content (by weight) less than 2% for the




thinner walls and 3% for the 24-in.(61-cm) walls. No measurable
.difference in-thermal conducti&ity was found as a function of these
levels of moisture confent, and the conductivity of the fully stabil-
ized adobe walls was only slightly higher (by a few percent) than the
'traditional {nonstabilized) adobe wéllé. Experimental error for the
R-value measurements was estimated as +11%.

Note that these values are steady-state-Révalues'only and do
not include the dynamic *thermal mass effect,; ﬁhich is'discussed
below. Also,ithese valueé'are specific to the pa;tiqular adobes
uséd. which ﬁere from the San Juén.Pueblo‘édobe fard‘near Espanola.‘

- New Mexiéo, and which had a denaity of approximately 117 1bm/ft3

(1370 kg)m3)1 The density of adobe .can vary from 90'to 120 lbm/ft3
(1440 to 1920 kg/m3):‘the R-value would be highe?_for lbwer-density
bricks; | |

Some disagreement exists about fhe R-vélue of adobe; .Vériation'
in the propertles of the raw material. thermal propertles may explaln
this. However even 1f the R- value of adobe is twice what is given .
above, adobe is still a poor insulator, and exterior walls should
be insulated to be'enefgy'efficient; Furthé;more; fof‘@assive solar
applications, the high conductivity (low R-valﬁe) of adobe is actually
desirable, because heat can be readily absorbed, stored, énd released
in the dailj solar cycle--if exterior walls are well-insulated on |

the outside.

Reputation of Adobe

If the R-value of adobe is so low, why then does




., uninsulated adobe have such a good reputation for
energy efficiency and comfort? Part of the answer to
this question lies in the ability of adobe to moderate
weather extremes. However, there may be other,
subjective reasons..

Imagine you lived in édobe-homes all your life,
probably he;ted with wood, and in the early 70's you
were given é‘new-gas-heated wood-frame HUD home.

Agsume the new home was minimally insulated and not
very tightly constructed. Your initial reaction might
be that it is a foreign type of construction, not
aesthetically pleasing with its straight lines and flat.
surfaces, énd.it probably would not witlistand the
centﬁries of uée your old adobe has. It heats up
gquickly on summer days and does not maintain an even
temperature. In winter, you have to keep the furnace
going all night, whereas your old adobe had been
absorbing the radiant heat from your wood heating
system all evening and would probably make it until
Imorning without another fire. And, to top it all off,
yoﬁ are periodically presented with a large heating
fuel bill, whereas the wood you used to heat your adobe
house was essentially free, requiring primarily labor.

You conclude that your old adobe is more
comfortable, does not require continuous heating, costs
less to heat, and requires no cooling. Many of these

observations have some technical merit, but they do not




fully offset the lack of insulation,

Wall Heat Loss

The question of how thermal mass in a Building envelope
perfo;ms, and what its heat transfer characteristics are, can
best be anawered by a graphic pregsentation of wall heat flow.
See Figure 2. These plots are based on SWTMS results and other
research conducted as part of the DOE Thermal Maszs Program. The
plots demonstrate thé-eff;cts of mass and insulation on heat flow
through a wall.

The assumptions are that it is midwinter (the wall ig
continuously losing heat), and the interior air is
thermostatically cohtrolled'tOLa constant temperature. The
outside surface of the wall is: exposed to a sol-air temperature
which variea sinusoidally. (Sol-air temperature does not vary
sinusqidally-in reality, but a sine curve was used to provide a
clear'conceptual.ungerstanding.) Mags is located inside the
insulation layer in these cases.

Each of the three plots is a heat-loss-versus-time curve.
Heat loss is on the vertical axis, with increasing heat loss
toward the top. Since it is midwinter and the walls are losing
heat continuocusly, heat gain is not present on any of the plots.
The horizontal axis is time, from 6:00 am to 6:00 am over a
twenty-four hour period, increasing to the right. The heavy
horizontal line on each plot denotes the average heat loss for
the curve.

The first curve (Detail A) shows the hour-by-hour heat flow

-
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response of an idealized base-caase wall with very low mass and
very low R-value. At 6:00 am, as the sun comes up and the
outside temperature begins to rise, the wall heat loss starts to
decrease. At noon, when the-outside temperature is at a maximum,
heat loss is at a minimum. Similarly, when the outside
temperature drops to its lowest at midnight, that is the time of
greatest heat loss. Both return to their original value at 6:00
am the next morning.

The pattern of heat loss in Detail A is similar to the
behavior of an uninsulated wood frame wall. (OUnder actual
conditions, outside temperature peaks at around 2:00 pm, and it
drops to a minimum just before sunrise.) Such a wall wouid show
some change in the shape and timing of the curve; it would not
follow the outside temperature profile exactly.

" The second curve (Detail B) shows the heat loss of an
idealized wall if mass, but porinsu;ation. were added to the low
mass/low insulation wall in Detail A. The curve for the massive
wall is the heavy line, and the curve fof-the low mass/low
inasulation wall in Detail A is shown for comparison by the
lighter line. Since insulation has not been added, and the mass
is assumed to have no R-value in this example, the average (and
total) heat loss is the game as for the first wall. However,

D e e s P

there are two important effects of the mass. First, it produces
M—

less variation in the heat flow: the difference between the

maximum and minimum is smaller. That is, the mass moderates the

extremes. In addition, the mass delays the timing of the maximum

o ———

and minimum, shifting the whole curve to the right. Thus,
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whereas the minimum heat loss in a massless wall occurs exactly

SO
at the time of the highest outside temperature, it occurs a
——

number of hours later in a walllwith mass.

iy

This curve is similar to the behavior of an uninsulated

massive wall, such as 10" adobe. A 10" adobe wall produces

approximately half of the variation in heat loss as the )

uninsulated frame wall in Detail A, and @;é delay is

approximately 7-8 hours.. Delays for thicker adobe walls are 10

ity

hours for 14" and 18 hours for 24", with coincident reductions in

variation of‘heat flow. These time lags were determined
— —

experimentally in the SWTMS. (See the discussion in the later

secgion "Other Thermal Mass Research® and Reference 10 for a more
theoretical discussion of the time lag.)

The third curve (Detail Q) shows the behavior of an - \\
idealized wall with both mass and insulatioﬁ, Note that the two
effects of mass discussed earlier are present:lless variation
(amélitude) of heat flow and delay (time lag) of heat flow.
Here, the variation is further reduced by the presence of the
insulation. 1In addition, the Primary effect of insulation is
Present: the rate of heat loss is always reduced. Thus the
average heat loss (and the total heat loss for the 24-hour
period) is reduced. This curve is similar to the behavior of a
well-insulated 10" adobe wall. Thus, with a combination of

interior thermal mass and exterior insulation, the benefits of

both can be achieved. These results are not climate-specific. ,/)




Building Heat Flow-

These two :ffects of thermal mass, moderation and delay of
heat flow, have important impli~ations for space heating and
cooling energy Eonsumption. Particularly as the mass interacts
with other building elements and the space cohditioning system.

The meost significant iz the moderating influence of thermal
mass. When heating {or cooling) is required continuocusly
throughout the day, mass has no effect on energy use (the average
of cold and very cold is still cold). However, when a building
experiences alternating periods of net energy loss and net energy
gain during each day, thermal mass will save energy. This is the
case in most of New Mexico in spring, summer, and fall, aﬁd in
buildings with high solar g&in in winter.

fo see how this works, look'at,Figure-B.- This iz a similaf
curve to those in Figure 2, with two important differences.

Firgt, the heat flow for the total building, not just the walls,
is shown. Secondly, due to the time of Year (or appropriate
combinations of insulation and solar gain), the average heat loss .
for the building is zero. - When the curves are above the line,

the building is losing heat, and when the curves are below the
line, the building is gaining heat. The total gain for the day
equals the total loss for the day. Again, these are idealized
curves, and these exact conditions rarely if ever occur.

Whereas the lightweight building requires cooling for part ’
of the day and heating for part of the day, the massive building
requires neither. There are many days in the spring and fall

transition seasons, and in the summer cooling season, when this




effect saves energy. It usually does not save both heating and
cooling energy, but it saves one or the other.

The delay of heat flow caused by thermal mass can also save
energy. Note from Figure 3 that the cooling load for the massive
building occurs in thé evening and nighttime hours. This timing
pernits the homeowner to cool the buildin§ by ventilating with
cocler nighttime outside air. In many, if not. all, of cooling
seagon days, this eliminates the need for cooling energy. 1In a
lightweight buildihg, on the other hand, the cooling load occurs
in midafternoon, at the hottest part of the day (when
refrigerated air conditioners operate at their lowest
gfficiency). and cooling isr;equired.

Another benefit of thermal mass is apparent from the
resultsa: peak‘load.feduction. Figure'B shows that the-building
heating‘ai'éobling load is more constant, and the peak loads are
smaller. This will reduce: utility peak loads (most importantly
for electric utilities), and thus utility capacity requirements:
the size and cost of heating and cooling equipment in the
building; and, to some extent, the energy consumption of heating
and cooling equipment in the building as a result of less

cycling,

Results Summary
The magnitude of the thermal méss effect will vary with
building configuration, climate, and time of vyear. At the
Southwest Thermal Mass Study, the effect on total heating season

energy consumption was 3-1/2% for windowless test buildings and
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5% for test buildings with windows. When the results were
extrapolated to the milder climate of Las Cruces, New Mexico
7(3,200 HDD), the effect was 12% for test buildings with windows.
It is important to note here that, athough the percentage
savings may vary from climate to climate, the absolute gsavings
{in terms of energy) is often similar.

Funding was not provided for testing in the cooling season,

. but it is expected that the effect would be greater, because

——

there would be many more days in the season when buildings

experience altérnating~periods of net heat gain and net heat losas
[

on a daily basis. Utilization of the delay of mass walls through

-

ventilation strategies will further reduce cooling loads.

Thé DOE Thermal Mas§ Prbgram

The DOE Thermal Mass Program'includes the Soufhwest Thermal
Mass Study and a similar e#periment at tﬁe National Bureau of
Standards (Reference 7). An overview of the program is presented
by Christian (Reference 11). The goal of both experiﬁental
studies was to devélop a detailed and reliable data base on the
thermal performance of buildings with various amounts of thermal
masa. Once the data was collected, several main-frame building
simulation computér models (BLAST, DEROB, TARP, and DOE-2) were
used to perform consistency checks on the data. At the same
time, computer models were validated in order to perform
extensive and detailed modeling of a prototypical house for a

variety of U.S. climates.

It was assumed that, if the computer models could accurately
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pPredict the performance of building components, the test
buildings®' overall energy use, and the magnitude and timing of
the thermal mass energy savings for different seasons of the
Year, then the models could predict those savings for full-size
buildings in different climates.

Although numerous computer simulations of full-size
buildings were performed by a variety of organizations (see later
section "Other Thermal Mass Research"), the primary work was done
by LBL (Reference 8), using the program BLAST 3.0. The prototype
house modeled Qas a 1,200 ftz, singie-story, three~bedroom house
with typical window area and placement, insulation‘levels,
thermostat. schedules, internal loads, and furnishings. A;
important atypical condition was that the floors and foundations
were assumed to be massless. As in the experiments at SWTMS and
NBS, this isolatéamthe wall mass effect. The principal
parameters varied were: climate; wall,insulation level and
location; and wall thermal mass thicknesgs, density, and thermal
conductivity. wWeather data from six cities, representing
different climates around the U.S., was used.

The results indicated that, for a given wall R-value, annual

heating and cooling loads always decreased with increasing mass,

regardless of wall type or climate. (In some rare cases in very

mild climates, energy use actually increased with an increase in

ingulation ~- see also Reference 7). Generally speaking, loads

decreased more when insulation was Placed outside the mass,
- e —

compared to inside it.
A

Table 1 presents selected results from the simulations. The
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table shows the annual reductions in sensible heating and cooling
loads when wall thermal rass varies from near zero to a level
similar to that of 10" adobe (see agssumptions in Table 1). The
reductions are presented in terms of relative (percent) reduction
of total loads, and in terms of absolute reduction of total
loads, in MMBtu/year. Results are shown for five cities and for
three different levels of insulation: none, R-5, and R-20, all
on the outside of the mass.

Note that the percent reductions vary considerably and can
be qdite high -- in the 30- and 40-percent range ~-- in mild
climates (e.g., the mild heating climate of Phoenix and the mild
cooling climate of Denver). The absolute reductions, howéver,
show~muéh less variation. The savings from mass with even higher
thickness, conductivity, and.denéity (calculated but not shown
'héfe) are greater, but the bulk of the load reductiong possible
have been realized with this level of mass.

It is important to poiﬁt out that the percent reductions are
unrealistically high, because the floors and foundations are
assumed to be masslesas. If floor mass were added to a level
equivalent to a 4-inch concrete slab, the mass effects for the
pPrototype house would be 25% less in the cooling season and 75%
less in the heating season, on the average, according to
calculations by Christign (Reference 11).

The next step in the Thermal Mass Program, currently
undefway, is to develop a simplified tool which will predict the
energy savings fro@ thermal masa for any building configuration

and climate, based on computer results such as these. Such a
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tool wbuld be used by afchitects, engineers, builders, and code
officials for residential design and construction. The tool
could be a microcomputer program, a manual calculation, a special
energy calculation glidergle, tables and charts, etec. Some tools
have been developed, primarily‘dutside the DOE Thermal Mass

Program, and these are discussed in the next section.

Other Thermal Mass Regearch
==k clernal Mass Research

Other research in thermal mass has been conducted by
humerous,industry groups and other DOE research programs.
Research by state governments and the American Society of
Heating, Refrigerating and Air Conditioning Engineers (ASHRAE),
Primarily with referencé—to enérgycqnservation building codes,
will be discussed in the laterlsection on codes.

The industry groups -— such as the National Cohcrete Masonry
Association (NCMA), the Brick Institute, and the Portland Cement
Association (PCA) -- ﬁave for many years promoted the energy
savings benefits of thermal mass and funded research to document
and quantlfy that savings, Dne of the earliest methods of
accounting for thermal mass was the M-factor, developed by
consultants to HCMA with the computer pProgram NBSLD in the mid-
1970's (Reference 9}. The M-factor is a correction to ateady-
state R-values which can result in less insulation being required
in opaque wall sections for massive buildings than for
lightweight buildings. cCharts of M-factors show the correction
as a funétion of degree-days and weight per square foot of wall

area.




PCA developed a "delta-R" ﬁethodology using the computer .
code BLAST which reduced required R-values of wall insulation
when thermal mass effects were included.

Arumi of the University of Texas, funded by NCMA and DOE,
developed the computer program DEROB to investigate-ﬁhe effects
of wall thermal inertia on heating‘and cooling‘energy consumption
{(Reference 3). He used a dimensionless number (gamma) to
quantify thermal inertia and developed a manual method to
calculate mass effects for various generic wall assemblies.

(A similar number was later presented by Childs in the ORNL
report Thermal Mass Assessment (Reference 10). The behavior of
building envelope thermal mass can be quantified by'combiﬁations
of material properties:. densiﬁy, S-fin-pounds-ﬁass pPer cubic
foot}, thermal conductivity, k (in Btu per hour*foot*degree F),
heat capacity, c (in Btu per pound-mass*degree F.), and wall
thicknesa, L (in feet). The quantity [(gcLl] is a measure of the
wall®*s ability to store energy, and the quantity [k/L] is a

measure of the wall's ability to conduct enerdy. The rati& of

the two [(3cL2

)/k]) is an indication of the speed at which a
temperature profile moves through a wall. The time lag for a
single-layer, homogeneous wall ig less than or equal to 1/6 of
that ratio.)

Much of this early work was regarded as "tainted" by some
members of the building industry, particularly the insulation
representatives. However, with the increasing research devoted

to thermal mass, including the DOE Thermal Mass Program discussed

in the previous section, some degree of agreement is being
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reached both among the extensive computer simulations and among
the various membersrof the building industry. Bion Howard,
fogmerly of NCMA, has compiled the results of many of the
computer studies done for different building confiéﬁraﬁiona and
climate regions (References 15 and 16).

Based on this compilation, he developed the curves in Figure
4. The curves show the approximate percentage reduction that can
be expected in conventional (non-golar) building heating and
cooling loads if the,building.were constructed of masonry walls,
as compared to lower mass. frame wall construction. These curves
are for buildings with wall mass greater than 35 pounds per
square foot. (10" adobe would be close to 100 lb /ftz.) “Since
they represent varying amounts of mass above 35 1b /ftz, various

bullding'conf1gurat1ons, and different model;ng—assumptzons,

actual savings can vary considerably from the curves shown.

The curves show that both the heating and cooling thermal
m&ss effects vary with the mildness of the climate up to the 30
to 40% range. |

Another DOE research program that includes thermal mass is
the Affordable Housing Guidelines {(AHG) project (Reference 21).
AHG is an oufgrowth of the now-defunct Building Energy
Performance Standards (BEPS) pProgram. In thie project, a
sliderule methodology was developed at LBL, based on a large
number of runs of the computer code DOE-2. The sliderule is used
to calculate building heating and cooling energy use, based on
desired building insulation levels, window area, infiltration

rates, climate location, ete. A builder can then change various
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parameters {(e.g., ceiling insulation level) and determine the
change in energy.use.

The initial version of the AHG sliderule and documentation
(1983 draft) did not include thermal mass as a parameter which
affects bﬁilding energy use. However, material has béen
developed to inélude thermal mass adjustments for masonry and log
wall construction. This material was sent out for review to an
Industry Review Panel in late 1985.

: The'Guidelinés are due to be completed in to late 1986, at
which point they will be required for new construction of federal
agency buildings.' They will also ultimately find their way into
the building code standards process of ASHRAE, and hence to state

and local building ¢odes and HUD standards.

Passive Solar Reéearch

The research described above is limited to "conventional™
constructxon, in which window area is usually no more than 15% of
the floor area and distributed among ‘all orientationa. With the
concurrent development of passive solar technology in the last
decade, there has been a great deal of research on thermal mass
in passive solar applicatijions.

The three requirements of a well-designed passive solar

T ——

system are: 1) a well-insulated, low-infiltration building

envelope, 2} solar gain, and 3) thermal mass. Without adequate

thermal mass, the best a solar building can do is provide daytime

pn—

heating: mass is needed to prevent daytime overheating and carry

s gy

the building through nights and periods of cloudy weather.

i
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Even with sufficient thermal mass, its location, color,
thickness, and surface area must be designed to maximize daily
heat atorage and provide a steady interior environment without
excesasive temperature swings. This is usually accomplished by
the cbrrect ratio of direct gain (daytime heating) and indirect
gain (nighttime héating) and maximizing the mass in direct
sunlight tradiatively coupled) as compared to the mass heated by
room air (convectively coupled). These are entire research areas
in themselves.

| Perhaps the most cqmpreﬁensive work to date on passive solar
is that of Balcomb et.al. at Los Alamos National Laboratory
(LANL) - (Reference 5). The LANL solar group developed )
correlations of solér performance with bui;ding load and solar
aperture for numerous reference designs and‘ciimate locations,‘
baséd on extensivefaaﬁﬁuter analysis (using.;ﬁg-computer che
PASOLE) and test cell monitoring. Three levels of manual
methodologies to determine solar performance were developed,
ranging from rules of thumb, to overall annual Performance, to
monthly performance. The methodoldgies‘are simple to use and
appropriate for various stages of the design process.

The reference designs include varying levels and
characteristics of thermal mass. Sensitivity studies were done
to assess the effect of various mass parameters on performance.
These parameters.include thickness, specific heat, thermal
conductivity, absorptance, distribution, and surface area. For
example, for a residence in Albuquerque with a small heating

load, high direct solar gain, and no night insulation, asg the




thicknesa'decreases from 4" to 1", the solar sBavings fraction
decreases from close to 100% to close to 0%. In the terminology
of the previous sections, this amounts to a "thermal mass effect”
approaching 100%. That is, a high mass solar building of this
design would use almost no heating energy compared to a
lightweight solar building of the same design.

At the present time, these are still two separate areas of

‘research = passive solar and thermal mass -- but it is likely

that these two fields will merge, particularly as conventional
housing becomes more and more "sun-tempered.” Current computér
simulation research at LBL. includes quantifying the thermal mass
effect as a function of south glass area, from conventionél to

fully passive solar designs.

Building Codes

The goal of the research presented above is not only to
Provide up-to-date technical information to indﬁstry and tﬁe
publie, but to provide input to building codes and standards.
The complex maze of different and overlapping building codes can
be very confusing; the Adobe Codes book by Adobe News, Inc.
(Reference 1) does a good job of describing current state and
local codes.

New construction in the U.S. is required to conform to
building codes. They may be a national code, a state code,
and/ér a local code, depending on location of the site. Usually,
the state or loecal government simply adopts the national code.

If the state or local government finds portions of the national




code unacceptable, they develop their own and replace the
unacceptable sections of the national code. This is the case
with the national Uniform Building Code (UBC) structural |
requirements for adobe. The UBC reéuired minimum 16" wall
thickness -~ New Mexico found this.unacceptable and rewrote the
section to allow a 10" minimum thickness.

If the building is HUD housing (e.g., HUD public housing,
including Indian housing, or housing.financed through FHA), then
the HUD Minimum Property Standards (MPS) must be met. Prior to
1985, HUD wrote its own MPS, but aincé-mid—lgas the MPs
(Reference 12) are based on national codes, or on the state or
local codes if they are founq,acceptable'by HUD. If the Suilding
is a fedgral building, owned by the federal government_and used

by a federal agency, it must conform ﬁo a different set of

federal standards. —

The common denominator to most of these codes ~= the code
upon which most codes are based ~- is the Uniform Building Code
(UBC). The energy portion of the UBC ié the Model Energy cCode,
which is based on ASBRAE Standard 90, the ASHRAE standard
relating to energy conservation (Reference 2). It is through the
Standard 90 rgvisions and addenda (Reference 4) that research
such as that on thermal mass is ultimately incorporated into
building codes and HUD Minimum Property Standards. This process
is shown in flow-chart format in Table 2.

The ASHRAE Standard 90 was initially developed in 1975
(called Standard 90-75) and specified minimum requirements for

energy conservation in new construction. Three methods of
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compliance were allowed: 1) component (e.g., minimum wal}l R-
values), 2) acceptable practice {e.g., typical wall sections),
and 3) systems (e.gq., computer modeling of entire building).
Many states were reluctant to adopt portions of 90-75, because,
for example, passive solar coﬁld not comply unless a systems
approach, ﬁery expensive for individual homes, was used. In
additién, there was no credit for wall thermal mass.

The State of New Mexico funded its own research in 1976 to
develop an alfernate method of compliance which would permit
credits for thermal mass and passive solar without going to a
systems approach (References 18 and 19). Recognizing that
steady-state R-values quantify peak wall and window losse; or
gaina, research conducted through the New Mekico Energy Institute
at the University of New Mexico calcuiated effective U-values
("U" is the inverse of "R"), which quantify average heat flows.
By the time 90-75 was implemented in late 1977, builders could
8imply replace steady-state values with effective U-values which,
varied with wall type, climate region, color, and orientation.
For example, a 10" uninsulated adobe wall, which has a steady-
state U-value of 0.24 Btu/hr-ftz-oF {this includes interior and
exterior finish and surface film coefficients), has an effective
U-value of 0.05 in the warmest climate and with dark color and
south orientation (fully exposed to the sun) -- a reduction of
80%. The same wall in the coldest climate still shows a
significant reduction to 0.13. Simjilar calculations were
pPerformed for windows. For example, window areas which face

south have a negative effective U-value, which indicates that

&
.




they are net heat gainers.

Some years iater, in 1982, California developed its own
energy code, which includes thermal mass credits (Reference 6).
For the component package compliance method, mass is traded for
R~value; that is, buildings with thermal mass in exterior walls
require less R~value than those without thermal mass. In all
climate zones and in all pPackages, walls with greater than 40
pounds per square foot of wall area require far lower steady-
state R-values to meet the total building energy budget than
bﬁildings with lightweight walls. ‘Typical R-value reductions are
from R-19 to R-2.5 and R-11 to R-2.5. Note, however, that
California has relatively mild climates -- the coldest climate
has only about 5,600 heating degree days. Such large reductions
in insulation levels would not be recommended in New Mexico.

It is important to note that both.of thé;eménergy_codes
state performance in terms of wall performance, whereas the SWTMS
and other thermal mass research results discussed earlier
genérally state performance in terms of whole building
performance. This explains why the thermal mass effects in the
codes seem to be much greater. Even after taking this into
account, there is still significant disagreement among the
research results. This is to be expected: the results are not '
likely to be the same, due to varying computer models,
assumptions, climates, and building configurations.

According to Bion Howard of NCMA, as of 1985, credits for

thermal mass are part of the energy code for the following ten

states: Arizona, California, Colorado, Florida, Nevada, New




Mexico, North Carolina, Oregon, Utah, and Washington. This
includes many of the states where adobe is used. Results are now
being compared and refined, and simple, accurate predictive
methodologies are being developed. It will likely be several
more years before thermal mass credits are used oﬁ a nationwide

basia.

Recommendationg on Use of Thermal Mass

This section presents specific recommendations on how best
to utilize adobe or other thermal mass materials in an energy-
efficient manner. Some of the récommendations‘are specific to
New Mexico and the Southwestern United States, but the théory.
and the-recommendatiéns in general, are applicable anywhere in
the U0.8. The recommendations are based on the Southwest Thermal
Mass Study results, current thermal mass research, and current
knowledge about passive solar. Many 6£ the recommendations are

summarized in Figures 532 and 5B.

Concepts

Take advantage of the unique properties of thermal mass
discussed earlier. The ability of mass to store heating or
cooling energy, as in passive solar applications, produces the
greatest "mass effect” and saves the most energy. Passive solar
techniques are recommended and will perform well in massive
structures in all but the most mild heating climates. VUtilize
- the moderation of heaﬁ flow to reduce energy use and provide a

comfortable and steady radiative environment. Use the delay to
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reduce peak heating and cooling loads and shift loads to off-peak
hours when you can use natural heating or cooling sources.
Reducing peak loads also reduces the capacity and hence the cost

of heating and cooling equipment.

Denaity
The denser (and usually more conductive) a mass material is,
the better, particularly for passive solar applications. This is
the exact opposite of wanting a high R-value (low density) for
adobe. Mass and insulation have separate functions but can be
designed to work together harmoniously. The objecg is to get as

much heat into and out of the mass on a daily basis.

Thickness

A thickness ofmid‘“of adobe seems to beﬁgégimﬁm for most
applications. The main reason for this is that it provides the
optimum delay -- whefher for heat flow through conventional
exterior walls or through passive solar Trombe walls. A 10" wall
provides about an 8-hour delay -- good for both heating and
cooling. (Noté, however, that for well-insulated adobe walls,
the daily variation in heat flow is quite small, so that only a
small peak is shifted.)

For interior solar storage (e.g., direct gain), solar
research at Los Alamos indicates that only the first 2" to 4" of
most mass materials is usable for heat absorption, storage, and

release on a daily basis. Although 4" adobe interior veneer

could be used, 10" will provide thermal storage for periods




longer than a day, and it will provide building structural
regquirements as well.,
Surface Area
Surface area is another important parameter of thermal mass.
For both conventional and solar applications, maximize the amount
of mass that is in direct contact with the room air and that is
in direct "visual"™ (radiant) contact with the occupants; For

L Y
direct gain solar situations, place as much mass area as possible

.,

in direct sunlight; radiative coupling is far more effective than

convective coupling and will reduce overheating. 1In terms of

L o T ! i

direct gain thermal performance, there is no "ideal" amount.of
ki

thermal mass or thermal mass surface area: the more, therbetter.

g

Insylation

Insulate thermal mass walls, as you would any'other exterior

Al

A ed a0

walls. Insulation is recommended in all climate zones of New

Mexico. Suggested lévels for much of New Mexico are: roof, R-30

to R-40; walls, R-20 (in addition to the R-value of the mass);

ey

stem walls (for on-grade floors), R-10. Use more insulation in

i

very cold zones or when‘using electricity for heating. In hot

zones in New Mexico, you could use leas insulation because
evaporative cooeling is so energy-~efficient, but not if
refrigerated air conditioning is used.

'An important finding of the SWTMS .and the ﬁBS study
(Reference 7), was that floor losses for slab-on-grade floors are
gignificant. It is not usually necessary, or even desirable, to

insulate under on-grade floors, but it is important to insulate




the stem Qalla. Be sure to insulate any other potential "thermal

p— [r— g,

~y

shorts™ in the building envelope, such as parapets. (See Figure

5.}

Always insulate the exterior of thermal mass; again, thermal

contact with the interior space is the key. As a general'rule,

ingulate on the north, east, and west, and glaze the south. The

Sm——

"

north can take a little more insulation than east and west. Any

unglazed south wall area should also be insulated.

Insulate walls with rigid insulation. Three inches of

polyurethane or polyisocyanurate will prOV1de R-21, and the cost
per R is only marginally greater than polystyrene. Two other
methods are used.l Foam-in-place polyurethane is more exp;nsive
than the rigid, but it seals the building well. and it may be
more aesthetically pleasing than the flat surfaces of the rigid
insulation. A third option is a frame/batt curtain wall attached
td the exterior of the adobe. This algso is more expensive than

the rigid.

Air Infiltration

Because adobg is a continuous, sealed material, air

infiltration is usually (not always) less than in other types of

construction. Current construction practice includes exterior

stucco and interior plaster, which adequately protect against

LN

infiltration through any cracks or gaps which may exist or
v .

develop in the adobe wall. Furthermore, there is no indirect

[—

infiltration, as can occur in frame walls, where air can

penetrate the exterior finish and into the framing/insulation




cavity (thereby reducing the effectiveness of the insulation),

but not necessarily into the heated space. In general, massive

——

structures are less susceptlble to any air infiltration that 15

present because the heat is stored in the mass, not in the air.
,-ﬂ--__

ity

In any building, massive or not, air infiltration is

commonly a major source of heat loss, and careful attention

should be paid to caulking and weatherstripping. (In very tight

buildings, indoor air quality can be affected and the use of an
air-to-air heat exchanger may be required, but this is not

usually a problem unless extreme measures are taken.)

Ventilation
Eg_gggﬂngatxnnw_gason, vent;latlon should be used sparlngly
to remove odors, excesslve mozsture, and unacceptahle or toxic

e ad A ey T Ay

fumes. Homes that are very tlghtly'constructed ahould use

ventllatxon more. Ventilate during the day, when outside air

temperaturea are warmer.

In.the cooling season when the cooling system is on, leave

windows open for evaporative cooling. If you live in a humid

p —— ——

area that requires refrigerated air conditioning, keep windows

closed.

When the cooling system lS not on, thermal mass can be used

Wt —
to its full advantage. When outside air temperature drops to a
s —
comfortable level, open windows and doors for natural

ventilation. Since 10" adobe has an 8-hour delay, this w111

e

often be when the peak heat pulse will be coming through the

walls (although in a well-insulated adobe wall, the peak will be
N, :
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not much greater than the average). Ventilate all night and in

the early morning until outsgide air temperature rises to an

uncomfortable level. ‘Then close all windows and doors; the

oy

lower mass temperatures due to nighttime rejection of heat w111

—,

keep the space comfortable. Such a strategy can delay the use of

iy

the cooling system well into the cooling season, or prevent its

i, o

use entirely, depending on climate location.

b

Thermostat Setback

An important'strategy for saving energy in buildings is
thermostat setback (or "set-up™ in the cooling season) durlng
pPeriods when the building is not in use, or when lower
temperatures can be tolerated, such as at night. Although this
strategy is less effective in masgive struétufearbecause they
take longer to cool down and heat up, it still is effective, and
it is recommended that thermostat setback be used. Remember that
the building will take longer to respohd, 8o the thermestat
should be,seth&ck, and reset to its normal position, earlier than

in lightweight buildings.

Comfort
Human comfort is a complex phenomenon which involves
numerous factors, including air temperature, air velocity,
relative humidity level, the radiant environment {temperature and
locafion), clothing and activity level, and acclimation. The key
factors are air temperature and the radiant environment

temperatures. If the surfaces that the human body "sees®™ and




radiates to are at a temperature below the comfort region, say
55°F, air température will need to be greater than normal comfort
temperatures, perhaps 80 or 85°. (Note that a thermostat also
regsponds somewhat to the radiant environment, so a thermostat
setting of 75° might produce an air temperature of 80 or 85°),
This is the case in an uninsulated adobe in midwinter.
Similarly, if the radiant environment is warm, lower air
temperatures can be tolerated to pProvide the same comfort level.
This is often the case in a passive solar house.
ﬁassive'walls.reduce-variation in the radiant environment
and contribute to a more steady overall thermal environment. If
walls are at temperatures within the comfort range, this i
increases comfort, partlcularly during transition seasons (spring
and fall), during dramatic air temperature-chénges-(high solar
gain or door open), and in climatea which have high dailyr
temperature swings such as New Mexico. Any changes in air

temperature that do occur will be slower than in lightweight

buildings.

Other Massive Materials

The recommendations and discussions above apply to all other
types of earthern construction, as well as to other high-densgity
massive materials such 43 concrete, bricks, or blocks. In
general, the denser and more conductive the material is, the
better it performs, particularly as a passive solar heat storage
.medium. Materialsg with different thermal properties will likely
have differént time delay properties, so adjust thicknesses to

get the desired delay.
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A. LOW MASS, LOW INSULATION
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FIGURE 2. THE EFFECTS OF MASS AND INSULATION ON WALL HEAT LOSS.

Note that mass reduces variation of heat loss and delays the

timing of heat loss, and that insulation reduces the average heat
* loss. ' ' '
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BUOILDING LOAD
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FIGURE 4. BUILDING ENERGY LOAD REDUCTIONS FOR MASONRY WALL VS.
WOOD-FRAME WALL. These curves are for walls with 35 pounds per
square foot or more. Note that the mass effect is strongly
dependent on the mildness of the climate. (Source: The

Congtruction Specifier, June 1985.)
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TABLE 1. SELECTED ANNUAL SENSIBLE BEATING AND COOLING LOAD
REDUCTIONS FROM BLAST SIMULATIONS. Reductions assume a massless
floor and foundation. If concrete slab floors were used in the
simulations, these numbers would be considerably smaller (see
text).

LOCATION BUILDING LOAD REDUCTION
] in percent {absolute in million Btu)
Heating ' cOolihg
ATLANTA, no insulation 10.7 (4.5) 29.7 (8.1)
ATLANTA, R-5 outside 12.1 (3.0) 24.5 (4.8)
ATLANTA, R-20 outside 10.6 (2.0} 19.9 (3.4)
DENVER, no insulation 11.8 (9.6) 52.9 (10.5)
DENVER, R-5 outside 13.6 (6.4) 40.9 (5.8)
DENVER, R-20 outside 12.0 (4.3) 32.0 (4.0)
MINNEAPOLIS, no insulation 2.8 (3.6) : 35.2 (5.7)
MINNEAPOLIS, R-5 outside 3.2 (2.6 = 30,2 (3.5}
MINNEAPOLIS, R-20 ocutside 3,0 (2.0) 25.0 (2.6)
PHOENIX, no insulation 39.5 (7.4) 16.7 (11.3)
WASHINGTON, no insulation 7.0 (4.7) 36.4 (7.9)
WASHINGTON, R-5 outside 8.1 (3.3) 31.2 (4.8)

Assumptions for mass properties: thickness, 7.2"; conductivity,
0.50 Btu/hr+ft*°F; density, 90 1b_/ft>
Btu/lbm; R-value, 1.2 hr'ftz*oF/Btu. (For comparison, adobe would
be: thickness, 10%; conductivity, 0.46 Btu/hr*£t*°F; density, 117

lbm/ft3; specific heat, 0.24 Btu/lb_; R-value, 1.8 hr*£t2*F/Btu.)

; specific heat, 0.30




TABLE 2. INCORPORATION OF THERMAL MASS RESEARCH INTO RESIDENTIAL '
BUILDING CODES AND STANDARDS. : - \

T e

DOE-U.S. Department of Energy

5

NATIONAL
. INDUSTRY UNIVERSITY : LABORATORY
RESEARCH RESEARCH : RESEARCH
{NCMA, PCA, (UNM, UT, {LBL, ORNL,
BIl; others) others) | others)
7 — il
; THERMAL MASS " AFFORDABLE HOUSING
/* 1-< PROGRAM GUIDELINES PROGRAM
(Doe) (DOE)
o >
o ' STANDARD 950 REVISIONS
A - ' AND ADDENDA
(ASHRAE)
MODEL ENERGY CODE
| (CABO)
ONIFORM BUILDING CODE
' (ICBO)
. -
MINIMUM PROPERTY BUILDING CODES , FEDERAL STANDARDS
STANDARDS (STATE & LOCAL ( FEDERAL GOV'T)
{HUD) GQV'TS)
IHUD HOUSING | |ALL HOUSING | |FEDERAL HOUSING |
NCMA-National Concrete Masonry ASHRAE-American Society of
Association Heating Refrigerating and
pCA-Portland Cement Association Air-Conditioning Engineers
BI-Brick Institute CABO-Conference of American
UNM-Oniversity of New Mexico Building Officials
OT-University of Texas 1cBO-International Conference
LBL-Lawrence Berkeley Laboratory of Building Officials
ORNL-Oak Ridge National HUD-U.S. Department of Housing
Laboratory ’ and Urban Development




