


~ ~ ........ -.__ . . . ~ ~ .  - ...... __ .....___ ___ 
- i  nis repo l i  ::‘XTI prsp 3s an account of work sponsor-d by an agency of ? h e  
United States Govcr-,i iell l  Nc:!her thcL1n!!edS!ater.~uvainrr,c.nt nor any agency 

f nor any of their emp;sy%s, : i?ai is  any :::-r?,?!y exprzss or  i f iyp/ iCL’  er 
es any lcg*i i)abil,ty or lesponsibility for the accurac:~. completeness or 

usefulness of any informairoil, apparaius nrotju,;, or process disc!Zsed, or 
represer!s ii~idi ~ t s  tis3 b!?cz!d no! II-I;~ 11-ige privately owrlec! r lQhts 2c!c;cncc / ~ t i e : l i ?  
to any s p x i f i c  co i i=~ :c in !  prodiict process or se, vice by trade name, trademark, 
b-l-izrid;a~i~rer or othr:*?;ise, d n i r  not neccssarily constitu!c c: i i i iply its 
endoisernent, reccm:-neiii;ation, ur kvo r ing  by the Vni!ed StatcsGovernrnerit or 
a n v  ngency !hereof Tiie vle?”is snd opinions of authors express=:! ”rein do not 
neccssarily state er rcficc! thoseof thel’7ited StatesGovernlIlent or any agency 
thereof 

..., ___ ......... __ .......... __ ........ ~ .......... __ ....... ~, . . ... . 



J. E, Christian 

3 4 4 5 6  0 0 0 2 0 6 0  7 





CONTENTS 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  vii 

NOMENCLATURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ix 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  

1. I ~ T R O D ~ C ~ I O N  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

X i  

xiii 

1 

2. BUILDING DESCRIPTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

2.1 ARCHITECTURAL FEATURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
2.2 MECHANICAL EQUIPMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
2.3 BUILDING OPERATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

3. WHOLE-BUILDING ANALYSIS . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

3.1 METHODOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
3.2 ENERGY USE 7 

3.2.1 Whole Building . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  7 
3.2.2 Heat Pump . 9  

. . . . . . .  10 3.2.3 Lights . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
3.2.4 Water Heating . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
3.2.5 Kitchen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  11 
3.2.6 Exhaust Fans . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  11 
3.2.7 Other Energy Use . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.3 ENERGY SAVINGS . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  12 
3.3.1 Using DOE 2.13 Building Simulation Model . . .  12 
3.3.2 Using BECA-A Methodology . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  13 

3.4 INCREMENTAL COST . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.5 COST EFFECTIVENESS . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  . . , , , , , , . . , , , , , , , . , , , , , , , . 

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . .  4. RULLDING ENERGY SAVING COMPONENTS . . . . . . .  21. 

4.1 METHODOLOGY . . 21 
4.2 EARTH-COVERED ROOF . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  24 
4.3 BERMED WALL . 27 

4.3.1 Effective R-value . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  27 
4.3.2 Energy Savings . . . . . . . . . . . . . .  

4.3.3 Cost Effectiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  30 
4.4 REFLECTIVE INSULATING BLINDS . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  30 

. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . , . , , , , , . , , , , , , , , , , , , , , , . , . 

4.5 THERMAL MASS . . . . . . . . .  . . , . , , , , , , . . , , , , , , , . , . , , , , , . , . . , 

... 
111 



iv  



F F  ES 

1 
2 

3 
4 
5 
6 
7 
8 
9 
18 

12 

I3 

17 

22 

22 

losbr plan and north-sou& cross section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
int Institute Office and aarmitory: (aj south facade, 

and ('71) north face . . . . . . . . . . . . . . . . . . . , . . , . , . , . . , . . , , . . . . . . . . . . . . . . . . . . . . . . 
Total ~ o ~ t ~ l ~  ~ ~ ~ ~ W ~ t ~ ~ ~ ~ ~  usage for 1982,1983, and 19% . . . . . . . . . . . . . . . . . . 

Percentage ~ ~ ~ a ~ ~ o w ~  of ~ ~ e ~ ~ ~ i ~ ~ ~ ~  usage for 1983 . . . . . . . . . . . . . . . . . . . . . . . . 
eat ~~~~ monthly ~ ~ ~ ~ o ~ a ~ ~ ~ o ~ r  usage for 198!!,1983, and 1984. . . . . . . . . . . . . 

Lights ~ ~ ~ ~ ~ h ~ y  ~ ~ ~ ~ ~ ~ t t ~ o ~ ~  usage for 1982,1988, and I984 . . . . . . . . . . . . . . . . . 
~ ~ ~ ~ t ~ ~ y  ~ ~ o w ~ ~ ~ ~ o ~ ~  usage for 1982, r9a3  and 19 
By ~~~o~~~~~~~~ sage for 19@2,1983, and 19%. . . . . . . . . . . . . . . . 

Other JaauPlthIy kilowatt UT UBage for 1982, k9&$ and 1934 
onthly heating degree 

. . . . . . . . . . . . . . . . . 
O $ I  (Gi"F) vs heat Eapa.mp 

. . . . . . . . .  . . . . . . . . . .  . . . . . . . . .  . . . .  

~~~~~~ cooling degree days based on 18% (66°F) vs heat pump 
~ i ~ ~ w a t ~ ~ ~ ~ ~  input for 1982,1983 and 1984 . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Hourly who 
January 23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Daily ~ ~ ~ ~ e - ~ ~ ~ ~ ~ ~ ~ ~  energy baiawce for week sf 
January 23-30, 1984 . . . . . . . . , . . , . . . . . . . . . , . , , . . . . . . . . . . . ~ . . . . . . . . . . . . . . . . . 
Percentage break losses by ~ o ~ ~ Q n e n t  
for week a% damilsrp 23 'a January 30,1984. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Cross section of the e ~ r ~ ~ - ~ o v ~ ~ e ~  roof section showing thermo- 

Tc3 and heat flux trau wers HF1, MF2 . . . . . . . . . . . . . 
~ ~ ~ ~ ~ r ~ s ~ ~ s  of two fferent average weekly 
~~~~~~~~~~~ ~~~~~~~~ in the earth-covered rmf , . . . . . . . . . . . . . . . . . . . . . . . . . . . 
~u~~~~~ weekly effective E-value of the roof for ten of the coldest 

Phot of average effective R-Val 
ecember 1983 to ~ ~ b r ~ ~ ~ y  1 

IIoulrly measured heat 
t h ~ ~ g h  ~ e ~ e ~ ~ ~ ~  26, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ciased. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

ng energy balance for week of 

weeks from aroimd dr%nuary 1 to the end of February in 1983 and 1984 . . . . . . . 
and ambient ~ ~ ~ ~ ~ r a t ~ r ~  from 

wall for DecemBPa3r Id 
. . . .  . . . . . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . .  

s open a41 the wayp optimum position for ~ a ~ ~ ~ ~ ~ t ~ n ~ ~  

~ ~ ~ ~ ~ r ~ t ~ r ~  average weekly heat loss through the roof as 8 ~~~~t~~~ 

~~~~~~a~~~ monthly thermal ~ ~ ~ e ~ ~ ~ t ~  factors for several winter 
e roof with and without the RIBS.. . . . . . . . 

tallat ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

hs before and after the RIBS 

2 

3 
8 
8 
9 

11 
12 
13 

14 

45 

M 

23 

2.3 

24 

25 

26 

28 

32 

33 

33 
35 

V 





LIST OF TABLES 

P Internal electric usage normalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mi 
ECA-.A August 1984 a h  base compared with Joint Institute 

Dormitmy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 
Construction cost of block wall vs bermed wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 
~ ~ ~ v ~ ~ - ~ ~ ~ ~ ~ i n g  performanee with massive vs frame 
construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.5 

3 
4 

vii 





N 

iX 





ACKNOWLEDGMENTS 

The author would like to acknowledge the sponsorship provided by Jean Boulin and Brian 
Pierman, Department of Energy Building Energy Research and Development Program; the 
guidance of George Courville, manager of the Oak Ridge National Laboratory (ORNL) 
Building Thermal Envelope Systems and Materials Program; the technical reviews of Dave 
McElroy of ORNL Metals and Ceramics Division, Edmund Nephew of the ORNL Energy 
Division, and John Nicol of ORNL Engineering Technology Division; the editing talents of 
Sharon McConathy; and finally the rapid word processing of Sherri Samples, Brenda Hickey, 
and Carolyn Whitus. 

xi 





~ a r t h - c ~ ~ e r ~ ~ ~ ,  solar gain, and massive construction are the design concepts successf~l~y 
bknded to produce an energy-efficient, durable, and c o ~ ~ ~ ~ ~ b l e  building. %enty-four- 
hour-quiet ~~~~~~~~~ quarters and quality office space were the first design objeedives of this 

i n g  these were s u c ~ ~ s s f u l ~ y  a ~ ~ m ~ ~ ~ ~ ~ e ~ .  The data acquisition system and a unique 
energy-balance analysis documents the thermal performanee of each envelope component. 
Since the building’s typical number af occupants, size, and internal electric loads are similar 
to those of a large residential ~ ~ ~ l d ~ n ~ ,  the e ~ e r ~ ” ~ ~ r ~ ~ ~ ~ a n ~ e  data are extended to the 
~ e s i ~ e ~ t ~ ~ ~  ~ ~ r k e ~ ~ ~ a ~ ~ ~  First-cost estimates for the whole bwilding, e a r ~ ~ ~ - c o v e ~ e d  roof, and 
bermed wall are used along with the detailed measured energy-use data to estimate cost 
effectiveness using ~ ~ ~ i ~ ~ n t i a ~  monornics criteria, such as 3% discount rate and 
The results from this analysis confirm the fact that earth, sun, and mass can save 
substantial amounts of annual and peak energy demand. However, further CQ 

r e ~ ~ ~ t ~ o n ~  are: needed to produce more favorable cost effectiveness in the res 
arena. 

The overall thermal c o n d u c ~ a ~ ~ @  value of this b ~ ~ l ~ ~ n g  is lower than the average values 
from khe 380 ~ ~ w ~ ~ ~ e r ~  residences as reported in the Building Energy-Use ~ ~ p i l ~ t ~ o ~  and 
Analysis, Part A ~ ~ ~ ~ A - A ~ ~  data base. However, the bdance point of this building, with 
~ ~ ~ h a n i c a ~  vetatllation to ensure about Q.5 air change per hour, is ~ u b s ~ ~ t ~ ~ ~ ~ y  higher than 
those reported for low-energy residential ~ u ~ l ~ ~ n ~ s ”  This suggests that  most of the energy- 
efficient homes either have an air-to-air heat exchanger or infiltration levels far haelow the 
~ e ~ ~ r a ~ ~ y  accepted .5 air change per hour to ensure healthy indoor air quality. 

Reflective insulating blinds were installe ing and have enhanced the 
daylighting and usability of the building. However, the small thermal benefit of increased 
window nighttime R-value (60%) is offset by raising the shading coefficient, of the windows 
arid increasing the beat loss through the roof by about 25%. 

X i i i  





1. INTRODUCTION 

Earth covering, solar gain, and massive construction team up to provide an energy- 
efficient, durable, and comfortable building. However, the question of whether these 
energy-saving features are cost effective still remains. The Joint Institute Dormitory,'S a 
312-m2 (4000 gross ft') office-dormitory equipped with 100 sensors and a data acquisition 
system designed to store hourly thermal performance data from February 1982 to October 
1984, provides a penetrating look at a number of energy-saving construction techniques. One 
of the objectives for collecting these data is to determine cost effectiveness based on field 
thermal performance of the whole building, including an earth-covered roof, bermed north 
wall, insulated concrete slab floor, structural thermal mass coupled with direct solar gain, 
and reflective insulating blinds. The locations of these components within the building are 
shown in Fig. 1 along with the floor plan and building cross section. 

Gnfidence in the data base derives from the following: weekly energy balances using 
heat gain and loss measurements closing on average to within lo%, annual load 
measurement agreements with predictions from DOE-2.lB (ref. 3) simulation runs using 
1982 local weather, tracer gas studies of building air exchange, and infrared surveys and 
duplicate envelope heat flux component measurement techniques. Two reports have been 
written on the analyzed building One covers the heating season and a second, the 
cooling season. This report uses the detailed measurements as the bases for estimating 
annual energy savings with respect to more conventional energy-conscious wood-frame 
residences. The energy savings along with incremental cost estimates are used to determine 
cost effectiveness. 



2 

ORNL-DWG 85-13086 

2 5 mi ( 1  ail ) INSULATION (STYROFOAM) 

INSULATED CONCRETE 
SLAB FLOOR 

Pig. I. PrmT plan and north.-south @YOIS section. 



3 

0 HN L-PHOTO 3439.---81 





5 





7 

3. WIL 

3.2 P USE 

3 shows monthly ~ ~ ~ ~ ~ ~ ~ t t ~ ~ ~ ~  usage for a 3-year perid. The monthly 
a h  categoriaa the form seasom by showing a distinct rise in htal  energy 

ntly low energy use, 
r patterns in east 

usage in the winter and in the su~nniepn. The fall months show eonsi 
sing months appear to reflect the erratic annual we 

Ten X~eSSee. 

 as^^^^^^^ a rate rrf 

The l ~ ~ ~ ~ ~ ~ u ~  monthly energy cost, @%I, “Len 

~~~~~~~~~~n~~~ is needed. From this ~ ~ € ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  it would appear that on the average 
month goes toward providing heating or cooling from the heat pump. This build 

This o ~ ~ ~ ~ e ~ ~ Q ~ ~ i ~ ~ ~ r ~  uses energy at a total. annual rake of 81.7 k”dvlta/m2 (25, 
= ~ ~ / ~ ~ ~ ~  the total energy bill to run this h i 8  g is about $2128 per 

to wcur in Jamiuary. 
r when little space 

dats for lights, water, heating, receptacles, and kitchen a ~ ~ l ~ ~ ~ c ~ s .  From the 
ala, greater insight can be gained into how energy is being consumed. A typical 

annual perrentage division of eleetrieity usage in this ~~~~~~~~ is shown in Fig, 4. The heat 
pump and lights account for almost 70% of the total annual usage. 
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The heat pump and ~ ~ ~ c ~ l ~ ~ n ~  fan are on the same meter, an the ~~~~~~~~~~g fan in this 
building rum5 ~ o ~ t ~ ~ u o ~ s ~ ~ .  Figure 5 shows the m ly heat pump and fa 
~ ~ ~ s u ~ ~ t i ~ n .  %be general pattern seen in Fig. 3 for t nergy usage is repeat 
heat pump monthly energy ~ o n s ~ ~ ~ ~ ~ o n ~  
the internal elwetria: use is relatively cons 

e conclusion drawn from Figs. 3 and 5 iu that 
t from month to month. Figure 5 shows thaz 

August represent almost half of the heat pump usage for the entire year. 
need in this building in January is due ~ r ~ ~ a r ~ ~ ~  to the ~ ~ ~ ~ ~ ~ ~ n a ~ c e  sf 
nd the  resulting tow solar saving Srseti~n for this month in 19822, 1 

and P9M1. 
In July axid August, the major need fur ~~~~n~ comes from wnsible heat gain through 

the ~ ~ t h - f ~ c ~ n ~  windows and the lahint heat earwed by the n ~ e ~ s ~ r ~  .5 to 0.7 air change 
per hour for ventilation. 

'P'he heat pump and c~nt ini i  
during the heating season and 
~ ~ ~ ~ ~ ~ ~ ~ p t ~ o ~  of &e ciieulating fan gives the ener Used to run the ~ ~ ~ ~ ~ e $ ~ ~ ~  and 
resistance heaters. his energy usage is kWfi during L%e heating season and 3915 k 
during the cooling season. The annual energy cost for running the heat pump, including the 
Pan, averages about $9 e monthly heating bill, assuming 8 national 
average electric cost of $196. ~ ~ i g h t ~ ~  less than half of the ~ ~ ~ ~ ~ ~ ~ n ~ ~ s  
total energy use results from space ~ o n ~ ~ t ~ ~ ~ i n ~  needs. 

g ban use abw& 13, 
ring the cdp4~Bing se 

kWh per year: 81 
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3-23 Lights 

The monthly lighting energy does not vary seasonally, as shown by Fig. 6. One might 
expect to see more lights on in the winter season, when daylight i s  shorter. In this building, 
the natural lighting i s  adequate for more working hours in the winter than in the summer 
when the sun is higher and the extended overhang shades alnnost a11 of the direct sunlight. 
The annual electric lighting use totals 18 kWh/m2 (5.7 kWh/ft2) of floor area. Largely 
because of the lack of natural light penetrating the north zones of this building9 some lights 
are left on all the time. About 25% of lighting ener usage is for outside lighting. 
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Fig. 6, Lights monthly 

3.2-4 Water Heath 

The water heating usage shown in Fig. 7 fluctuates slightly more than that for lights 
but still is quite stable throughout the year. The average annual water heating electric use 
totals 6940 kWh per year. This compares with the building energy performance standard 
(REPS) for an average residential household of 3.2 persons of 4080 k h per year. Water 
heating energy use dif'ferenees do not affect heating and cooling loads significantly because 
most of the heat leaves in wastewater through the drainP, and with a bathroom exhaust fan 
most of the moisture never gets to the other parts of the building. The actual internal gains 
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Fig. 7. Water heating monthly kilowatthour usage for 1982,1983, and 1984. 

from water heating amounts to standby losses plus 5% of the remaining hot-water energy 
use? In this building about 25% of the water heating energy contributes to internal gains. 

3.2.5 Kitchen 

Figure 8 shows the monthly fluctuation of electric energy use in the kitchen. The kitchen 
has most of the common appliances found in a residential dwelling; but compared with 
national averages, they are not as extensively used. The annual kitchen energy use comes to 
1370 kWh, compared with BEPS average of 2834 kWh. 

3.2.6 Exhaust Fans 

Of the two exhaust fans in the building, one in the restrooms and one in the kitchen, 
only the one in the restrooms is used extensively. The two restroom light switches activate 
the fan whenever the lights are on. The fan motor uses about 200 W of power and over the 
years has been found to be left on 50% of the time. The annual electric use to operate the 
fans comes to about 1300 kWh, or $91. 
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3.%,7 Other Euer 

The rest of the building’s electric use consists of the data acqdisitiori ~ystena, a fire alarm 
system, television, and whatever is plugged into the receptacles. Figure 9 shows the 
relatively constant monthly “other” internal electric use in the building. The annual a.vemga 
“other energy” use totals 4250 kWh. This compares wikh BEPS assuinptiorn of 1400 kWh per 
year for average size single family residences. 

NERCP SAVINGS 

3.3.1 using 

Without having two buiidings with identical internal usage patterns side by side, 
estimating energy savings is a bit of an art. A number of diffcrzzt estimating techniqraes 
have been used in past reports on this huilding.’]~ First, the DOE 2.18 building simulation 
model was used to model thc building using the same weather that occurred during the time 
measured data were collected. ‘rhe annual internal electric usage was seQ, 3s c l o a ~  to the 
average condition as possible, and the blinds were fixed to operate in a manner that was 
typical for the building. The mode! agreement 011 an annual basis using the DOE 2.18 model 
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was within 17% of the measured data, Using the DOE 2.1 model of the building as the 
starting point, a second run was made after changing the architectural features to reflect a 
more conventional above-grade structure. The conventional structure was given a raof with 
a metric R-value (RSI) of 4.6 (m2-*@)/W [R = 26 (h.ft'.*F)/Btu], walls with an RSI of 
2.6 (m2. T ) / W  [R =; 14 (h.ft2."F)/BtuJ and the same total glass area but redistributed with 

5% 0.8" the total glass on both the north and south sides. The overhang on the south is 0.6 M 
(2 Et) instead of 1 m (3.5 ft). In essence removing most of the passive features, earth-covered 
roof, rand bermed walls, the DOE-2 building simulation shows the Joint Institute Dormitory 

savings compare with this above-grade structure to  be 30% for heating and 27% for 

IJsing these energy savings and the measured heat pump usage values of 8100 kWh 
wing the winter season and 5400 kv6rh during the summer season, the estimated annual 

energy savings is 5350 kWh. 

3.3.2 Using BECA-A 

A second method of estimating energy savings during the heating season only is to 
calculate a performance parameter on a normalized basis with other buildings and convert 
the improved performance parameter into an energy-savings figure. A common performance 
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indicator is provided by the! slope of the linear regression line of measured ener 
the space vs some climatic variable reflecting the average inside and outside t e ~ ~ e ~ a ~ u r ~  
difference. 

Figure 10 shows the actual measured monthly heat pump energy use (in ~ ~ ~ o w ~ t t h ~ ~ r s ~  
compared with monthly heating degree days, and Fig. 11 shows measured heat pump 
energy use (in kilowatthours) compared with naonthly cooling degree days. For a meaningful 
performance parameter, the raw data mnst he corrected to a standard indoor temperature 
and a standard internal gain value from internal electric usage and peo 

The same cost-effectiveness procedure used to analyze 3Qo low-energy homes for the 
Building Energy-Use Compilation Analysis, Part  A (BE@A-*4) is used for this building? The 
total internal electric load and occupancy pattern of the Joint Institute Dormitory i s  similar 
to those typically found in residential single-family houses. Therefore, the building is 
compared with other low-energy residential buildings. 

The RECA-A procedure uses 2Q"C (68°F) as the stan ard indoor temperature during the 
heating season. Internal loads are normalized by defining B correction term. 
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Fig. 11. Monthly cooling degree days based on l8OC ( 6 5 O F )  vs heat pump 
kilowatthour input for 1982,1983 and 1984. 

AI = Ia - I , ,  

where I,  represents actual internal gains (in watts). 

hy using the formula5 
The term I ,  is a floor-area weighted standard internal gains value, which is determined 

I, = 706 + 3.24 AF , 

where AF is heated floor area (in square meters). 
The primary performance indicators are the overall effective thermal conductance (watts 

per degree celcius) of the building and building balance (degree celcius) point. These 
parameters are determined by plotting the heating system output against outdoor 
temperature and calculating a linear regression to the data. It reflects the conduction 
through the envelope, infiltration, and solar gain. The deviation from the standard internal 
gain value is used to correct the heat input from the heating system, 
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where Em i s  ineasiired heat input Prom the heating systein (in watts). 

is iisrd to correct the average outC3oor air temperature. 
T h  deviation from the standard indnor average temperatiire during the heating sca80i1 

where 2!% i s  the average measured inside ah temperature (in degrees Celcius). 
Using the electric enex-g-y asage values reported hweiz, we determined that the svsrage 

internal gabs for the Joint Institute Dortniiory fur riost mmlhs iv'er"9 below the stacdaxd 
lrvel. Table 1 shows the monthly vaiues for I,, I,, and AI. The measured avemge imide air 
temperature at the return duct IcsdYng tn t he  ?:eat p,ump during the heating season w'2ep 

22 6%; therefore, 2.6% was wed to correct outside air temperatwc 

The average normalized UA value for the 300 BECA-A low-energy resi2xtial buildings is 
114 W/"C (ref. 5). The equivalent overall UL4 value for the Joint Iilstitute Dormitory is 
88 w o e  normalized tcr the same 100 m2 of gross floor are2. The nine earth-covared 
buildings ir, the BECA-A data base average 91 W/"C. The TJA value i s  defined as a thermal 
perfor manee \. alue represeating the whole building including wall lesser; and infiltration. 

The average balance temperature based on 20°C inside air temperature estimated by 
linear regression of 12 weeks of winter perfornzanw data is 17°C (62°F). The average 
balaim temperature for the nine earth-sheltered houses in the BECA-A data haw is 
reported as 10.2"t:. Again continuous use of the rlrvrdating fan and extensive U S E  of the 
exhaust fan are believed io be the :aim of the high balance point of this building. Thc air 



cost 

design similar to 
g is  estimated Lo 

1uft2) (1984 dollars).“ This cost d i f f ~ r e ~ t ~ ~ ~  wax obtained from a qualified 
rated cost estimates using c ~ ~ t r ~ ~ ~ ~ ~  experiencs in 

~ ~ ~ e ~ r ~ n t ~ .  on&? set entia1 above-ground 
house with RSI-5.3 ( -19) walls. This house is equivalent to the 
‘Ymnessue Valley Authority energy saver borne and is 
Ibcrma8 rmidential desi 
mere Qr exceed this prototy 

round house des 

the Joint Institute ~ o r ~ ~ ~ ~ r ~  QWX an e n e r ~ - e € f ~ c ~ ~ n ~  

ermal desi@-. The see 
ar to the Joint Insti 

W&a WBS only 137 mz (d 
The: BE firm ~ r ~ v ~ ~ ~ d  consistent cost estimates a. 

ensure that the brxmed walls and s u p m t  structure for the earth-wvered roof were 
adequate. The structural design ~ Q n s ~ d e r ~ ~ ~ o ~ s  were the same as those us 
Institute ~ 5 ~ ~ ~ t o ~ y .  The cost estimates from this report have been ~ u ~ ~ i s ~  
the popular housing an ced n u ~ e ~ o ~ ~  letters to the e 
none of the criticism ~n on earth-covered constru 
that can deliver turnkey units a t  less than the estimate s ~ ~ ~ e s t e d  

e costs of eartb-sheltered construction are also consistent w 
e ~ n ~ ~ ~ y i n ~  barrel construction8 e he cost for a d i ~ ~ - m ~  { 
in Belmonf Michi 
only part 1370 m2 

eltered eonstniction.” However, 
. This is consistel~t with the 

~ ~ n 8 t ~ ~ ~ t i o ~  cost estimate used to derive the $ 1 ~ 8 / ~ z  ~~~~~~~t~~  ere^^^^^ 
heltered and above-grade construction. 

 he actual cost for the Joint Institute ~ ~ o r ~ ~ t o r y  in 198$ dollars was $13ti6/rn~ ~ $ ~ ~ ~ / ~ t ~ ~ ~  
In 1983, P seeon low-energy above-grade offke ~u~~~~ was uilt rigfit next to the Joint 
Institute Dormitory at a cost of $710/m2 ($tX/ft’). This building has an external ~ ~ ~ ~ ~ ~ t i ~ n  
system with ‘18 ded sty-rafoarn RSP-2.8 (R-16). nthly electric energy 
readings show t y use$ abaut half Bs 

~ u i ~ ~ ~ n ~  used for a ~ ~ ~ ~ e  office: space 
fPZ) incremental cost difference include 

considerably less design cost because of t e common, above-grade 

area, the Joint Institute Dorm 
nergy 4x1 heat as this well-built, above 

er factors accounting for the $645/m 
lower labor rates an 
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building construction techniques. However, the large. /fP ac‘ii;lal increpnental cost still 
indicates that the $13/f12 assiriaed incremental cost for earth-sheltered construction is 
csniservatively low. 

The performance indicator selected for determining cost effectiveness is the cost of 
conserved energy (WE), which is defined as 

whew 1 is incremental investment (in dollars), E is annual energy savings (kilowatthours 
per year), d is annual discount rate, and re i s  lifetime of investment (years). 

T’be right-hand term is the capital recovery €ormula, which converts the incremental 
investment to an annual payment. The CCE has the dimensions of: dollars per kilowatthw-ts, 
The investment is cost effective if its CCE is less than the priee of the energy i t  displaces. 
One advantage of the CCE i s  its iiideperidence from. future energy prices- It does, however, 
req~nire assumptions regarding the discount ra>te and lifeth?a The cost effectiveness of this 
building type can be cornpared with the BECA-A data base consisting of superinstalated, 
passive solar, active solar, and other earth-sheltered buildings. 

Using the BECA-A assumptions of 3% real discount rate, 3CE-year life, and DOE-2.1 
energy-savings predictions (5850 kWh), the CCE for the estimated ‘nncmrnental cost of earth 
sheltering with passive solar equals $0.49/ This far exceeds the average natieaal 
electric rate of $O.OT/kWh ar,d suggests tha incremental ccmstruction cwt ~a~~~~ be 
p a y d  back from 

Assuming that gs are accurate, the maxitnunn incremental cost 
permitted to produce a cost-effective investment would be about $20/na2 ($l.35/ft2). If this 
earth-sheltered building actually used zero energy, the co:asde savi of another 10,000 Is 

be put toward the iaerermntal investment. Even if this bui g could be run with zero 
energy required POP providing thermal comfort, the CCE WOUM equal, .l’l/kWh, which is 
more than twice the present average eleetric rate. 

This building ran be compared with the BECA-A data base (Tahle 2) showing UA value, 
balance temperature, and cost of conserved energy. The estimated cost of ~ o ~ s ~ ~ ~ d  energy 
for electric homes (thc! last column) is baaed on the energy usage €mm the National 
Association of ~ o m e  ~ u i % d e s s  1980 housing stack s11svey,9 which indicates an energy savings 
of 16,070 kWh for the Joint Institute Dormitory during the heating sea~ow in the Oak 
Ridge, Tennessee, climate. Assuming a 50% nerggr savings during the cooling season saves 
another MQO bWh, for a total. of 21,410 k h for the year. ‘Phe CCE for the comparison 
equals $0.12/kWh. This is higher than k.he national average for electricity of 
would not be considered cost effective according to BECA-A criteria, Tab 
summary of  the BECA-A data base an the Joint Institute Dormitory. 

The incremental cost of earth-sheltered eonstruetion in this b~~~~~~~ i s  unlikely to be 
paid hack by energy savings alone. However, a number of factors must be considered in llhe 
decision to build underground: aesthetics, site constraints, peak-load savings, tornado 
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Table 2. BECA-A August 1984 data basr? campared with 
Joint Institute Dormitory 

-. 

UAb 
(WPC) 

Data basea 

Number Percent 
- Category 

- I..-_ 

Knergy saving 319 100 114 
Superinsulated 196 61 96 
Passive solar 197 62 184 
Active solar 26 8 163 
Earth sheltered 9 3 91 

Balance Conserved energy cost, 
temperature electric homes 

("0 (cents/kWh) 

12.9 
15.0 
10.1 
13.9 
10.2 

2.8 
2.1 
2.0 
5.7 

Joint Institute Dormitory 88 17.2 12 

@Sum of the percentages exceeds 100% bwauw many of the buildings incorporate several. 

*The UA-value includes the infiltration term. 
conservation techniques and are thus counted more than once. 

protection, an exceptionally quiet inside environment even with close proximity to outside 
ambient noise such as airports and highways, the ability of an earth-sheltered building to 
blend well with natural surroundings, the idea itself. The energy-saving mncepts employed 
in this building can be made to work and in a creative, cost-effective manner, given the 
right set of circumstances. Buildings are not built solely to save energy; they are built for 
people to use. Earth sheltering can be a viable construction alternative, even if it is not 
exclusively a cost-effective energy-conservation measure. 
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4, ING P- 

A computer routine wax devised th 
performance sensors to conduct a detail 

of the hourly thermal 
component energy ba nee c ~ l ~ u ~ a t ~ o ~  with the 

h data element 
by utilizing graphing and data sorting ~ ~ ~ a ~ ~ ~ ~ t ~ e s  an (2) a ~ ~ u s t ~ e n t  of t h  raw data to a 
useful form. One example of adjusting raw data is that on occasion the ~ ~ ~ ~ ~ w ~ ~ ~ ~ ~ ~ r  
submeter in the Joint Institute Dormitory counts 811 incorrect number of ~ ~ ~ ~ ~ a t t ~ ~ ~ ~ s  for a 
given period. The error is almost aiways by an fraction because the ~ ~ ~ ~ ~ a t ~ Q ~ r  
rr~eters use a small optical sensordlight source, to count disk ~ ~ ~ ~ ~ ~ t i o ~ ~  It will 
occasionally pick up ibree counts per revolution i f two. The hourly 
by bringing in h e  the cumulative data to match manual readings. 

recorded properly. Using the data base sorting c a ~ a b ~ ~ ~ t ~ ~ ~  of 
these data can be culled and e x ~ r a ~ ~ ~ a t ~ ~ n ~  from the previous hours used to ~~~~~~~e the 

rsoonal computes spr e& f0rmat. Of the ~ ~ ~ r Q X ~ ~ ~ ~ ~ Y  1 
d iato a spread she permits (1) rapid e x a ~ ~ ~ a t ~ o ~  of 

Typically in a one-week period there will be a half dozen h s ~ r  

nee the data are corrected, each of the ~~~~~~~~'~ major gains an 
The energy balances provide some eo at the individu ilding ~ ~ ~ ~ ~ ~ e ~ t  
~ e r ~ o ~ ~ ~ n ~ e s  are a c ~ ~ ~ a ~ e ~ ~  measured. 

The energy faux o f  the major energy saving features of interest 818 measured by heat 
flow sensors and pairs of ~ ~ ~ ~ ~ ~ c ~ ~ ~ ~ ~ s  ~~~a~~~~ by known resistance of i ~ ~ ~ ~ ~ t ~ ~ n  layers 
within the walls, roof, and floor. Pyranomekers me place? inside the south-faciag window 
E m $  on the roof. The ext lation of these sensor readings trs the entire area sf 
surface or window ape requires some judgnaent. T e ~ Q s ~ ~ i ~ ~  of the re 
~ ~ ~ § ~ ~ ~ ~ ~ n ~  blinds was recorded for one blind, and manual recordings in the log 
some guidance as to how representative this recording of ~~~~~ position might he. 

balance from a week in this month is presented in Fig. 12. The three lines 
Fig. 1% show the total heat gain, total loss, and the resi al for each 6af the hours from 
January 23 to January ,W. 

Because most of the energy c ~ n ~ ~ m ~ ~ ~ o ~  in the winter Q C G W ~  in January, hou 

where R is residual, G is sum of a11 heat gains, and L is  sum of a1 losses" There are very 
few hours wben the residual is zero. 
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The tall spikes occurring just after 1200 noon on most days come from solar gain. The 
internal mass absorption by the interior partition walls is in the energy balance; but the 
storage effects of the slab floor, external walls, and massive ceiling (onto which most of the 
direct solar gain is reflected by the ~eflle~tive insulating blinds) am not included. The 
average absolute hourly residual i s  34% of the rnea~~red losses. The maximum residual 
ocmm during peak solar gain periods and for a fev haurs is almost 300%. The solar gain 
coming in the window is recorded, but its storage in the interior mass is not measured 
directly. The heat storage in the inside air is accounted for, but it is very stmll. 

On a daily hasis, the energy halance varies from 0 to +33%. The largeT daily residuals 
tend to OCCUT on sunny days. However, the average residual for the entire week is about 8%. 
Figure 13 shows the same three values om a daily bask for total heat gain, loss, and 
residual. 

An understanding of the whole week's energy balance can he gleaned from Fig. 14. The 
largest single gain to the building came from the heat pump (58%), with solar gain 
contributing only 20% during the relatively cloudy week in late January. The largest single 
heat loss was due to the 0.5 sir change per hour, amounting to about 35%, €ollomed closely 
by the conduction losses through the south-facing windows, 26%. The reflective insulatin 
blinds were closed on six of the seven nights during this week. The effective window 
R-value was measured to  be about 0.62 (m2- "@)/W r3.5 (h -ft2. "F)/Btu]. 



23 

ORM L- D'NG 85 - 1 4 474 R 

JAN. 23 JAN. 24 JAN. 25 JAN. 26 JAN. 2 1  JAN. 28 JAN. 29 

D A Y  

Fig. 13. Daily whole-building energy balance for week of  Jainnary 23-30, 1 

ORNL-DWG 65-14475 

INTERNAL 
LOAD 

SOLAR HEAT 

HEAT PUMP 

TROMBE 

INFILTRATION/ 
VENTILATION 

WINDOWS 

ROOF 

OUTSIDE WALL 

BERM WALL 

FLOOR 

RES1 DUAL 

0 40 20 30 40 50 60 

PERCENT OF TOTAL GAIN 



The sum of the roof losses is around 17% sf the total builbiag losses with an effective 
R-value of about 4.7 (d. "C)/\V [27 (h .ft7. "F)/Btu] during this w2&. The unaccounted 
losses or residuals for the week total 8%. 

'The average outdoo; tainperature for tlie week was 28°C: (3'7°F) and was sore cloudy 
than average Mast wintertime energy halacces sheiw a laege~ fractiofi of SQ!W gab-$ 38-35%. 
~ h c  pre;riow reports on this IxMing show other weekly c imzy balances.' ' This 
calculational procodxe evolved after ewainiiri the multiple heat f P o ~  z ~ ~ a i x ~ m e n t ~  in the 
building a l~d  selecting those that apl r d  to  provide %e most consistent data This 
provides some confidence in the ability to ~ ~ ~ " X S C I ' I ' C  the major heat a d  xiass txansfer within 
the buildiiig and draw SQUX conclusions about the e:7ie1~--98'JinM-component co.nti4Dutions 
from a variety of the unique fealxwes of this bdding. 

The heat Eliix through the roof can be measured using tvio different sets of seratrs. 
Figure 15 shows thc cross section of thc roof coastruetiom along with the heat flux 
transducer zncl thermocouple locations. The heat flux transdiice~ laheled NIi'2 is a Ea- by 
5-ern (2- by 2-in.) thermopile p,usit.iome.d in a poured concrcte block 10 X 30 X 30 crn 
(4 X 12 X 12 i n )  with approximately the saEe therrnophysical propertiaa as the 
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Figure 18 shows a plot of the 2-t~ag;;s ~.ieebly O I I ~ ~ O O K  anxbieEt temperature from 
l!eccmher 198.7 through February 1984. A second plot shown in Fig. 18 shc;ws the effective 
R-value for the roof for the same nneasuxement period. Sudden P,emp.ratare drops cauaed by- 
cold fronts teed 80 produce a higher effective R-value on the roof. These c~wnion short 
spe"lle of cold are nlarr~pened by the thermal inertia of the roof. Weeks 104, 108, and 111 all 
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construction of the bermed well, which i s  25 c 
ext: uded polystyrcrie sepwat i ig  thc pewid E f;mi the earth. '12 

with 7.5 cm (3 

iond  heat flow m o & e h g  indicatpn ih  20% of tkk, heat fiowiiYg into 
titally travels laterally, a ~ d  furt ~Iiglii ~ r t i x i l  tentpel ;S,~UPS: 

Neverthckss, this heat fiux 
t P l o ~ ~ r  into and oi i t  of the 

stratification causes unzqiial diatrihhmi of he 
transduces is brlievcd t3  give L fair',) g c d  
beamed vaEl over long periods. 

tn December 26, 19817. The we?! i s  charged up dwing the late afternuon honm am1 releasee 
some of the ahsorbed heat Ssck into the sp durilqg Iqte evening hcpiirs. Thp heated  pace 
experiences net loss. The shaded area phov e x 2 - 0  heat flux 4 n e  indicates I.,er,t coming 
hark into the spnw AR ran be xcii  by Fir, 19, a much 'larger portisn. is ahsorbed by the 
wall and is not regained. The ne's averag:: mea a! beat !ow is uqe4 in Eq. 2 to estimate 
the honrly effective R-viiiiir for &bo& 20 weeks in the middle of twrr heating .;essous. 'Eli:: 

SUMT;IP':T in t h ~  cwth berm. The earth t ~ ~ p c r a t ~ ~ r s  i; contact wEik the constrcetad wall is 
aioiaid 15°C (60°F) ii7 rnid-December, and 2 msntlis later I?P a v e r s e  i s  arc 

P'igm I3 shows the hourly inensursd heat flux for a 3-awk ~er iod  from Llccew 

t e m b  to  he '.igSel- during the ea because of the sto 

ORN L- DW G 85 - 1 1 4 78 

0 -  

- 
@I 

E 
I -3  
\ 

Y 

X 
::> 1 

f 

DFC I ?  DFC 19 



average air t ~ ~ ~ ~ ~ t ~ r ~ ~  from -1. to +4"C 
(30 to 40°F>. 

The second week In Janoaq- represents the mi point of the winter an 
tivs M-value st the bermed wall. e R-value sf IQ (m2.%)/W 

season for e ~ t ~ ~ a t ~ n ~  energy is used Lo rvgresent the entim heati 
savings. The effective R-value is obtained by using the average insi 
~ e ~ ~ r ~ ~ ~ ~ ~ ~  and the merage heat flux 
bermed wall. 

4.3.2 ~~~~~~ savings 

rmed wall is to calculate the 
energy loss with and without the earth. Since this wall faces north, the soil-sir ~ ~ ~ ~ ~ ~ t ~ ~ e  
is nearly the average air tennpratnre. Equatian 3 is used to estimate the heating season 
energy eavings. 

The n e t h ~ d  of estimating t e3 energy savings of the 

where 

Q = heat loss through b r m e d  wall (B$u)* 
U = beat c ~ ~ ~ ~ c t i o n  [B:IStu/(ft" OF)]. 
,A = area of berrried wall (1230 ft2), 
AT = heating degree day based on 18°C (Gfi"F), 

eat pump coefficient of ~ e r ~ Q ~ ~ a ~ c ~ .  

'.The use o f  heating degree days based on 18°C ( 6 r 5 O F )  is reasonable for est 
losses of this hilding because the balance point is 17°C 463°F). Also, the 
slmfficie-rak mas5 to prevent excessive inside air temperature floating ~ h ~ r e f ~ ~ e ~  the steady- 
state heat transfer equation works. 

The U value used t:? calculate heat loss without the earth tern 
$)A4 W/(h m2. "C) [0.077 
0.4. W/(h " m2 ~ "C) [&oa7 /"h. ft2. *F)]. "fe net energy savings predicted by this method 
is 1050 kWh in the heating seamn. The cooling season analysis found that on the average 
the hrmed wall contributed 5.3% of the sensible cooling to the building. ~~~~~~~~ 4 is 

season. 
approximate the a~~~~~~~~~~ energy savings of the berrned wall 

(4) 

= energy savings of bernned well, 
Cl, = annual cooling energy to ran heat pump (3995 ~~~~~ 

Ly r= fractian of latent load. 



The net contribution of ener savings of the berm& wall in the cooling ~eason i s  
estimated to be 145 kWh. This le3ves an incremental annual electricity saving8 of abaut 
1200 kWWyear €or the hermed wall. 

The increrne~tal coat of a bermed wall1 is determined by comparing the cost of B block 
wall insulated with exterior insulation and epoxy-coated finis which i s  identical to the 
exposed outside walls on this building, to the potwed-concrete exterior insulated bermed 
wall. The cost for each wall system is S ~ O W ~  in Table 8 (ref. ,7). The incremental cost of the 
bermed wall i s  estimated to be $Z%'m2 ($2.20/ft2). Tias: total incremental cost is $2706. Using 
En,. 1 to determine the CCE yields $B.ll/kWb. This is higher than the n~~~~~~~ electrie9ty 
rate of $0.07ikMih. Therefore, the cost effectiveness for the hrrned wall used in this 
building wed31 not be aceeptshle. No dollar value for the benefits of the visual ~~~~~~~i~~ of 
the building from the sdjace,st highway OF the saund absorption effect has been assumed. 

Xlollars per Dollars par 
m2 st2 

E i g h t h  block wall 70 s.52 
D i y i l  irnuolatian 46 425 

TOk4l 116 10.77 

Beamed waX9 

Piain finish concretes 108 1o.m 
Z5-5-aa (10-in.) thick, 
20,780 kF% (3000 psi) 

75-cm (34%) thick 
Extruded polystyrene, 17 1.65 

Waterpioof membrane 14 1.31 

Tab! 139 12.95 

The reflective insulating Mirids (RIBS) were installed and paptially instmmenkd for 
performanice :nonitwing i n  November 4983. ln one hcatisn a rheostat was ~~~~~~t~~ to the 
XI3 ~ o n t r o i  mechanism and calibrated to determine the position of the blinds. The optimum 
position for enhancing daylighting i s  with the blinds at about 45 t~ Woo from the plane of 
the ~~;in&xv. The RIBS reflect most of the diract light onto the ceiling and partition walls in 
this position and yzmiit no direct light to hit desk tops. At night the RIBS are manually 
clcszd to determine the actual insulating value of t 
crrhtinced islni.le-buildiPig t i i e ~ t n d  performance:. A bea 

and the degree 
8 initially mounte 



on the inside surface of one 
p h d  between the Window an 

inside ~~~~~~ starface. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e s  were 

effecbive R-value of the windows alone, ~ ~ t ~ o ~ ~  the presence af 
TBs at night, is . %)/W rd (h-ft'. oF>/Btu]. Wit.h the R 

average ~~~~~~~~~ window system was measured at Q.56 (me.*<:)/ 
83.8 (haf t2-  "F)/Btu]. This was determined by t.&e average c a l k  
taped on the inside of Lhe double-pane window and the measu 
temw,w.satures, The AS 
about 9.35 (m2* %)/W 
the meamred values; therefore, it is assum 

the window when Lhhe 

on a, highly conductive medium such as glass can result in s ~ ~ ~ f i c ~ t  errors. 

sensor placed in this location along with the average temperature on both sides of 
indicate an R-value o i  
length hetweenn each n 
tight. Weather ~ t r ~ p ~ ~ ~ ~  built into the design hel 
~ ~ n s t ~ u c t ~ Q n  left larger 
RIBS ~ ~ s ~ ~ ~ ~ e ~  in this bailding are ~ ~ r s ~ - ~ e ~ ~ r a ~ ~ o n  design an 

research budget. 
ough accurate field measurement of the overall window system R-value is difficult, 

the net thermal performance benefit of the BIBS apwm Q be o€€set by two factors. First, 
the RIBS> presence results in .a higher shading fa&r ax1 t ~ ~ ~ e ~ o ~ ~  reduce% the net solar 
gain into the space. Seamd, the design concept of stming beat in the xnassivc: concrete 
ceiling may actually cause an increase heat loss through the ceiling. 
RH& increases reflection of the solar gain 8% during peak solar gain 
are left completely (as shown on the far 
the RIB8 was mea by a LiCor pyranome 
position for dayli , as shown by the 
system reflection greater than when 
gain hours between BO am, and 3 p.m. 
direct light is permitted Lo strike the floor 
left closed during sunny winter days, 
conditions occurring when the 
for ~ e c ~ a ~ ~ ~ l  flushing of the massive ceiling cavities with return air t;o enhance the 

cowry and distribution of stored solar energy. This feature was eliminated from final 
esign because of the added c ~ ~ ~ l e ~ i ~ y  and first-cost ~ o n ~ ~ a e r ~ t ~ o ~ ~ .  The temperature of the 

d heart flux transducer 
inside sard outside air 

book of ~ ~ J ~ ~ a ~ e n ~ ~ ~ S  suggests an e ~ ~ e ~ t i v ~  R-value of 
)/Btai] for double-pane glazing, which is ~ ~ s ~ $ ~ n t  with 

sensor could be use 
cate the overall R-value of 

f convective loops in a ~ ~ ~ ~ ~ o n  to the potential error of mounting 
s are closed at night." The p ~ ~ ~ ~ ~ ~ n t  of a 

A second heat flow sensor was also ~~~~~~~ on the inside surface of the one 

s alone. The crack 
ing were not sealed 

naotvs in Fig. 20, the window 

roof where the insulation is fastened to the concrete remains at 16°C ( 
winter. With more heat dumped into the ceiling, more beat i s  eo 
spandeck, 7.5 cm (3 in.) of extruded polystyrene, an 
~~~~u~~ the roof was measured for about 10 weeks in January and ~ e ~ r u a r y  of I983 before 
the RIBS were installed as well as in January and February of 898.1 after their ~ n s ~ a ~ ~ a t ~ ~ n .  
A di~eussian of how the heat flux is measured can be found in Secti. 4.2. e ~ ~ ~ ~ l ~ ~ n ~  heat 
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Fig. 28. Pictare ob HBs open all the 
closed"" 

flux frGm these two monitoring periods with and without the RIBS is shown in Fig. 21. The 
heat flux out, of the building i s  indicate by a negative value. The open circles symbolize 
average meekly heat flow in January and February without the RfBs. The closed circles 
symbolize those weeks after the KTBs were installed. On the average:, about 25% more heat 
was lost through the roof after the RIBS were installed. 

The overall thermal performance parameter of several months with and without the 
RIBS can be seen in Fig. 22. The thermal inte ity factor [British thermal units per square 
feet times heating degree days] shows no significant change for December 1983, 
January 19M4, February 1984, or March 1984 (months with the BIBS installed and 
operated optimally) compared with the same periods in 1982 and 1983 (periods with no RIBS 
installed). In general, the RIBS greatly improved the comfort and usability of this building 
and the quality of light was much better. However, the overall thermal performance was not 
improved. The effective overall thermal conductance and halance point of the building were 
not significantly changed by the installation and daily operation of the RIBS. 

The initial design of the RIMS called for an e€fective R-value of the ~~~~~~ system with 
the blinds closed of 1.0 (mi2. OC)/W [6.0 (h.€t2.0F)/Btu]a If this design specification were 
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attained and the blinds were closed  very evening during the heating season for 14 h (from 
7.00 p.m. to 9:00 am.), the expected anniiak heating ?cod savings in this building is predicted 
to be arotmd 1576, vith a peak heatiing savings o f  around 13%. This coiic4usion is based on 
DOE 2 t B  computer simulation results with and ~ithorit the aigbttirnc vindow insulation, 
using actual 1982 weather data anJ a best-fit buildinn input file. The 15% a m u d  heating 
encigy savings in this bailding msve-ts to $37.563 a yeas at $O.OT/itWh avd using the 19% 
measured seasonal COP of 1.68 for the Iseat pump. Employing the cost-efkctiveness factor 
defined i~ Sect. 3.5, the incrementa: break-even initial cost of the nighttime insulation 
features alone would have to be about $19.20/m2 ( $ ~ . s ~ / f t ~ )  of glass area 

The Joint Institute Dormitory was madunled. usirrg the DOE 2.1E buildiiig simulation code. 
This version of the code did not h a w  tha capacity to acrcaunt for multiple-dimension heat 
flows or for the actual thickness of the soil on the roof and in the bemi on the north and 
east walls. The model was calibrated to the building as close as possible despite tbesc? 
deficiencies. Measured avei age internal electric loads were used along with typical 
occupancy schedules observed in I382 To account for the wlar shading of the g~ass, the k 1 8  
roof and bcrmed walls were shaded with a hypothetical shade screen with zero 
trxnsmitiancr; however, the effect of evvpotranspiration was not modeled. This seemed to 
produce larger eirorii in the seimmer cooling sewm than b the wintm. The anode1 was able 
to come within 5% of the measured aaaiiual heating energy and 30% of the weasured annual 
cooling energy. Close:. examination of hourly data rcvea,Bed that the model was 
overpredieting the heat gain of the 1-03: a ~ d  loernled wa'rls; once this error was ascsilnted 
for, the coding energy predietion was much closer to -.exmrd values. Comparing hourly 
measured heat flows into the building Prom the berm and roof during several typical 
summer days in late July indicated tha t  the model was overpredicting the? heat flow in the 
roof by an average of 381 Wbh (ISSO Btu/h) and in the besmed wells by 352 W/h 
(1200 Btu/h). Figure 23 shows the measiared vs predicted heating energy usage for 
February 1982 and cooling energy usage corrected for the ineaaured effect of soil far August 
1982. The heating energy prediction is 3.3% higher thasr measured, and the cooling energy 
Consumption is 14% higher. 

Because the model did A& simulate the thermal perforn~arice of the soil accmately in the 
roof QP the berm, the soil was re~rnoved in the modell, and a sensitivity was rim to determine 
the effect of the increased thermal eapacitance of all the comer& and masonry components 
in a building with identical construction as the Joint Institute Dormitory birt without the 
earth covering. A second caw was thea run with the roof, foundationi exterior walls, and all 
partition walls modified in the buildkg input file to simulate frame construction with the 
s a m ~  conductivity as the massive compclnents in the actiial buildiag~ 'i'wRle 4 shows the 
sensitivity of the added thermal capacity of the massive buildhg compared with the 
identical building constructed out of insulated Emme members. 

The first two ~olumlas in T a b 1 ~  4 show annual a d  peak energy usage of the DOE: 2.1 
massive anid frame building simulation models, respectively. The third column shows the 
percentage energy savings of the massive concrete 2nd masonry components of the building. 
These energy savings were determined by running two clases, the first (DOE 2.1 massive) 
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was identical to the Joint Institute Dormitory except that the earth on the roof and in the 
bermed walls was removed. The remaining massive roof, foundation, and exterior walls were 
all insulated on the outside to the same level3 as those h i n d  in the Joint Institute 
Dormitory. The seem case (DOE 2.1 frame)  vas modeled with the same envelope 
coniponent condanctanc as the first case; however, the heat capacitance of the roof2 exterior 
walls, foundation, and interior partition walls was reduced from those found in the Joint 
Institute Dormito;82”y to those representative of insulated frame construction. 

The column labeled “JID massiven shows the typical annual energy usage of the Joint 
Institute Dormitory. This measured energy usage is used to calibrate the DOE 2.1 model 
energy saving predictions of the thermal mass to the actual building. The column labeled 
“JID frame” is determined by increasing the Joint Institute Dormitory measured energy 
usage values by the percentage energy savings predicted in the DOE 2.1 sensitivity 

energy savings in the cooling season, 13% i heating season, and a 21% savings in 
annual electric usage of the continuous circulating supply fan. This m e r  
1889 kWh, or $132.00 annually, assuming a cost of ~ ~ “ ~ 7 / k ~ ~ .  Using the cost-effectiveness 
factor defined in Sect. 3-5, the incremental break-even initial cost of the added thermal mass 
in the exteTior walls, POOP, foundation, and interior partition walls would be a b u t  $26013, or 
$0.20/ft2 of surface area exposed to the inside space. The difference in cost between an 
insulated 8-in. block wall with R-15 exterior rigid insulation and stucco facing and a 2- hy 
Gin. with 2.1411. ox. wood frame wall with batt insulation is about $2.200/ft2 (rcf. 7). The cost 
differential between a wood frame partition wall faced on both sides with S/X-in. drywall 
and 4-in. concrete block wall is about $1.55/ft2 (ref. 7). 

Further sensitivity studies using DOE 2.1 show that the whole building energy savings is 
a result of contributions from the added mass in all parts of the building located within the 
insulated envelope. In other words, the energy savings of added thermal mass in the exterior 
walls depends on mass in tFe interior partition wa11s, the roof? and the foundation. 

A second observation regarding the prediction of thermal mass energy savings is that 
there is a relationship belween the system sizing and operation. In the OE 2.1 simulations, 
the model was permitted to size the system uniformly for all cases. The result was that the 
model selected a larger size system in the frame building to meet the 18% higher peak 
heating and cooling loads. This resulted in more energy demand for the fan not only when 
heating and cooling were required in the building bnt continuously because the building’s 
occupants preferred continuaassly circulating air. The larger fan also reduces the efficiency 
of the KVAC system by adding more heat to the building and increasing cycling losses. 

comparison.  he DOE 2.1 model rlxn wit11 ct1s weighting factors predicts about a 18% 
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5. CQNCLUSI: 

Mass, mass, and earth can be combined to provide a durable, comfortable, and inspiring 
office-dormitory building. The design objectives were accomplished, operating costs are low, 
and the owners are very pleased with the product-a commercial building that is both 
technically sound and artistically unique. To extrapolate the results of the monitoring of 
this building with other buildings, this study compares the economics of this building in the 
residential marketplace. This earth-sheltered/passive-solar office-dormitory has internal 
loads and size very similar to larger residential buildings; therefore, the thermal 
performance of the whole building is compared with some 300 other energy-efficient 
residential buildings. However, it is pointed out that this building has mechanical 
ventilation that ensures about 0.5 air change each hour with no air-to-air heat exchange. 
The infiltration ventilation load in this building amounts to 35 to 50% of the heating 
energy. This is considerably higher than many of the very tight buildings in the BECA-A 
data base used to compare other energy-efficient residential buildings. Ideally, indoor air 
quality should be normalized before making energy use comparisons. This building was 
found to perform similar to other low-energy residential buildings around the country; 
however, when only energy savings are considered, the added cost of this type of 
construction is not cost effective for single-family residential applications. 

The cost and experience of an earth-covered roof and bermed waZls in this building 
strongly suggest that one needs additional reasons for earth covering besides energy 
savings. Passive solar buildings of this type used in commercial applications most likely will 
require some type of automated operation system that ensures window management-closed 
at  night and opened by day. So that the space of a direct-gain commercial building can be 
used intensively, some provision should be made to reflect direct light away from the 
working space near the south aperture; the inevitable loss of some efficiency should be 
factored into the energy performance of the building. With the extensive thermal mass of 
this building, peak load savings are attainable; however, the smaller heating and cooling 
equipment require precise control to ensure uniform temperatures a t  all times throughout 
the yeas. 







varied by a factor of 10. This concept offers the advantage of high resistance imp the heating 
season and EOW resistance in the coo l i~g  season when sensible cooling is needed. 

,4n effective ~? indov?-~a l l s$ ' t " r i~~~ t  system for dormitories, hotels, and motels would 
produce the largest singlp-envelope energy savings in this building. The windows 
predominantly facing south peianit a net heat gain diiring the heating season but losses 
represent aln-?.@st half of the envelope heat loss total. The transient building occupants 
cannot ordinarily be depended 011 to operate manual window management systems, KB the 
system operates optimally, the annual ener kW%) in the Joint 
Institute Dormitory; however, in larger baildings an automated window ~nanagenement system 
should he considered. 

M ~ k t u r e  condensation OK mold prsdnctioin did not O S C U ~  in this building. The inside 
exterior wall siirfaces never fell below the measured dew point temperature. The earth- 
contact walls and roof are uniformly insulated with BSI of 2.64 ( R - E )  extruded polystyrene 
and the floor with RSZ ~f 0.9 (K-5). The temperatnres measured under the floor insulation 
were very stable year round, aw-aging 20°C (69°F) with an amplitude of about 0.5"C (1°F). 
This insulation under the center portion of the slab would be more effective if placed on the 
roof and the top half of the bcrrned wall. The net effect would be to reduce envelope heat 
loss in the winter and increase the sensible cooling efkct of the earth contact in the 

Wall systenis in contact with the earth have a much smaller temperature range in whieh 
to operate but a considerably harsher moisture regian, The wall in contact with the earth 
needs to be better protected from moisture pmctration and must be structurally stronger. 
SO that besmea walls can be competitive, the added w a t c ~ p o o f i ~ ~ g  and s t ~ ~ c t n s a ;  
integrity costs need to be rcduecd. Inexpensive insulating drainage boards are heginning to 
penetrate the housing market and mag attain the cost reductions needed to significantly 
take advantage of earth contact systems. Extensive field testing of these materials in 
various geographic locations with different soil types should be conducted to gain builder 
acceptance. 

savings is small (about 
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