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POTENTIAL PERFORMANCE BENEFITS OF ADVANCED COMPONENTS ANO MATERIALS RESEARCH*

D. A. Neeper, R. D. McFarland, J. C. Hedstran and G. S. Lazarus
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

AJSTRACT.—

This paper reports w,rk in progress to iden-
tify the potential impa(t of n- cmponents and
materials on the ener~ savings, comfort, or U-

tility of buildings. As of this writing, three
n- items have received preliminary examination.
Uallboard containing phase change material (PCM)
for thermal stirage appears very promising, PCM
canbined with sensible storage can significantly
reduce the storage volunw in water walls, liquid
convective diodes, and hybrid heating systems.
Aerogel windw glazings with present aerogel pro-
perties appear to be superior to existing materi-
als only in applications with lcM insolation or
very cojd temperatures, but an i
cal transmission of the material
gl~zing that iS superior in a’
significant winters.

Icrease in opti-
could lead to e
I climates with

PCM UALLBOARD

Current design guidelines [1] recamnend that
direct gain hea~lng utilize a thermal storage
area of radiatively coupled masonry that is 6
times the glazing area and 4 in. thick. If the
glazing area is large, so as to plovide a large
solar savings fraction (SSF), it is difficult in
design to provide the reconmencicd area of radia-
tively coupled mass. Furthermore, mainstre~m
builders find the use of e~tensfve masonrj TJJ be
a departure fran their ncrmdl construction prac-
tice. The question is this: Can the large areas
of wallboard that ordinarily occur in a residen-
tial bu{lding be utilized for convcctively cou-
pled thermal storage? So-called sun-tempered
buildings that utilize the l,t~t capacity of or-
dinary qypsun wallboard hav~ thtrmal storage that
limits the gla~ing arv~, and, hence, limits the
SSF M less than 25Z, even in a strong solar cli-
IMW s~ch as Albuquerque.

Thr pa>slve pruyr~ 1> dtIvmp[ln9 t.o d@v@lop
a wallboard material thbt could contain 201 phase
chtingc ma~rtal (PCM) by wiqht [2]. For a 5/8-
in.-thick buard, this could provlti up to 34
Btu/ft2 of l~f.cnt heat ttoragc. in addition to
scnsiblt storage that is cwmpdrable to that of
ordinmry qvpnm board. A\ an rxamplc, wc consid-
● r a building with 1200 f~z of floor area, 300
ft2 of dirPct gain •l)Pr~!JrC, and the recom-
=n@ri 1800 ft7 of con{.rrtr storage. For a
tmpvraturc twing o? 10”1, th!, diurnal brat ca-
pa[.ily of Ih(. cnnrrc!r is I)(l,(X)() f)tu if radja.
!fv@ly Cmlplc!d, and 79,000 Btu if convectibely
ccwpled [3]. Al trrnativrlyo lhls buildlng could
have nc masnnry but a Idtrnt storagr of 177,(KKJ

Btu in 3600 ft2 of wallboard. This is suffi-
cient storage for a significant SSF if the con-
vective coupling to the PCM board is a~quate.

To tesL the adequacy of convective coupling,
we consider a mdel house with 120G lt2 of
floor area and a heating load of approximately
7200 Btu/-F day in addition to the load of the
solar aperture. In addition b varying a,munts
of connectively coupled wallboard. this house has
light-colored wallboard (absorptance O 3) with
triple the aperture area, whjch is illuminated by
the aperture. The illumina~d wallboard has a
convective heat transfer coefficient (IJ) of 1.5
Btu/ft2 h “F. We utilize the clinute of Albu-
querque because it has cold n~ghts ar,d strong
insolation so that the SSf is sensitive to ther-
mal stirage. The PCM wallboard used in these
calculations has a latent heat of 21 Btu/ft2
(or about 612 of the projected maximum value of
3A Btu/ft2). Both the PCM wallb ard and the
gypsum wallboard have 0.677 Btu/ft !! “F of sen-
sible heat capacfty.

Figure 1 shws the SSF as a function of U-
value at the surface of the connectively coupled
IIMJS for different aperture areas (S:). The
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connectively coupled mass area Is 3 times the
floor area (~/Af ■ 3); 100 ft2 of auerture
fs an upper limit for a sun tempered house. In-
deed, in the lower thre? tunes for ordinary gYp-
sun wallboard, one can see that the SSF decreases
as & IS increased. An increase In &~-
mre SOlar radiation w the house. Homver, be-
cause the storage is inadequate, this added en&r-
gy must be ventpd, while the increased aperture
increases the energy loss at night, leading M
rmre use of adxiliary energv and a lower SSF.
The PCM wallboard dramatically incre ses the SSF

?up M an aperture size of 20U ft . At this
point, again increasing the aperture area to 300
ft2 increases the SSF only slightly, because
the s rage is nearly fully utilized at ~ ■

Y200 ft .

Figure 1 shins that, for ~/Af = 3, the
maximun SSF occurs r,ear u ■ 0.?5, with a slight
decrease above thi~ value and a drtwnatic decrease
belcw U = 0.5. The naturall ‘ OCCUrrjIICj U-ValUe

at an exten~d surface is in tht ra~ge 1.0-1.5 so
that it appears that natural convective cmpling
will be nearly optimal. However, much of the
inLernal surface area of residences is in roans
that may be separated frcm the direct gain zone
by doorways. Consider a roam containing 600
ft2 of wallboard with U = 1.5 If this room is
connected b a direct gain zone that is 3-F wann-
er by a doomay 6.67 ft high by 2.67 ft wide, the
thermal resistance of the dcmrway [4] WI1l cause
the effective U-value of t+e wallboard to be ap-
proximately 0.4. As ShO!a?l in Figure 1, this
would induce a significant performance penalty.
Thus, the use of PCM wallboard should be accan-
panied hy large int@rzone openings (which is good
passive design practice anyway). Uhen large
openings are impractical, the fnterzonc convec-
tion problen can probably be overcc.mw by (,pera-
tion of the fan of a forced-nir auxiliary fu-mce
during strong sol~r days.

Figure 2 shows !5F vs thr ratio of conv@c -
tivcly coupled IMSS ,~rea u floor area. The P(:M
curve for ~ = 1o11 hat becwm horizontal above
~/Af = 2. inCfca:irlq that additional :h~mml
5f-OraW would have rw rffect. The PCM cuwes for

%“ 200 ftz ●nd
3

“ 300 ft~ both slope
upward at ~lAf “ indicating that mre
storage would be bencf’lcfal. Ber.ause &/Af ■

3 fs roughly d practica! upper limit, a thicker
wallboard could be used.

As a final point, w nou in Fig. 1 that St

k“ 2U0 ft?, ~,/Af ~ 3, the SSF !s be-
twrcn 55 and 601. t(]r conl)ar{son, wc nob that
currently rrLonnlrndsv-ldl~rct gain ck<fgn [1] for
this load and apnrturc trca (LCR = 35) should
havr an SS} of 55t. Thus, & dcc,igncr using PCM
wallboard shou!d oftrn br able to ●chfevr the
Sam’ rnrr~ savings that are possible with ●xt@n-
SIvc md$onry. In additior,, ~hr PCM wallboard my
offrr advantages for ventilwtivr croling. Fran
~h~s prclimlnar~ part of WI st~dy. w conclude
l.haf thi~ nultcrial Gffrri rrw opportunities fOr
both rctroflt and IIW cnn!truct~on.
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}-ig. 2. SSF as a function of the ratio of con-
nectively coupled mass area to floor area.

CWINED PCM-SENSIBLE THEFUIfALSTORAGE

Phase change materials offer the pc)sslbillty
for therml storage in rruch less VOIUIIE than is
required by wa~r or masonry. However, one dif-
ficulty with PCF has been in obtaining adequate
I)eat transfer- at the surface of the encapsulated
mba~rial. He note that nmdules of encapsulated
PCH could, in prlncfple, be inwnersed in a water
storage tank. This shwld enable a great reduc-
tion in tank volume, while permitting better heat
transfer to the PCM than could be achieved if the
circulating fluid were air.

The possibility of reduced storage volume is
particularly attractive for prefabricated water
walls ana for indirect systems ~n which the stor-
age is not illuminated by the sun. For efiample,
PCf4 capsules might be used in th~ storage reser-
voir of s convective diode [5], or in the dis-
tributed s’~rhge tanks of a h.vbrid (active
charge, passive discharge) heating system, which
is of particular interest for retrofits. In a
Trorrbe wall tpplfcation, Bourdcau [6] found that
tht PCH woula permit a thinner wall, but it WOUIC
not providr significantly greater energy savings
than a simflar Mall with arkquate sensiblr \tor-
Rge. Llkcwise, if PCPI is combined with sensible
storage, w h~ve found the effect to be reduced
storcgc volunw at the sam en!rgy savfrigs. With
computer awdellng, wc hake stulied the effects of
combfnerl PCH-water storage tn a hybrid system In
which a remote vapor-grnrrating colle~tor heated
a storage tank, whfch in turn pa$sfvcly heated a
bufldfng !n Albuquerque. Hawrvcr, our results
sh~ld be valid for dl~st pny syst?m that em-
P1OY$ combfned storage.



Heat transfer p ramters are normljzed b

collector

{

area (ft ). The building load iS
2 Btu~hed:t2 “F ( CR = U); the stira9e-to -
ro

r

transfer coefficient is 4 Btu/h
The PCM is assured to have a re-

;rsi;!; melting temperature of 81*F, a latent
heat of 82 Btu/lb, a hezt capacity when soltd of
0.34 Btu/lb “F, and a heat capacity when liquld
of 0.53 Btu/lb “F. These properties approximate-
ly represent CaCl 2 “ 6H70. He assure that
the PCM Is fn perfect th~rmal contact with the
water. Althcwgh this assumption needs to be ex -
ami ned, w no- that the thermal resistance be-
tween the water and the PCM is likely to be nmch
smaller than the thermal rest stance between the
storage tink and the room air.

Figure 3 shows SF as a function of tots’1
storage nMss (~ - mss of waur; ~ ■ mass
of PCM). The lowest cu~e is for water storage
only with no PCM. A good passfve sys&m often
has sensible storage equivalent to 30-45 lb water
per ft2 of collector, and we notice in Fig. 3
that the SSF increases only s1l htly for storage
greater ?than 45 lb wa~r ft . Th~ highest
cunfe Is for PCM only, with no water but retain-
ing the hypothetically perfect heat transfer to
the PCM. T+e intirmediati c nes of F~g. 3 rep-
resent 1, 5, and 15 lb/ft ? of water in uM -
binatlon with varying amounts of PCM.

In Figure 4 SSF 1~ ~lot:;:c;s a function O:h:
reduced PCM mss ,

!’
rep,esents

hypothetical mass of C’M with latent heat only
(n@ sensible heat capacity), that would reSUlt In

the cam diurnal storage as a ccmnbined systm or
a water-only system. The upper horizontal scale
of Fig. 4 is the reduced watir IMSS b,
thich represents the mass of water in a syst~
that ccmtafns no PCPt. The reduced masses ar~
defined by Eq. (l).

:/
:A .....-0 b lb/h~ WA TEFI

i—
/i

.-.- lblb/l+WATEfl

o 10 20 M 40 w w 70

klw + MP (ltJ/fI:)

Fig. 3. ssr as a function of total storage mass
for v~rious amounts of wat.@r in lb/ft2.
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Ffg. 4. SSF as a function of the reduced IMSS of
PCM (lower scale) or reduced mass of water (upper
scale).

LM;= ~.’.~ ■ (L + Cp cT)%
(1)

+ cw~% .

In Eq. (l), L is the latent heat of the PCM, C
is the heat capacity of the PCMO ~ Is the hea !
capacity of water, LT is the assurmd diurnal tem-
perature swing of the storage that contains M
17Mss of PCM and f+ mass of water. .LT Ua !
treated as a uurve-fitting parameter chosen so as
to define a conm-on value of ~ at SW = 70%
for the curves representing 1, 5, and 15 lb/
ft~ water. (In nornulillng the curves, the
specific heat of the solid PCH was used. ) A :-T
of 20”F resultid. This seems physical ly reasona-
ble, but has not been chocked against the actual
daily variation of storage temperature in the
computer nmdel . Ffgure 4 shcws that all of the
curves of Fig. 3 follcw the same functional form.
This demonstrates that PCM and sensible material
can be used interchangeably.

From Eq. (1 ) we can derive a general expres-
sion for the mars of a $cmbined storage system,
relative to the mass ~ of an all-water syt -
tm with the same ener!f savings.

(2)

Eq. (2) shows hcu the total mass of a combined
stcragc system (relative to that of all water
$toragc) varies as the water r’raction is var!ed.
If the PCM is calcium chloride hexahYdrate, tne
mfnfmal possible storage mass is abollt one- fo~rth
of the ma~s of an all-water system. Because the
average density of encapsulated PCM Might be
close to the dunsfty of watmr, the reduction in
storage volwne will be close to tile reduction in
storage maks.

Me conclude that for a given collector area
and bull fllng load, thr annual rn~trgy savfngs ap-
pear to be a unique function LII the averdgc crier-



gy stired per day, independent of whether the
storage is latent (occurring at one temperature)
or sensible (occurring over a diurnal temperature
swing ), or a combination of both. This means
that the energy savings provided by one pound of
calciun chloride ar-e almost identical to the sav-
ings provided by 11.44 pounds of water. This re-
duction in storage volume could be an Important
benefit for wa~r walls and for hybrid system in
retrofit appl ications. Combining encapsulated
PCM with water should provide good heat transfer
to the PCM, although this remains to be examined.
In effect, the previol,s section of this paper
demonstrated a simi Iar reduction of storage vol-
ume in which the mason-y of a direct gain system
wcs replaced by a sma”,ler volune of gypsun cmn-
bioed with PCM. In that case, the necessary im-
provement in heat tranifer was achieved by great-
ly increasing the area of the stcrage material to
ccmprise all interior wall and ceiling surfaces
of the building.

Evaluation OF THERMAL GLAZINGS[7]

As demonstrated by hourly calculations of
Harrison and Barakat [8], the average energy gain
(or loss) per unit a’-ea ~f a Nindw can be repre-
sented by

(4)

In Eq. (4) ~ is the average solar heat gain coef-
ficient, which Is the SLITIof the transmitted so-
lar radiation and ‘:he inwardly conducted portion
of the so~ar radiztion that is absorbed in the
glazing. H is the~average radiation on the plane
of the glaling, ~ is the average loss coeffi-
cient, and ~ is the averdge indoor/outdoor tmn -
perature difference. Eq. (4) can be arranged to
give an average performance factor (or efficlen-
Cyl, F:

-. .—.
~= tj/ii=~ - U(,’,T,’H). (5)

Eq. (5) permits cmpari son of the thermal per-
formar:ce af variou:, glazings as linear plots of ~
vs (.’T/H), in whi:h for each glazinr ~becomes
the vertical fnterc~pt of the line, U u.Lomes the
negative slope of the line, and (,’T/~) i: a sin-
gle parame’wr that represents clinsati Jr ~ window
orientation for all glazings. In truth, F will
be <omcwhat dcpmdent upon climate and orient-
ation because the average angle of incidence will
vary with latitude and clouriincss. I’owever, for
a vertical glazing, the diffuse sky and ground-
ref)ected radiation has a constant effective in-
c’idcncr angle of 60-, and at. a latitude of 40”,
Lhe wintxr monthly average angle of incidence for
bedu radiation on & vertical south surface is
bctwrcn 3ti” and 60” [9]. Thus , we expect that a
suitable value of F for e winter seas.on might be
calculated using an average angle ~f incidence
bctwrcn 4U” and 60”. Indeed, w found U)at F for
double glazing calculatd frmn a single average
in{ldcnc~ angle of 55” agreed with the value of
F in Ref. [81, dcrlvl’d Iran hourly calculations.
Therefore, w, used a seasonal avcragr incidrncc
angl, of 55” in all of our calculations, althmgh
i! my have bcrn slightly nmrc accurate h use a
60” angle for north-facing g~azings.

the nthod of Rubin [10], we have cal -
culati~n+ for ordinary windows and for windows
with aerogel between two laYerS of glass. In the
absence of detailed optical information, we mde
the rough approximation that radiation entering
aeroqel is either tra~smitted by the beam or per-
fectly backscattered, which is @ically equiva-
lent ta a plane reflection. The normal-incidence
transmittance and thermal conductivity of aerogel
were ‘~ken from Ref. [11]. (At an incidence an-
gle of 55”, the optical path length in & 20-Irsn
slab of nbsterial is 34.9 m. For this path
length, the ?~ansmittance of aerogel given in
Ref. [11] was extrapolated according u an expo-
nential that closely fits the data. )

Figure 5 presents the efficiency at 55” inci-
dence of a single glazing of float glass (SG), a
double glazing of float or low-iron glass (OG), a
window with 5 rrrn(0.197 in. ) of aerogel between
glass layers (5A). a similar window with 20 mn
(0.;87 in. ) of aerogel (20A), a triple-pan? glaz-
ing with an intirnal hea; mirror layer (g-ph-g),
and a quad-pane glazing with two internal high-
transmission polyester layers (g-a-a-g). The
spacing of layers in all multiple glazings except
the aerogel windows was assurmcl to be 1/2 In.
Properties of the heat mirror and quad-pane glaz-
ings were tiken from Ref. [12], which simply
states that non-normal incidence angles were
used . Also shcwn in Fig. 5 is the line repre-
senting the teat loss frcxn an R18 insulated wall
that doe~ not absorb solar radiation (a white
wall ), and a line labeled “20A FL TURE?” chat rep-
resents a proposed performance goal for aerogel
windows discussed at the conclusion of this sec-
tion of this ~eport. The arrows in Fig. 5 mark
values of H/H (“F ft2 h/Btu) for south verti-
cal surfaces at various cities for the season
November-Flarch. The lines labeled OG, 5A, and
?OA are pairs, with the upper line of each pair
representing 1/8 in. lc~-iron glas~ and the lower
line representing l/8-in. float glass.

Figure 5 permits ~n easy comparison of the
re’lative benefits of the various glazings. A
positive efficiency means that the window gains
nmre energy than it loses during the se~son; a
negitive efficiency lndigatis a net loss. At dny
particular value of tfi/H, that window (or wall)

wfth the highest efficiency has the highest ener-
~ savings. The net energy gained or lost by the
din~w during the season is the product of th~
average efficiency, ~, with the appropriate H
for the climati and orientation in questfon.
Note that double glazing, both aerogel wlnchws,
and the heat mirror glaling have approximately
the san’m energy pelfornunce at :J,T/H= 1.05. For
a south window in Albuqucrq& (:~/k = 0.39),
tiouble glazing gives the best performance. How-
ever, onc can set’ that south double glazing in
Buffalo (’,T/H = 1.79) loses slightly nmre energy
than an R18 wall, and the quad-pane window Ilas
the highest en-rqY savfngs. .F~r r,~rth-facirrg
surfaces, which usually have :,T/H : 3, the 20A
glazing has the highest efficiency of all the
present glazings, but it is not nmre energy ef-
ficient than the insulatrd WL1l in all locations.

Table 1 pr~,srnts the nrt s~asonal energy bal-
ance for both north- and south-facing surfaces.
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Fig. 5. Average efficiency of various windows as
a function of average clin’ate Snd orientation
parameter for the period November-f4arch.

For south-facing surfaces. aerogel windows of the
present material do not offer a significant ener-
u advantage over those that can be obtained with
currently ma~ete( materials. although the ae~o-
gel nay in the future prove to have advantages in
thickness or durability. For a north-facing win-
dow , the 20 mm aerogel clearly gives the best
performance. In severe climates, the north-
fa ing aerogel may save approximately 10,000 Btu/
ft$ per year nmre than its nearest glazing com-
petitor.

Althmgh the 20A glazing does not have the
best energy efficiency In all clinbstes, one can
see in Fig. 5 that ~t is the glazing with the
highest R-value, or lowest slope of the line.
One zou; d increase the R-value (decrease the
slope o’ the line) of the multiple glazings by
adding more internal layers to those glazings.
H(*ver, this would also lower their solar heat
qain, or F, represented by the vertical inter-
cepts of their lines. A truly superior glazing
could hc fowd by increasing the solar heat
gain (F) of the 20A g’lass-acrogel sandwich frcan
its present range near- 35% t~ approximately 65%
at 55” incidence. In Fig. 5, this would result
in the line labeled “20A FUTURE?. ” ti’ch IS also
represented hy a corresponding entry near the
bottmn of Table 1. Such a gla<ing would be su-
perior b all of tic other glazings considered
here in all applications with rT/H grc~t~r than
0.3q, that is, in Fil climates and orientations
less favorable than that of a south-facing sur -

face In Albuquerque. It would have winter ener~
savings greater than those of the R18 wall in all
climates and all orientations. He have assumed
that the stomnal-incidence optical transmission of
a 20 mm thickn~ss of present-day aerogel is 59%
[11]. The encapsulating layers of glass, when
ccinbinqd w~th the aerocJel, cause the solar heat
gain (F) of the 20A winhv at 55” incidence ti_be
approxfrmtely 35%. The desired Increase of F to
65% would require that the normal-incidence opti-
cal transmission of 20 mm of a@rOCJelbe ~ncreased
from 59% to approximately 88%. The researchers
may be able to determine if this is a reascmable
gcal.

It rust be emphasized that th~ information in
Table I and Fig. 5 is based upon many assumptions
that have not yet been adequately tested. It is
not certain that a 55” average angle of incidence
Is appropriate for tne CliIMtPS and glazings con-
sidered. It was used because it permitted agree-
nwnt with the detailtd calculations of Ref. [8]
for double float glass: and because It was within
the physically reasonable range. It is net clear
that the ‘i{nes of Fig. 5 for the heat mirror and
quad-pane glazings corrt.s~ond to a 55” incidence
angle. Our treabnent of aerogel as having no
absorption and only per:ect backscattering may
not be accurdte. Thus , o~r calculations are in-
tinded m?rely to permit :ough comparisons, and
are subject to revision as we obtain better opti-
cal data and utilize rmre refined mthods. Num-
bers presented here are inknded for bse in pro-
grammatic planning, not for input to other sys-
tems analysis.
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TABLE 1

NET ENERGY TRANSlflTTED BY VERTI AL UINDOWS
$NOVEMBER-MARCH (kBt.u/ft )*

50U th
Albuquerque Madison Caribou Buffalo
NW ~XtCO Uisconsin Maine New York

North
Albuquerque ‘Madison Caribo~ Buffalo
New h!=xico Hisconsin Maine New York—— —

3.51

-75.6

-29.2
-?7.7

-22.8
-21.6

-4.8
-4.2

-?.4

-7.1

4.2

-5.6

5.72

-132.6

6.80

-154.5

4.76

-113.8

——
‘T/H (“F ft2 h/Btu)**. 0.39 1.09

-35.9

1.34

-ti.3

1.79

-73.4Single float glass 116.4

Double glass
float 139.6
1~-iron 153.1

26.7
34.2

-12.8
-8.7

-58.3
-56.9

-69.7
-68.4

-48.3
-46.7

5 mm aerogel
float 116.8
lud-iron 127.3

-8.7
-5.5

-46.1
-45.0

-55.3
-54.2

24.2
30.0

8.9
14.2

-38.0
-36.8

20 mn aerogel
float 72.0
low-iron 77.6

25.4
28.5

43.5

18.6
21.5

32.3

6.0
7.7

10.9

-13.3
-12.7

-21.2

-16.7
-16.1

-26.8

-10.2
-9.6

-16.1++Glass-heat mirror-glass 121.2
(g-ph-g)

+Glass-poly-poly-glass 150.3
(g-a-a-g)

56.5 43.1 16.2 -22.8 -29.2 -16.9

71.1

-8.7

20A FUTURE? 154.6 66.7

-9.9

30.7

-7.7

-4.6 -8.4 -0.9

-8.7 -9.9 -7.7

widths from Rubin [12].
4 mil polyester with

ttR18 Opaque whiti Wall -5.6

3 Assumed rocrn temper~re 68’F.
Amisotropic sky nmclel. Ground reflectance 0.3.
Net energy obtained using shading coefficients and U-values for half-inch gap

Glass is float Qlass. heat mirror is sinale-coated 4 mil polyester, POIY is
both sides anti ~efle~tive coated. -

SAOM for comparison with windows.
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