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SECTION ONE - SUHMARY OF FINDINGS 

PART ONE OVERVIEW 

A simple inzovative solar h~ating~design nsing conventional hydro?ic solar 
collectors 2nd a ra2iant panel slab was partially developed by Robert J. 
Starr of Lpndonville, Vermont. 

. The invention was disclcsed to the Invention Support Division at The 
National Bureau of Standards for :heir assessment of technical validit!.. 

In May of 1981, the Bzreaa cf Standards determined thzt the invention was 
"technically valid and worth): of consideration for appropriate Governrner:: 

. support. I' 

Second stage r e ~ ~ i e w  of the invention (termed The Solar Option One Heatirr 
Systez,) was performed by Mr. Michael Brown, a consultar,t evaluatcr , w- 
recommended sappcrt of the invention because "the design ~rcvides 
utilizaticn of solar energy at lower initial cost and with improved 
efficiency". 

A recomizendation w3s made to the Department of Energy by the Neticnal Ezrea: 
of Sranaards Lo provide support in the form of a con~lete technicel 
investigatio~. 

Dr. Jon G. McGowan, cf the Department of Mechr:ical Engineering at the 
Uciversity of Massachusetts was contacted. The University subsequerrl). 
agreed to ccllabcrate with Nr. Starr for the purpose of carrying O Y ~  =ns 
investigat'ion. 

The status of the inveztio: prior to federal support was that a f e ~  wcrki~g 
mo2els had been insralled in single family homes within the Northeasterr: 
portion of Vermont. These low cost .working models seemed tc b€ worjtinc 
well as e17idenced by high collector efficiencies (low collector inlet 
temperatures1,and low auxiliary energy useages. The models which were 
designed to achieve solar perform~nces in the vicinity of 50% were observe6 
to have relatively stable temperatures and steady inputs of auxiliary 
~ I I ~ L  y y. These obscr1;ations s u g ~ e q t ~ r i  that hiqher levels of solar heating 
performance were possible wichout.diminishing returns. 

Karket penetration was limite? due to the lack of credible independent 
performance data. Cats aquisition from working models was confoun6ed by 
the presence of occupants whose habits were unpredictable and b y  the use 
'of wood heat as the auxiliary backup. 

The results of the r~search demoz~trate that the inve5ticn offers sicr,ifica5r 
adva~taqes over =:ate cf tf!e art a c ~ i v ~  and passi\re approaches. S.~b~ttl~~:;iz: - .  
irr,f.rc7,?cmc;.+t were 9c.t eo i n . r g c r e r  efficiency , overcll ,perf crrr.anze, i n i  tic: 
cost and architsct~al f lexibil it).. 



A patent and literature search by Michael Brown, + consultant to The 
Nationai Bareav of Standar-,ds revealed thaz the desiqn zpproach is a 
unique one and tha: its benefits are not yet understood by the enersy 
c o ~ ~ u n i  t):. 

PART TWO - INVENTION DESCRIPTION AND DISCUSSION 
An objective of hybrid solsr desion is to com~ine the relative advantages 
of active and passive design approaches while minimizing their respective 
disadvantages. 

Active collection methods tend to harvest solar energy with good efficiency 
and do not lcse energy during periods when they are not operational ( a s  
passive collectors do). Operational eff.iciency is greatest w h e n  the solar 
resaGrce is harvested at low temperatures relative to the ambient air. The 
usefulness of active heating systems has been compromised by the cost an6 
cor;?iexity of the various mechanical systems needed to collect, store and 
distribute the solar enerqy. Cost and practical considerations linit the 
size of the storaoe com?onent which tends to raise systex temperatures and 
lower collector efficiency. 

Many passive approaches reduce cost and complexity by using conventionhi 
bailding componscts to ccilect, store and deliver solar energy. The 
usefulness of passive methods is compromised by the fact that the collection 
element is a part of tne bcilding envelope causing it to lose heat at nighr. 
These losses lower overall efficiency and in cold cloudy regions can rec-lr 
in riegzzive energy gzins. The size of the storage element, as iz ac" , v e 
systems is limiyed by  cost, architecture and other considerations. 

The Solar Optic: One!Fi.gcre #l)ic a hydronic heating system using csnventicnai 
hydronic solar cciiectors to heat a radiant panel slab, 

A heatea flsid is pumped in an active manner from the solar collectors 
throughost the raeian: slab whenever s o l ~ r  energy is available. Heat is 
stored within the slab and c o ~ ~ a c t e d  earth benezth. It is released r o  the 
heated space ir; a passive manner without cnntrols by radi~tion and c u ~ ~ v e o ~ i ~ : .  
Evlar e n E i 5 y  which exceeds heating load requirements is diverted to the 
domestic hot water load in residential applications. 

High collector efficiencies are achieved with active collectors. The deu iq :  
dpproach ralses a uniquely large thermal mass to relatively modest temperature. 
unlike 4con\>erticnal systems which raise a smaller thermal mass tc rela:l\ielj 
high tenperatures. Solar energy is utilized at the lowest possible 
temperature resalting in t h e  highest pssaible cullector efficiencies. 
Overall cost and conpiexity is reduced by using a structural cornpcnert 
of the bziizing tc store and rs lezse  t.he solar energy. 

Hiqh co?lectcr ~fficier~cies izcrease the amcunt of solar e n e r c y  har\:srted 
or. ssnnj' day-. and perrrit op~ratior: ar,d~r marginel solar ccn5itionc (~arl}' 
A?:, late P?;, clo.dd>. da).c w5ea c~ilecZcrs operating at highel- ten:?.-: azure .  
will ~ o t  reach "thres.hoid te7,peratare". An increase in collector eff iciezc}. 





translates into fewer solar panels, lowered costs, 2nd easier design 
integration into accepted building styles. 

A large thermal mass, integrated with the buildings structure provides 
prolonqed solar storage, radiant comfort and further lowered costs. 

The overall simplicity of the design results in improved reliability and 
greater consumer confidence. The design lends itself to convenient 

. "packaging" which can lower cost, simplify design and installation, 
improve reliability and present the product in the manner that building 
professionals are accustomed to receiving it. 

PART THREE - EXPERIMENTAL TEST PROGRAM 

A test house using the Solar Option One heating system was experimentally 
monitored to determine its enery based perfoxmance during the 1 9 8 2 - 8 3  hesrir,~ 
!%Eason. The rest residence is located in Lyndonville, Vermont, an area 
which has a characteristicly cold and cloudy climate. The two story 
residence has a floor area of about 1,400 square feet and is constrvcted 
an a 7 2 6  square foot 5 . 5  inch thick floor slab. A 24 inch packed gravel be5 
is located beneath the slab and the slab-gravel bed is insulated by two 
inches of polystyrene insulation. 

The test buiiding is of frame construction and uses insulation levels which 
have become con?onplace throughout the country. The structure would not 
fall into the "superinsulated" category but was tightly constructed so as 
to hsve a low infiltration level. The building is "sun-tempered" in that 
windows were concentrated somewhat on the South side and all but avoided on 
the North. A solar greenhouse on the South side of the building was closed 
off fror, the structure pernanently throughtout the testing so an tc betccr 
&serve the solar heating invention without confounding variables. The 
mcnitorina eqa~ipnent generated an internal gain of abont 17,000 BT3s per 
day, rougkiy the eqnivalent of occupancy by two persons. 

Section two is a full description of the experimental testing program, 

PART POUR - SYSTEM EFFICIENCY 
System efficiency as discusssed in this section refers to the amount of 
solar energy which is harvested relative to the total amount of solar 
insolation which is available at the site. System performance, as discussed 
in a following section relates to solar heating fractions and productivitieo 
which result when a particular system is applied to a particular heating 
load. 

Table 2.19 is a sumn-iary of the measured monthly efficiencies which were 
observed at the test building in Vermonr. 

Figcre 14 is based on the performance of active heating systeEs csino a l r ,  
hydronic and evacuated tube scler collectors at Colarado State UKiversaty- 
These syEtems were designed, installed and operzted by solar speciaiists 1~ 
a closely controlled measurement program. ( 1 . 1 )  
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' ~ t  1s seen tnat tne low cost Solar Option One heating system, in its ' 
' 'Vermont location provides substantially higher efficiencies than the 

monitored in Colorado. It is significant that 
than twice as much winter solar insolation as 

&;:?- 

TABLE 2 . 1 9  

SUM!!RY OF COLLECTOR PERFORMANCE 

Total Solar Input Measured Output Average Monthll- 
to Collectcrs from Collectors Efficiency 

(BTC X lo6) Horirh 

November 

December 

January 

kSdebruary g;:iaJ - -  .?> 
tT# -- - I y  Karch 

Apr i 1 
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Fig. 14 4 * m  of solar rpea heating systems in three Ooler h e ~ c d  harssr rl 
Corwadc State Uruv [bi. 12) 

Low solar collector temperatures were the primary reason for the favorable 
*efficiencies which were observed. Electrical energy c~nsumed by the 
pump and controller at the test site was 5.3% of the total collected-sclar 
energy. The additional flow resistance of the monitoting equipment (ETL 
meter, flow meter etc.) resulted in a need to select a pump with 2 times 
the output of the pgmp which would be used if the monitoring equipment were 
not present. 

The elec~rical eperqg conscaed by the pump and controller in a sinilar sysre: 
whlch is rot mznltored wczid therefore be a b o ~ t  2 . 7 %  of the sclar mercy 
harq.-est . 



PART FIVE - SLAB STORAGE HEAT EXCHANGER EFFICIENCY 

The slab storaqe heat exchanqer is constructed of hiqh molecular weiqkt 
pclyethylene tubing. This material is replacing copper tubing ir, radiEnt 
panel applications. It is manifolded to achieve reasonable pressilre 
drops and appropriat€ flow through the system. The Final Technical Reporc 
by The National Bureau of Standards reports that the heat exc?~cnqer "is 
superior to copper becagse it is lower in cost, can be installed uitho~t 
inaccessible joints, and has low friction losses, high resistance to 
corrosio~ and a long service life. The pipe1= low cost permits reda~denc). 
in design."(l.2) 

Figure f 2  is a temperature profile which was observed at 11:09 on Zulian 
day f297 (Octcber 2 4 1 ,  under conditions of strong sunlight all morning. 
Under these conditions, stcraqe temperatures are nor uniforic (with ?ert?Er:r:::-: 
higher about the pipe than throughout the mass in q~xeral!, and energy 
outpgt cf the solar panels is high. 

Collector terperatures are more closely coupled with the Ey',eraqe slab 
tenperature under conditions cf less intense sunlight or when storaqe 
temperacures are more uniform (in the A M ) .  

Undcr the observed ccnditi~ns or? Zulian Day f'297, the ccllector ,/slab heat 
exchanger, operating with an efficency of .67, harvests 97.3% of the energy 
which wculd be harvested by en ideal heat exchanger (one of infinice are& 
and length). (61.C% of the available insolation vs 62.76) 

k heat exchanger having two times the length an5 area of the reference desi~r: 
would hzrvest 98.7t while an exchanger with one half cf the length and Ere2 
of che reference decig3 would harvest 91.95. 

It would appear that the reference heat exchanger has a size which is ?f f?cr i : . c  
and in the cptimal range consid5ring cos,ts and benefits. 

Redundency in the desiqn is also apparant as the lcss of one half of t h ~  hesc 
exchanger would resuit in a systen performance loss of only 5.4%. 

PART S I X  - HEAT LOSSES TO THE GROUND 

Figurc P 3  is a ternperat-are profile of ground temperatures observed in the 
iatter part of Janubry, 1983 when earth temperatures were at tneir lawesr. 

The temperature of an unheated slab under the design conditions is est-irlate5 
to be 60 degrees F. The ter:?erature of a slab which is at a temperaty>re 
which would fully heat the builfiing to design ccnfiitions is 68 5egrees F. 

The additicnal heat loss which results fron this 8 degree additionai 
--  -.. remFe:acul.e seql-lire~crt woilld be 61 2 RTI: hour ir! the reference test b--' ld'-,c 

or 75 of the l;~lldin?'s a\?eraqe heating derand if the grc.un6 LenEa:h t h ~  
pc1yst;;renc i ~ s ~ i a t i o n  presented.no additional capacitznce or r e s l s t a ~ ~ c ~  to 
heat flow. 



Cold  Out. 1.c.r 
F] .u id  t empcr ;~ tu re  = 85''I'' 

n / # A 4 4 - -. 
D / 

/ 
To- .- - 0 0 - I 

4 7 3 '  .c' n I 4 a 81, 4 u 3 - .  b 

0 

. b + 
h .  \ - 

7 8 7 7 

. L- Y 

C0nd.i. t: j r jns  
F i g u r c  # 2  Oct.c,111::1. 24 , 1 1 : O!tAM 
S'laI> I!cat e x c h a n g e r  p c r F o r m n n c c  

h h  1 2 1 ~ 1 1 .  :;t.rl.l, II:=L~T)U'I'U hr- 

n n \ 
$. 

I 
i . t  - Sol ~r { . ) 1 , 1 t ' p 1 1 t . . = 4 2 ,  

3 13'1'1. 1 / 1 1  K' 



Average  
nmlu ien t  
teml). 1 7 O  

0 
J a n u a r y  



This cal;acitance azd resistance to heat flow is .observed however, and the 
phcnome7:sz wili r3s121t ic a iower heat loss than is calcvlated aSo\,e. 

It is nored t h ~ t  additional comfort can be provided by a radiantly heate2 
floor. 

The Final Techr.ic~1 Report by The National B'ureau of'standards notes the 
following a b o ~ t  radiant panel systems, "...such systems function on the 
basis of providinq a cohfcrtable environment by controlling surface 
terrqeratures and minimizing excessive air motion within the heated space. 
The occupant is not aware that the environment is being heated. As learned 
fron physiological stadies, the mean radiant temperature (MRT) strongl!. 
influences the feeling of confort. When the temperature of room surfaces 
besin to de\?iate excescivel:. from the amhient air temperature of the h e a l e d  
space, it becomes diffictdlt for convective systems to counteract the resilltir,: 
ciscorfcrt felt by the occnpant. L,arq~ surface heating psnels neQtrslizc 
tf-!is J ~ ~ i c i e n c ) : a n c r ; . l r , i r n i z e  excessive radiatinn l ~ s s e s  f r o m  thc oeeupar1~'s 
L~ay."t I. 3 )  

Calc,:lations by Swisher at the Solar Enerpy Research Institute suggest thzt, 
"Inzroducin~ a wsrrr, radiant ssrface ir! a passive or hybria design raises 'I; q? r 
(mean raciant terr,perature) usually above T . This allows the comfort leve, 
to be achieve6 at a lower roar: air tenperafure, . ..Reducing thc thermostat 
set temperature by this amount decreases the heating load by a b o ~ t  10% in 
most clirna~es." (1.4) 

PART SEVEN - PERFORMANCE 

System perf~rri~ace as discussed in this section refers to solar heatino 
fractions ana sgste?) prod~ccivities which, occur when a pzrticxlar hearing 
sysrer is applied to a particnlar load. 

The Solar Optioz One heacing system stores and releases sclar energy in a 
passive mar'nsr. The storage element is integral with the building ~-velo?c 
and its therrai capacitance buffers the various energy flows such that tile 

Interior tezperat~re rends to rexain within the comfort zone despite the 
varyi r12  enerqy gains and losses of the building. 

?'he amount of thermal mass strongly influences the degree to which an inpvt 
of solar energy can meet a building's heating load (solar heating fractior.). 
If thermal'mass is inciequately large, lower solar heating fractions rezslt. 
In the passive instance, the mass is overcharged, resulting in urlacceptabl!' 
high roon temperatures ~ n d  a dumping of heat. In the active instance, 
storaae temperatures T ~ S F  t.0 the point whcr-e col.lec~tur e f f i c i e n c y  1s lmgilre? 

The Solar Option One thermal storage subsystem differs from convenLiw11a1 
active and passive systexs in that the storaqe is uniquely large. In the 
experic~entel test structure, t b ~ e  storage mass contzins 1 , 4 4 0  cubic feet of 
coE=rete an5 pecked g r ~ v ~ l  and weiqhs over 70 tons. The increment~i cos: 
of this =to:-eq~ is ri! ir! the slab on arade bgllding. 



The temperature of an unheated floor slab is coupled more closely to the 
mean radiant terpcrature than to the thermoscat set temperature in a 
con\,ectively heated building. The floor slab loses radiant heat tc the 
relatively cocier walls and windows. In a building under moderate hezrinq 
load, the floor terpErature will be approximetely 5-10 degree F cooler :kc:: 
the thermcstat setpcinc. 

The tenperatare of a floor slab which is heated sufficiently to mainteifi 
room tezperatare in a builZinq insulated to modern stand~rds will be 5 - 1 C  
degrses F a S ~ * ~ ~ e  room temperature under moderate heating load. 

If ~ c c e ~ t a b l e  dzytine comfort levels lie within a room temperature rezqe 
between 65 degrees F and 78 degrees F, storage temperatures c ~ u l d  ran:E 
between 60 degrees F (when fully discharged) and 83 degrees F (when fully 
charged 1 .  

Figure 2.23 shows the response of the residence (via slab and inside 
temperztures) to the outside temperature and solar collector inpt~t for six 
days in Jazuary. As showr,, the interior is maintained at a reasonabie coxfcr 
level eespite wide fluztuarions end low ambient temperatures. 

Table 2'.20 gives a sum-r:ary of rne cysterr! performance on a month by month 
and seascnal basis. The months of Kovember and February showed very hi95 
solar heating fractio~s (-97.6% and 93%) of the controlled heat reqxiremer!t 
without the need to dump heac by ventilation. 

These observaticns suggest that the slab storage subsyster, is large enc.~g!-: 
and effective enoagh to enaSle high solar heating fractions in cold monchs 
withoat the d i ~ i n i s h i ~ g  retarns associated with periodic overhea~ing. 

Observations of cther bcildings in Vermont using Solar Option One heatin? 
system indicate the: roon temperature as cor~~ared to thermostzt set 
texperature depends upcn the solar heating f-acticn at the tim?. 

When solar h~atinq fractions are in the vicinity of 50% on a monthly basls, 
actual room tenperatures are coupled fairiy closely to the thernostaz set 
temperatures. 

Observations at the experimental test site during months with higher soiar 
heating fractions (November and February) show that daytime temperatures 
ranged up to 13 degrees F above the minimum thermostat setpnint. A daycize 
terperature profile would resemble a bell shaped curve with few obserl-a:ior:s 
about the 65 degree ~irimum, the majority of observations about 5 decrees 
above the setpoint within the full comfort range and a feu observations at th 
high end of the acceptable temperature range. 

The heat loss of a Vermont building in January which has an averaoe 
temperatvrF s f  70 deqrees F will be eleven percent greater than that of a 
bailding w?-,ich maintains 65 de?rees. 

I K  wculd seer thet z solsr enexs!. input of at l e ~ s t  111% of t h e  celc2lete6 
load w ~ l l  b e  req-ired tc produce e terr.serzt2ze pr~file i f i  which fex 
obser\>ations are seen at the thermostat setpoint (a high solar h ~ e ~ i n g  
fracticr.) . 
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SYSTCM PERFORMANCE SUMWRY 
(A1 1 Va Iues i n  IJII i t-s o f  1000 O t u )  

. . 
Heat i ng Loads E l  c c t r i c a l  Energy I n p u t  

Simple -Comput&- Auxi 1 i a r y  Pump i ng Appl iance To t a  1 
Month AStiI:AE Model Heat i ny rincrgy E ncrgy Energy E l e c t r i c a l  I n p u t  

November 3,830 2,038 4 1 177 505 723 

Decmher  5,423 3,447 65 3 123 522 1,298 

January 6,576 4,472 85 9 143 522 1,524 

February 5,564 3,655 751 164 47 1 8R6 

March 4,824 2,742 0 187 522 70 4 

A p r i l  - 3,259 --.-- 1,409 188 505 - - - 693 --- ----- 0 --- --- .. - 

T o t a l s  29,576 17,763 1,004 97 7 3,047 5,823 



Roo3 temperatzres in a building with a radiant floor slab tends to be 
variable depending upon the degree of heating load which is p!aced the 
builcing. Heatins loads d.2ring the night arehigherdae tc ti.1~ absence of 
passive gains, a lower am5ient temperature and a lessenin2 of in~ernkl 
gains. A higher temperature eifference between slab terriperature and roo? 
temperature is req2ired tc meet the higher load. These phenomeza res:~lt 
in a lower r.ightti~oroom temperature and in effect give a naturai r.ic!-,t 
setback. 

PART EIGHT- SIMPLIFIED PERFORMANCE METHOD 

An objective of the simplified performance method is to pro\-ide a pre5ic:icr. 
tool which can be used by persons with basic arithmetic ana'graph rezdinc 
skills but little knowledge of solar heating design. 

Ancther objective is to present information about thc performance oi 
Solar Opticn One heating desigr in a way that is more fasiliar tc p e c ? l ~  
who work with conventional heating systems (BTU OUTPUTS, etc.). 

Acy simglified prediction tool makes certain concessions to simplicity at 
. - 

the expense of precision. Section three provides a detailed coxpxrer nerr~nc 
wtiich can be used by those who require a higher level of precision. 

The method prese~ted here will yield results which are sxfficiently accurare 
for mcst residential and small corrmercial appljcations. 

An important assumption is that a nighttime setback of about 5 degrees is 
acceptable and that temperatzre excursions within the corfcrt range (65-8C 
decjrees F )  are allowed. It mxst be emphasized that the method is base6 ox 
iozg:err2 averages cf bl~ilding load and solar insolation. The perfor~~ance 
preaicticzs are therefore also averages. Actual performance, s~rcicziari}. 
or a monthly basis, can and probably will be higher or lower 6ep~n6ins 2p3r 
these weather related variables. 

The method standardizes important variables such as collector perforri,ance, 
heat exchanoer design, flow rates, control scheme and the arno2r.t of th~~i~icl 
rr,ass to those values which were seen to work well in the research prograe. 
It is assumed that "prepackaged" systems will be developed which wouid 
eliminate the need for the end user to deal with these variabies. 

The five step method is: 

STEP ONE - Calculate the average monthly heating BTU output of the sclzr 
collectors (5'). [HVGrage monthly solar insolatio'n in BT3's;fr 2 

for the particular tilt angle is multiplied by the Efficiency 
factnr ( i Q S 1  and thcn by the square IuuLdge of rhe callectcr arrE;. 

STET TK3 - Ca>culare the average mcnthly heating load of the strucrare ~ s i z c  
stand6rci methods. (L,) 

THF,EE-calc:~lat€ 9TL-c f,ar;:ected per ET2s required ( S ' , / L )  by ciiv;Einc 
r?suits cf Srep Orje by the results of Step Txc. 



STEF FOYR - D~ternine the Solar Heating Fraction (SBF) froic a c r a p h  c r  w i t h  
the r~laticnchip below. 

1 .  If S ' / L  is greater than 1 2 0 6 ,  SEF e q ~ a l s  1.6: 
2. If S'/L is less than 8 0 % ,  SHF equzls S1/L. 
3. If S'/L is between , 120E  and 8 0 6 ,  interpolate b; sclvin 

SHF = . 8 +  S1/L - . 8  

2 

Mcnthly Solar Oqtput/Heatinq' L ad ( S  ' .'L) 
F i g x r ~  # 4  Solar Hearing Fractlon ~+9ColarioI: 

STEP FIi7E - P r o d ~ c t i v e  e-ero), produced equals SHF X L. 



T h e  h e a t i n g  l o a d  o f  t h e  d o m e s t i c  h o t  w a t e r  c a n  s i m p l y  b e  a d d e d  t o  t h e  s F a c e  
h e z t i n o  i o h d  i f  d e s i s r i  i s  s u c h  t h a t  s o l a r  e n e r g y  w h i c h  e x c e e d s  t h e  s ? a c ~  
h e a t i n g  icsc' c a ?  bc a ; j p l i e d  t o  t h a t  u s e .  The m e t h o d  w i l l  o v e r s t a t e  t h e  3Ek; 
a c t u E l l y  p r o d u c e d  t c  some e x t e n t  d u r i n g  t h e  s w i n g  s e a s o n  b u t  w i l l  no: g r e E t 1 . :  
a f f e c t  t h e  o v e r a l l  p r o d 2 c t i v i t y  c a l c u l a t i o n .  

d 

E x a m p l e s  o f  t h e  c a l c ~ l a t i o n  a r e  p r e s e n t e d  b e l o w  f o r  B o s t o n ,  M a s s a c h u s ~ : ~ :  
a n d  D e ~ v ~ r ,  C c i o r a d c .  

C a l c s l a t _ ~  S c l a r  H e a t i ~ g  F r a c t i o n  a n d  p r o d u c t i v i t y  f o r  a  b u i l d i n g  l o c a t e d  i r  5 2 ~ : ~  
M a s s a c h . ~ s e t t s  h a v i n g  a  h e a i  l o s s  c o e f f i c i e n t  o f  2 0 0  BTiJ /hour /deg ree  F  znE 
a  s c l a r  a p e r t u r e  o f  2 6 3  f t  ( s e v e n  4 '  X 1 0 '  s o l a r  p a n e l s ) .  

STEP ONE 

SCL$E RA?IAT70K 
ETL/ft 6 0  a e g r e e  t i l t  

J A. r\? 
FES 
FAAR C Ii 
A F R I L  
KL Y 
JVKE 
JLLY 
A?G'L:ST 
SEFT 
O*C? 

Q7,7 

DZC 

J A N  
FE5 
K4RCH 
A F Z I L  
MF. Y 
JZ?;E 
JLIL" 
,$C!L;:JST 
SEPT 
GC 7 
K. 2';' 
D 5 C  
T n t  p l  

FFFICIENCY 
FACTOR 

CEGREE C A Y S  D A I L Y  HEAT LOSS 
BASE 6 5  PER DEGREE F 

(UP. X 2 4 )  

COLLECTOR 
AREA 

MONTHLY DHK 
HEAT LOAD 

AVERAGE NO!<'l'nL r 
BTZ OL1TF2T (FEY; ) 

TOTAL EZLT;IiG 
LOAD ( M 5 3 L )  



7 7~ h;. 
C r.. 

FEE 
MkF;Zi-! 
kF5.1 L 
w. Y 
JY\-\'E 
J U I ' J  
,E.?G;:_CT 
SETT 
OCT 
NOL' 
DEC 

STEPP 4  
SHF 

STEP+ 5  
U s e f u l  e n e r q y  p r o d ~ z - 2 5  

Annua l  SHF 3 6 . 7 2 8  
4 5 . 1 1 1  

2 
P r o 2 n c t i v i t y / f t  = 3 6 , 7 2 € ? , 0 0 0  = 1 3 9 , 6 5 0  

2 6 3  

EY.k.h:FLE $ 2  
Ca lc : i ace  SHF a n d  p r ~ c ? u c r i \ ~ i t y  f c r  a  b a i l d i n g  l o c a t e d  i n  D e z v e r ,  C o l c r ~ 5 c  
h a ~ ~ i n q  a ~ E E E  l o s s  c o e f f i c i e f i t  o f  2 0 0  ~ ~ i l / h o u r / " ~  and  a s o l a r  a p e r t u r e  
o f  1 5 0  f t L  4 ( 4 X 1 C )  s o l a r  p a n ~ l s .  - 

SYE? 0 x 2  - A v e r a c e  m o r , t h l y  ET:! c u t p x t  

SG?.:.? R.kTIATI OX EFFICIEXCY COLLECTOR F.\'ERF.GE MO!?TI.'LY 
EiU;f?L 6C a s q r e e  c i i t  FACTOR AREA BTU OCTPZT (MET:; 

J>.K 
FEZ 
MF..F.CH 
kTFi I L 
MF;Y 
JUIiE 
JULY 
AUGLJST 
S E P T  
OCT 
NO\' 
DEC 

S T E P  TW3 - Load C a l c u l a t i c n  

7 7 ,  F; 
L n. 1  OE6 x 4 8 0 0  
FES OG.2  
IL'I;:~CE e sa E- 
A;.?; L. d L  r 7 r J 

Kv?,F.Y 7 5  3 
JCNE 6 C 
JULY 0 
AUGYST 0 

Space h e a t i n g  DHK 
l o a d  

- - 5 . 2 2 2  + 1 . 5 4  = 
4 . 3 3 0  1 . 3 ?  
4 .  1 6 6  1  - 5 . 4  
2 . 5 2 C  7 - 4 9  
1 . 2 1 4  1 . 4 9  

. 3 8 4  1 . 4 9  
0  1  :54 
0 1 .54  



CEC 1004  
T o r a  1 6 6  i 6 

J 2 L Y  
AUGUST 
SEP'I' 
OCT 
NOV 
DEC 
T o t e l  

UAXi4 S p a c e  H e a t i n g  Dm' T o t a l  h e z t i n c  
L o a  c3 loas ( p z v . -  ,- z - I 

4EGG - - . 5 7 6  + 1 . 4 9  = 2 . 0 6 6  
1 . 9 5 8  1 . 5 4  3 . 4 9 8  
3 . 6 8 6  1 . 4 9  5 . 1 7 6  

STEP 
SHF 

STEP # 5  
U s e f u l  e n e r g y  pro5:cc 

( BTU ) 
3 . 9 2 2  
3 . 7 7 5  
4.393 
3 . 5 6 9  
2 .754  
1 . 5 4 0  
1 . 5 4 9  
1 . 5 4 0  
2 . 0 6 6  
5 . 4 9 6  
3 . 7 7 8  
3 . 6 6 8  

3 6 . 3 9 5  

A n n u a l  SHF = 3 6 . 3 9 7  
4 7 .  GO5 = - 7 7  

~ r o f j ; l c t i v i t ~ / f t ~  3 6 . 3 9 7 / 1 5 0  = 2 4 2 , 6 4 7  BTC 

PART NINE - PE2?OR.N.ANCE AND CCST FERFORMANCE ANALYSIS: THE EOLAD OTTIO!< O!<E 
FiE7-.TII?G SjSTEM v s  REPRESLNATIVE ACTTVF AND PASSIVE FYSTEVC 

T e b l e  s i x p r e s e n r s  s y s t e i i ,  p e r f . c r n ; a n c e  a n d  cos t  p e r f o r m a n c e  d a t a  f o r  t h e  S c l a r  - .  O p t i o n  O n e  h e a t i n g  s y s t e r r :  a n 6  t y p i c a l  a c t i v e  a n d  p a s s i v e  s y s t e m s  when i n s r a i i c  
i n  a r e p r e s e r ~ a t i v e  r e c i d e n t i a l  d w e l l i n g  l o c a t e d  i n  B o s t o n ,  Massachusetts. 
(UA=200 B T E / h r / F )  

T a b l e  f i v e  p r e s e n t s  t h e  d e s i g n  p a r a m e t e r s  w h i c h  were u s e d .  

TAELE F I V E  - DESIGK FAF.A?IETERS FOR THREE SOLAR HEATING SYSTEMS B o s t o r i ,  
M a s s a e h a s e t t s  

HU:i ' l  ',!L PASSIVE SOLAR B ~ R T Z C  ELLS 

2 
(TSOMBE Kk$L,VENTED) 

COLLSCTO? AREA 2E3 ft 2 6 3  f t  2 6 3  f t  2  

P-ESOESER SURFACE s e l e c t i v e  n o n  s e l e c t i v e  sel  e c t  j ve 



ACTIVE PASSIVE SOLAR EEATED SLA.2, 
(TZOMEE WkLL,VEKTED) 

COLLECTOR TILT 6C deqreec 90 degrees 60 degrees 

STORAGE VOLUXE 66.8 ft3 263 ft3 1,440 ft3 

STORAGE CAPACITY 15.e5 
(BTU/F/FT~ solar apert-re) 

NIGHT INS2LP.TION 17 7, R=9 N A 

HOT WATER PROVIDED? yes no yes 

'TAELE SIX - SYSTEM FERTOXKANCE AND COST EFFECTIVEKESS DATA Boston, 
Massachusetts 

ACTIVE PASSIVE SOLAR HEATED SLP.F 

SPACE HEAT (MET;) 18.35 
( SOLAR FRAC'TIOK ) .68 

DOMGSTIC HOT WATER 12.41 
(SCLAR FRACTION) .68 

TOTAL EKERGY DELIVERED 30.76 14.57 36.73 

IKSTkiLED COST li,500 (1564) $5,500 $6,6CG 

In actual practice, cc;lsarn~rs whoelectto install a Solar Option One heatinc 
system instead of a conventional heating system take a furnace credit on 
the backup heating equipment which varies on a case by case basis. 

Some consumers will downsize the backup heating system fror! typical deciqn 
heating requi~ements. Others 6usbtitnt.e a heatinq system with low capital 
costs and higher operating cost (electric) for one with high capital co-crs Ic,':r 
lower operating COSTS (oil or gas). Others use a low cost manualiy operate? 
backup heating source (wood or coal stove). 

A consumer who takes a $1,500 furnace credit wily have an incremental cost 
for his solar hearing systeT o'f 55,100 in the reference case locared in 
~oston, Massachusetts. 

His solar investment will .}ield. a 12.66 return on his investmert (tax free) 
ir! t!.~t: first yc3r if oq.;iva;ent errerqy would cosr S i ? .  58/MBTC or 6:/KK.\"-'. 

The perfcr~2:ce of his in\:es=rr!ent will increase over tine if the price ci 
conv~ztiozal energ!. rises dae t~ escaiaticn andior infiation. 



These calculations do not accoLr!t for solar tax cl-edits. Tct the extent that 
they may apply, cosr perfor~:a-ce imprcves. Higher cost periorrr,ance is also 
ts be expecred in ssr~nier an3 rr.ilaer recjicnc. 

Under a variety of cost benefit calcxlations which factor depreciation, 
avoided energy costs, avoide2 capital costs in the convent.iona1 syster., the 
value of invested capital, inflation, etc., the Solar Option One heeting 
systerr yields attractivs rerurns in the flrst year of operation with hiqh~: 
returns to be expected in the future. 

C6nventional enerqy prices are an aggregation of the prices of "old" enerqy 
and the price of "new" energy sodrces (new electric plants, cff shore oil, 
new clean coal plants, sy~thctic fuels, etc.) The "new" sources of enercy 
are considerably more expensive than the sxisting sosrces which are being 
deplete%. 

It is' assumed that if a particular "new" and renewable enerqy source has a 
cost beneflt which is attractive when cornparrr; to conver:io~al e n e i g y  prices 
its p r i c e  is ever, more fa\~orable when compared to the other "new" conve~tion~. 
energy sources to which it is more appropriately com2ared. 

PART TEN - MECHANICAL P E R F O R m B C E  

Applications of the Solar Option One heating system have been operating in 
the fieid for five years now. Preliminary information suggest that these 
systems should provide a long and relatively trouble free service life. 

The Solar Option One is a simple system with few moving parts and fever 
compDnenrs than either active solar heating systems or conventional hydrcnic 
system. 

Most componenrs are identical to those of conventional hydronic heatin; sysce: 
These coTponents have achieved very high reliability due to their long 
development and serl7ice history in conventional systems. 

'I'he pump should: last a 1039 time due to low operating temperatzres and good 
lubrication bp the glycol fluid. Kc pumps have needed replacenent to dare. 

The solid state controllers have proven very reliable and none have been 
replaced to date. 

The glycol heat transfer fluid is showing good service life because of lo* 
o p e r a c i n g  temFeratures and lack of exposure to aik (oxidation of glycol tc 
glyccloc acids). Glycol sclutions which have been in ser~~ice for five 
years are still showing effective lev2ls of corrosion inhibitors. 

AScslve Le~t.inp of r h e  piastic slab heat exchanoer tubing was conducted. 
Repeated dumping of collector fluid at stagnation temperatures ( j O Q + F ) ,  
prodzce? no ill effects. Prclonged Exposure to ver), high flzi? tezserat-r~s 
ian improbable eve5t which reqz2ires ~uitiple simx:tazec.;s nyste7. f ~ i l u r ~ ~ )  

..- - csn cal~ce failure cf tk,e 2c.irt at the plastic to copper ccr.r;ec=ic.:. T'-,'c 
eve-t leakes the giycol transfer fluid into the gravel bed and ~5,::s cox: 



the system completely. The joint, which is accessable, must the? be remade. 
KO damage to the pipe itself occars. 

The heat exchanger tubinq is fiexible and resists considerabie cracking 
of the concrete slab. 

The following section will fulfill the DOE repcrting reqnirements for E 

statenent of the planned nex1 step which will be taken to adva~ce tbz stzt.-s 
of the invention towards the goal of introducing a new product to the rnzr;<~~. 

TECHNOLOGY TRANSFER - This portion of the work will transfer knowledge of 
the invention's properties to a broader segment of the public. Whereas tk:~ 
invention is a simple, unpatented design approach, the technology transfer 
will req~ire the cooperation of the various solar trade pc~lications, 
architectural and engineering journals. If The Department of Enerqy fezls 
tklat this work should be published, a statement to that effect wosld 
facilitete the effort. The inventor and other mezbers of the research tea!? 
will prepare papers and respond to inqiiiries to 'the extent mas-resc:rcesgzrrr.; 

FRODUCT DEYELOPMENT - If the opportunity exists, the subjectinventi~n will be 
incorporated into a brcader prodact line of heating and cooling systezs w : - ; i ~ t :  
will be mcre responsive to current and future energy situations than the 
producrs cnrrfntlp available. These hpdronic heating systems will emphasize 
high thermal mass, low initial cos:, and simple conversion capability to a 
number different energy sources inciuding solar. 

Heacing syszems with higher thermal mess prolride benefits which slre cf 
interest in todays marketplace, 

When electricity is the chcice (usually because of low initial cost), it is 
mcst efficiently and economically used during "off peak periods". The 
utility and the society at large benefits when utilities have high load 
factors. The need for expe~sive new generating plants is reduced dse co 
more efficient management of the load. The consamer benefits in most 
regions by the availability of low "off peak" rate structures. k hich 

rloL water thermal mass electric boiler is essentially a modified domestic ' 
tank. These units are low in cost due to mass production and will be 
conipar,alle in pricc to consrent.i.ona1 hydronic heating systems. 

If solid fuels are considered, additional thermal mass provides conve~iencc, 
efficiency and low emissions. Conventional installations must bc attend~z 
to frequently, and are are usually "banked" (shat down with a lozd of fuel 
remaining) in order to control. heat ogtput. This practice results in 
pollution, creosote and poor temperature control. 

When solar is consider.ed, either initially or at. some future date, adeqctr~ 
thernal macs'im-,ro\~es efficiency, perfor~ance and cost benefit. If a g c ~ c  
cor!\ientional heatin? c j ' c t ~ ~  is seen to haye a higher level of therrr:~? . .ZSE-C. ,  
the i n c r e m ~ ~ t a l  ccsr of csin? sciar heat is the cost of ths s o l a r  p n ~ l s .  



Products. will come in the form of "packaqec! systers" in order to lower COSTS, 
sisslify design, decrease installation problems and Fresenr the prc.3uct i r ;  
a format sir.ilar to cozvsntional heating system and thzs more fa~iliar tc 
the pdblic. 

The production and characterization of convertable heating system w o : ~ l c  
benefit individuals and the society at large by proviein9 resiliency a n 3  
flexibilit\, in the present uncertain energy situatior?. 

FURTHER RESEARCH - The Solar Option One research program has ssggested t h e  
folloving corrollary applications: 

RAPIAKT COCLJNG WITH COLD WATER .SLIPPLY 

OPERATION - Cold water from the supply passes through a heat exchanger w i t h i r :  
the slab on its way to the fixtures, Heat i..s extracted from huildirr5 iir: 
r h c  process. 

AFPLICATION - Slab on grade structures in climates with a coolina l c a d  and 
appropriate ground wacer cemperatures. Assumincj a water s u ~ p l y  terrr,perat:re 
of 55 degrees, a design temperature of 78 degrees, consxption of 3 0 0  
qzllons per day and a heat exshangcr efficiency uf 905, k 8 1 , 6 6 7  ~ ~ 2 s  Fsr c a y  
will be extracted  fro^^ the building by this natural flow of energy vhich ic 
present whether it is used or not. This application has very low ir.itisl 
cost an2 of course no operatinq cost. 



to lower the moisture content.of infiltration air. In dry arid climates, 
the applicatio~ will e~haace comfort by not lowering the n c i s t ~ r ~  co:cen: 
of rooz air. 

RADIANT PXtGEL HEATING WITH DRAIK DOWN SOLAR AND COLD WATER SUPFLY GOSLING 

OPERATIOR- Solir heated potable water is circulated through the slab w!-;en 
needed for space heating. Supply water passes through the slab on its way 
to the fixcures and draws heat from the building. During the h~azinj sessor, 
supply water bypasses the slab and goes directly to the fixtures. 

APPLICATION - The application can be used in temperate climates where freezf 
protection is less preszinq and where cooling loads exist. Excellent ccsr 
perf~rrr~ance is predicted due to lowered initial cost (eliminatioz of ti-,€ 
glycol loop) and low cost cooling. Very high solar fractions car: SE expezze5 
i~ moderate climates. 

INDIRECT RADIANT HEATING KITH SOLAR, OFF PEAK ELECTRIC OR SOLID FUELS 
/ 

OPERATIONS - A "second story" above a radiantly heated "first story" is 
heated by transfer of heat through the floor cei3ing structure. 

APPLICP.EILITY - The method applies when a full basement is used.or wher. a 
second story is provided with slab on grade construction. 

Some knowledge of the mechanisms involved was gained in the testinq proqra:. 
The tes: b2ilding is a two story structure. Ternperatares ir; the secoz5 
story are.couple6 wirhin iess thar; 5 degrees of the first stcry on beicw 
zero k. nlg! :ck .  l i . ~ ; i ~ ~ s  ef v c r y  cmall amodntq nf z~~xiliar); eriera..: tc t f : ~  
recc-6 flocr will eqzElize 5einperatxres indic~tizc that the prly:ar>. heat 
transfer m~char.isz is probably radiation through the fioor razh~r char. 



convection through the stairwell opening. 

Mar:y Verrrlsnt Suildincs are now being fully heated by wood stoves ir! the 
baternerir. Infor-cation on these me.char,isms however has not been characterize5 
in a mEnner tk,at wczld be useful to a designer. 

Rh3iANT NIGHTTINE COOLING WITH UNGLAZED SOLAR COLLECTORS 

@?ERA.TI@!< - Sclar thermal energy is harvested during the day in the 
conventional r~anner and put to some use other than space heating. The 
bl~ilding is cocie6 at night by radiating heat to the nighttime sky via ths 
c n q l a z e d  solar ccllectcrs. 

AP?LICCATIOK - Ciimates which have cooling loads, particularily arid regiczs. 

T ~ E  high efficiencies which were observed in the Solar Option One testing 
program sdgqest that the ccv.er sheet in the solar collectors may' .nozreel i) :  
be needed in milder climates at low collector operating temperatures. 

At high operating temperatures, the cover sheet lowers heat loss  fro^, t h ~  
panel by absorbing energy radiated from the absorber plate and by 
sheltering the pans1 from convective losses. 

The cover sheet alsoblocks about 20% of the incoming solar radiation b). 
refraction, reflecrio~ and absorbtion. , 

News~lecrive abscrber coating techniques hail€ decreased the impcrtance ci 
the co~ler sheets ability to trap energy which radiates from the abscrher. 

A favoraLle pc:entizl exists to develop a low cost, low tezperzture sc!zr 
ccllectcr whick woxld have a partiaily selective, weather resisteri abscrLer 
and no cot.ver shee:. 



A solar collector such as this may produce heating efficiencies comparzL1E 
to thcsc observe5 in The Solar Option One testing prograrr: with siazed 
scizr panels. 

A nigi->ttime coclins benefit coupled with possible spa or pool heating 
dorir:~ warrr. months cozld result in very high prod~ctivities. 

SOLAR RkDikNT PAKEL HEATING WITH PHASE CHANGE MATERIALS 

OPERhTIOX - Active solar panels charge a phase change material (euteczic 
salt) located wi~hiii the b~~ilding envelope. Heat transfers frcrr.stcra?e ir.e 
passive manner bj radiation and convention. Phase change moddies are 
installe? within interior pertitions and floor joists. 

AFPLICAEILITY - P h z s ~  change materials can store 15 time mcre enercy tt~~r: . - 
, an e.q~:vaiezt voluns of rresonzry material within a 15 degree terr2eratgre 
swing. 

The deveiop~ent of this a2plication wouid lead to retrofi.t possibilities 
- .  and ap;ilc~tion of sclar radiar,: pans1 heating systems to r,ulti-story 

s t r u c t ~ r ~ s .  



Statement of the status of the invention at the completion of the..Grant 
perioe. 

The increesed use of solar er~ergy is widely viewed a s  desireable. 

Significant market penetration of solar heating applications have been 
limited by a number of factors. The more important ones are s~m~~~arized 
below. 

1. A need to reduce initial cost. 
2. A need to improve efficiency. 
3. A need to improve overall performance. 
4. A need to reduce complexity and improve reliability. 
5. A need to reduce the architectual constraints which solar 

dssign izpcses. 
6 -  a Fleed to.develop standardized desiqns with reasonable cnqt 

benefits over a broader range of climate conditions. 

The research and development progrem has shown that the subject invention 
offers significant adi-anta2es in each of these areas. 

The benefits which the inver;tior.offers were theoretical at the beginning 
of the R 6 D effort. These benefits have now been demonstrated in 
practice and have been verified by independent testing. 

The anderlyinp th~rrr~od)~nazic mechanics have been characterized in a 
manner than can LE verified by others. 

Opportunities to lower the installed cost of the invention (packaging, 
stand~r2izet~c::,otc)have been identified. 

Theses opportunities could lower installed cost by about 350. 

It would appear that the prospect for market penetration have imprnv~d 
as a result of the federally sponsored research and dev'elopment effort. 



An o~inior! of the effectiveness of Federal support in the evaluatior., 
fun2ing, acd ~ i h ~ r  sspport, a s  it affected the grantee's ability to 
develop his energ). related in.,:sntion. 

The grantee feels t!-,at Federal support wgs effective and indispensable 
in the'development cf his invention. 

The evaluatiorf process at the National Bureau of Standard iq time 
consarning but very throagh. This throughness Is appreci~ted because it 
is easy to miss impcrtant points with a cursory investigation. 

The investion was simply nct ready for significant market penetration 
prior to federal support. 

The free marketplace is often reluctant to undertake the research and 
de\~elopmer:t of simple t.echnoloqies if proprietar): ownership of ths 
technoloay is uncertain. Furhermore, iaproveme:;ts in efficiency a r , e  not 
always welcome if these impro\leirtents would resalt in the saie of less 
material. 

The inver,tor agrees that it is often desirable for the free markerplace 
tc make decisions abo:;r which development efforts will show the cjreztest 
pr0rr.i se . 

The inventor sppreciates the abi'lity of the Department of Energy to 'show 
fisxibility in the application to this principle when appropriate. 
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2. EXPERIMENTAL TEST PROGRAM S U M E I R Y  

2.1 Ob jec t i ves  

The o v e r a l l  o b j e c t i v e  of t h i s  phase of the  work was t o  c a r r y  ou t  a  

d e t a i l e d  i ns t r umen ta t i on  and performance measurement o f  a  f u l l - s c a l e  opera- 

t i o n a l  t e s t  res idcnce  us i ng  a  s o l a r  heated s l ab .  S p e c i f i c a l l y ,  t h e  system 

t o  be t es ted  was a  res idence i n  Lyndonv i l  l .e,  Vermont c o n s t r u c t e d  by  t he  

Solar  Opt ion One Company. I n  t h i s  s e c t i o n ,  we w i l l  desc r i be  t h e  o v e r a l l  

system, data c o l l  e c t i o n  ins t rum.en ta t ion ,  data r e d u c t i o n ,  and t h e  resu l  t s  

of a n a l y s i s  f o r  t h e  exper imenta l  t e s t s  c a r r i e d  o u t  d u r i n g  t he  1982-83 h e a t i n s  

season. 

2.2 Ove ra l l  System D e s c r i p t i o n  

2.2.1 Residence 

1. General C o n s t r u c t i o n  D e t a i l s  

The dwel l  i ng has 1,400 square f e e t  o f  f l o o r  spa'ce on two s  t u r i  e s .  A 

gambrel t ype  r o o t  covers t h e  28 f t  by 24 ft s t . r uc tu re .  Standard 2 i n  by 

6 i n  f raming  (24 i n  on c e n t e r )  was used i n  t h e  w a l l s ;  2 i n  by Y i n  i n  t he  

grambrel roof  s i des  and 2 i n  by 4  i n  p r e f a b i r c a t e d  t r usses  capped t h e  roo f .  

The s h e l l  was sheathed w i t h  112 i n  a s p e n i t e  and covered w i t h  cedar  c lapboards 

on t he  w a l l  s and asphal t .  sh i ng les  on t he  r o o f .  The seven c o l  l e c t o r  a r r a y  

2  
(Gruman Model 3?A - 32 f t  pane ls )  faces  due sou th  on t h e  s teep  p a r t  ( i n -  

c l  ined 60 degrees) of t h e  gambrel . 

The house i s  w e l l  i n s u l a t e d ,  t h e  i n n e r  p a r t  o f  t h e  e x t e r i o r  w a l l s  have 

1 i n  now Glueboard ' i n s u l a t i o n  ove r  t h e  4  m i l  vapor b a r r i e r  f o l  lowed by 1  / 2  

i n  sheet,.-nrk. Oak f l o o r i n g  (7/16 i n  t h i c k )  covers  a q u a r t e r  o f  t h e  720 f t  
2 

slab-on-grade. On t he  r-cmainder, 1 /8  i n  1  i no l eu r l ~  has been l a i d .  



A 1  1 wit;dows i n  the house a re  double glazed (5/8 i n ) .  The window d i s t r i -  

butjon i n  the house i s  a s  follows: 

Edst 35 I'C' 

South 40 f t 2  

West 30 f t 2  

Ihe roof1 ine runs east-west and no windows ( w i t h  the exception of entry 

door glazing) were i n s t a l l ed  on the north s ide .  Insulat ing window shades 

were i n s t a l l ed  fo r  use a t  night. 

Special ca re  was taken during construction to  assure a  l o w  i n f i l t r a t i o n  

r a t e .  Also, the  layout of the i n t e r i o r  i s  open enough such that  z i r  c i rcula ted 

qu i t e  f ree ly  between rooms on both f l oo r s .  

2 .  Summary of Heating Load Calculat ions 

On s i t e  measurement of the t e s t  residence as  well as construction d e t a i l s  

supplied by the  Solar O p t i o n  One Cnmp,qny wcrc  used t o  dctcr l ~ l i r ~ t !  the h e a r i l l g  

load. Standard A S H R A E  procedures (Reference 2.1 ) were u t i l  i  zed t o  determine 

the various R-values. Also, a l l  framing. was assumed t o  be 10 percent of 

the area invol ved. The fol  lowing tab1 es summari ze the i ndi vidual resul t s  

of t h i s  analys is  and Table 2 .1  presents the  overall  heating load calculat i ,on 



ITEM 

S o u t h  
Doo r  
Windows 
W a l l  
To t a  1  

N o r t h  
D o o r  
W a l l  
T o t a l  

West 
k ' i  ndows 
W a l l  
To t a  1  

E a s t  
W i ndows 
W a l l  
T o t a l  

Roof 
C e i l i n g  
W a l l  

S l a b  

I n f i l t r a t i o n  

T o t a l s  

AREA 

( f t 2 )  

20 
4  0  

1 5 7 . 4  
217 .4  

20 
1 9 7 . 4  
21 7 . 4  

31 . 4  
299 
331.4 

3 5 . 9  
295 .4 .  
331 . 3  

41 8 
495 

U-VALUE (WLSHADES) U A  UA (W/SHADES)  
( f t 2  h r  O f / ~ t u )  ( B t u / h r  OF) ( B t u / h r  OF) 

TABLE 2.1 

BUILDING HEAT LOSS SUMF'ARY 



Wal ls  ( 2 "  x 6 "  x 24" on c e n t e r )  

I n s i d e  A i r  F i l m  
1  / 2 "  Gypsuiii Sheetrock 
1 "  Cow Glueboard 
4  m i l  P o l y e t h y l e n e  Vapor B a r r i e r  
5 1 / 2 "  F i b e r g l a s s  B a t t  I n s u l a t i o n  
2 "  x 6 "  ~ o m i n a l  F i r  Frame 
7/16" Aspeni t c  S h c ~ t h i n g  
Cedar Clapboard (1 /2  avg.  t h i c k n e s s )  
g u t s i d e  A i r  F i l m  

T o t a l  R-Value 
U-Value ( B t u / h r  f t  OF) 

R-Value ( h r  f t2  "F /B tu )  
Between Frame On Frame 

0 .65  
0.45 
6.00 
n e g l  . 
i 9.nn - - 
- - 6.178 
0.60 
0.81 
0.17 

Average Wall U-Value = 0.9 ( n . n l 6 )  t 0.1 (0 .064)  

= 0.0388 B t u / h r  f t2 OF 

Roof :  (Wal l  ( i n c l i n e d  60") 

2" x 8 "  x 24" on c e n t e r  

I n s i d e  A i r  F i l m  (60" i n c l i n a t i o n )  
1 /2 "  Gypsum Sheetrock 
1 "  Dow B lueboard  
4  m i  1  P o l y e t h y l e n e  Vapor B a r r i e r  
2" x 8 "  Nominal F i r  Frame 
7  i / 2 "  F i b e r g l a s s  B a t t  
112" C O X  Plywood 
F15 F e l t  ' ( T a r )  Paper 
Asphal t S h i n g l e s  
O u t s i d e  A i r  F i l m  

T o t a l  R-Va'lue 
U-Value ( B t u / h r  f t 2  OF) 

R-Value ( h r  f t2 OFIBtu) 
RPt.wPen t rame A t  Frame 

- 

0.65 
0.45 

' 6.00 
n e g l  . 
- - 

23.50 
0 .62 
0.06 
0 .44 
0.17 

Average Roof Wal l  U-Value = 0.9 (0.0323) + 0.1 (0 .0573)  

= 0.0345 B t u / h r  ft2 OF 



c .  Roof: C e i l i n g  

2" x 4" t r u s s e s ,  24" on c e n t e r  

The a t t i c  i s  t r e a t e d  as an a d j a c e n t  unheated space. T h i s  assumes 
good v e n t i l a t i o n .  

R-Value ( h r  f t2 "F /B tu )  
Between Frame A t  Frame 

1 .  I n s i d e  A i r  F i l m  0.61 
2. 1 /2 "  Gypsum Sheetrock 0.45 
3. 1  " Dow B.1 ueboard 6.00 
4. 4  m i l  P o l y e t h y l e n e  Vapor B a r r i e r  , neg l  . 
5. 2" x 4 "  Truss Frame - - 5.00. 
6. 12" F i b e r g l a s s  B a t t  38.00 - - 
7 .  Ad jacen t  Space A i r f i l m  0.61 

T o t a l  R-Value 
U-va lue ( B t u / h r  f t2  OF) 

Average U-va lue of Roof C e i l i n g  = 0 .9  (0.0219) + O:1 (0.0789) 

= 0.0276 B t u / h r  f t2 OF 

d. k'indows and Doors 

A l l  windows a r e  5 /8"  double  g l a z e d  s i d e  swing w i t h  a  wood sash. 
Window areas no ted  p r e v i o u s l y  a r e  n e t  o f  any wood. 

U-va lue ( ~ t u / f t l  h r  O F )  

Doot-s ( 3 ' - 0 "  x 6 ' 8 "  -. foam c o r e )  
Windows - p l a i n  
Windows - wi  t h  window q u i  1  t s  

Slab on Grade 

0.19 
0.45 
0.25 (Manuf. d a t a )  

The p e r i m e t e r  o f  t h e  5 1 /2 "  t h i c k  c o n c r e t e  s l a b  i s  i n s u l a t e d  w i t h  
3" o f  p o l y s t y r e n e .  Beneath t h e  s l a b  i s  2 '  o f  g r a v e l  wh ich  i s  
surr-ounded by 2 "  o f  p o l y s t y r e n e  ( s i d e s  and b o t t o m ) .  

Where F  = hea t  l o s s  p e r  f o o t  o f  p e r i m e t e r  o f  s l a b  
P  = 1engt.h nf p e r i n i e t e r  



f.. I n f i l t r a t i o n  

A one t h i r d  a i r  change per  hour  was assumed. 

House Volume = [98"  x 246" x 274" + 92" x 225.5" 2 4 6 ~ ] / 1 2 ~  

2  
= 9531 f t  

UA I n f i l t r a t i o n  = 1 /3  x volume x Cpai, = 1/3 x 9531 f t3  x 

2.2.2 So la r  Hea t i ng  System 

1. O v e r a l l  System Design 

As shown i n  F i g u r e  2.1 , t h e  b a s i s  of the  So la r  Opt ion  One system i s  

the so l  a r  c o l l  e c t i o n / s l a b  s to rage  system. Seven Model 32A Grumman s o l a r  

2 ho t  wa te r  c o l l e c t o r s  a r e  plumbed i n  s e r i e s  g i v i n g  210 f t  o f  a p e r t u r e  t o  

the sun. The c o l l e c t o r  f l u i d  (50 pe rcen t  e thy l ene  g lyco1/50 pe rcen t  wa te r )  

i s  pumped through t h e  c o l l e c t o r s  a t  a  r a t e  t h a t  v a r i e s  w i t h  t he  d i f f e r e n c e  

between monf t o r e d  c o l  1 e c t o r  and s to rage  temperatures.  The c o l l  ec ted  s o l a r  

energy i s  t r a n s f e r r e d  d i r e c t l y  t o  a  s l a b  and g rave l  bed s to rage  v i a  imbedded 

p ipes.  The res idence  rece i ves  i t s  hea t  p a s s i v e l y  from r a d i a t i v e  and c o n v e c t i v e  

t r a n s f e r  f rom t h i s  s to raqe .  

The 5 1 /2 "  t h i c k  s lab -on-g rade  has f o u r  200 f o o t  l e n g t h s  (800 f e e t  

t o t a l )  o f  h i g h  d e n s i t y  p o l y e t h y l e n e  (HDPE) p ipes  ( 3 / 4  i n  i n s i d e  d i ame te r )  

imbedded i n  i t .  Beneath t he  s l a b  i s  a two f o o t  l a y e r  o f  bank r u n  g rave l  

w i t h  600 f e e t  o f  HDPE p i p e  runn ing  th rough  t h e  m idd le  of i t .  The s lab  i s  

i n s u l a t e d  around i t s  pe r ime te r  by  3 i n  o f  po l ys t y rene .  The g r a v e l  i s  i n s u l a t e d  

around t he  s ides  and bot tom w i t h  2  i n  o f  p o l y s t y r e n e .  D e t a i l s  o f  t h i s  i n -  

s t a l l a t i o n  J r e  shown i n  F i g u r e  2.2. 



SCHEMATIC OF SOLAR OPTION 1 SYSTEM 

FIGURE 2.1 



Sensor L o c a t  ions 

A S c r i c r  ( c o l d  out  I s [ )  

Ear[  h 

3 / 4 "  Tubinq 6"  OC . . 

B Scr i r s  [ . .r .>r,.t  ,,u( 1t.1 1 

. . A 62m 66. , o  :, . . . ' . . _ . *  . . . .  
. .  :. ' . . . . . 6" Cf-~nc r c t c  • 8 7 0  ' . . . . . - . . . . . o . *  ' .  .O sbe 0 . ,, o . . ; .o . :  3 / 4 "  T U ~  i n a  1 2 "  oc 

CONSTRUCTION AND SENSOR DETAILS OF SLABIGRAVEL STORAGE 

FIGURE 2.2 



A proportional d i f f e r e n t i a l  thermostat ic  c o n t r o l l e r  (Natural Fower 

Model 526)  i s  employed t o  monitor the  d i f f e r e n c e  between the  s l a b  s to rzqe  

and c o l l e c t o r  o u t l e t  temperatures and to  supply a  c o l l e c t o r  flow ra te  ,;roper- 

t ional  to  t h a t  d i f f e rence .  I n  i t s  o r ig ina l  control  scheme, the f l u i d  j s  

passed through the s l ab  pipes to  t r a n s f e r  i t s  energy u n t i l  the hous? t ~ ~ p e l - a -  

tu re  goes above 75°F .  A t  t h i s  po in t ,  the f l u i d  i s  routed t o  flow tr:ro!:gh 

both the  s l a b  and gravel bed. When the house reaches 80"~, the f l u i d  i i 

sent  so le ly  through the  g rave l .  

The bas i s  f o r  t h i s  control  log ic  l i e s  in the  g r e a t e r  lag  time i n  s h e  

t r a n s f e r  of energy between the  gravel and the  house' versus t h a t  bet:.ieer: 

the s l a b  and the house. The l a t t e r ,  of course ,  i s  d i r e c t l y  coupled to  she, 

load whereas the  former must conduct i t s  s to red  energy through t h e  -1zk  

before a r r iv ing  a t  the load. 

2 .  Operation and Control of t h e  Heating System 

During the measurement per iod ,  the  t e s t  residence heat ing s y s t f g  kzd  

a  number of poss ib le  adjustments t h a t  could be made. In the  morning, t h e  

window shades were removed and the  c o l l e c t o r s  were c leared  of any ~ 7 . 3 ~ .  

I n  the evening, the  shades would be redeployed. If  a t  any time there  w.?s 

overheat ing,  the  windows were opened. Manually read data and p e r t i r e n t  

notes involving d a i l y  weather,  t he  time shades were removed, and eq:ipr:tnt 

s t a t u s  were ' t abula ted  in  appropr i a t e  notebooks. A dec is ion  could a:so 2s 

made a s  t o  whether t o  warm the  s'lab o r  the  gravel with t h a t  day ' s  hr3t sy 

manually adjus t ing  the appropr i a t e  va lves .  During most of the  heat 'ng season,  

f l u i d  was input  simul taneously t o  both the gravel and the  s l a b .  



The house a l s o  c o n t a i n e d  a  two s e t t i n g .  t h e r m o s t a t  \ ~ h i c h  r e g u l z t e d  t h e  

o p e r a t i o n  o f  a  2000 w a t t  e l e c t r i c  r e s i s t a n c e  baseboard h e a t e r  t o  p r z v i d e  

t h e  a u x i l i a r y  energy necessary t o  m a i n t a i n  65°F house tempera tu re  i r :  t h e  

day t ime  (2:OO p.m. t o  10:OO p.m.) and 5 5  O F  a t  n i g h t .  

7 . 3  Exper imen ta l  T e s t  Program 

2.3.1 System I n s t r u m e n t a t i o n  

The t e s t  r e s i d e n c e  was e x p e r i m e n t a l l y  moni t o r e d  between 0 c t o b e -  13, 

1982 and May 1 ,  1983 i n  o r d e r  t o  v a l u a t e  i t s  i n t e g r a t e d  energy c o l : e c t i c n ,  

s t o r a g e  and d i  s t r i  b u t i o n  system. Measurement o f  v a r i o u s  parameters  !n  t i l e  

r e s i d e n c e  was under taken  f o r  t h e  purpose o f  ( a )  t r e n d  a n a l y s i s  and .3) g e t h e r i n g  

d a t a  w i t h  wh ich  t o  c s l  i b r a t e  a  cor r~puter  model t o  be used i n  a  p a r a n ~ r r i c .  

a n a l y s i s  

The data  c o l l e c t i o n  system c o n s i s t e d  o f  numerous tempera tu re  a:: energy 

segsors  d i s t r i b u t e d  t h r o u g h o u t  t h e  house. T a b l e  2.2 g i v e s  a  s u m s r j .  o f  

\ t h e  sensors  i n v o l  ved. The s i x t e e n  r e s i  s t a n c c  tempera tu re  d e v i c e s  (2TD's; , 

t h e  L i - C o r  S o l a r  Me te r ,  t h e  ISTA B t u  Mete r  and two e l e c t r i c a l  w a t t  f a u r  

meters  as w e l l  as two temperatures  ( o u t s i d e  amb ien t  and room) were rsco rded  

m a n u a l l y  on d a t a  shee ts ,  T h i s  d a t a  r n l l e c t i o n  waE p c r f o r m c d  t w i c e  t Jay - 
once i n  t h e  morn ing and once i n  t h e  ear ly  even ing .  I n  a d d i t i o n ,  s 113 bo.3k 

was kept; t o  n o t e  i tems such d b  ec~u ip rnen t 'ma l func t ions ,  n i g h t  shade : - . s t a l l  a- 

t i o n  o r  removal ,  and a  genera l  d e s c r i p t i o n  o f  t h e  d a y ' s  wea the r .  T1.r t w e ' v e  

thermocoupl  es and t h e  Eppl ey Pyranometer were sampl e d  e v e r y  f i f t e e n  -i nu t e s  

w i t h  a  F l u k e  Model 2240A Data Logger  c o u p l e d  t o  a  Texas I n s t r u m e n t  ' r  '33 

ASR/KSR E l e c t r o n i c  Data Termina l  (equ ipped w i t h  c a s s e t t e  d r i v e s ) .  T - 2  d i ; i t i z c d  

da ta  o:i t h e  tape c a s s e t t e s  were t i -ansfe l - red ( v i a  t h e  T I  733 i n  TTY .-::e) 



Table 2 . 2  

Summary of Experimental Instrumentation Sensors 

1 . ' Temoera tu re  

8 - R T D  Sensors in  Cement Slab 
8 - R T D  Sensors in  Gravel Bed 
4 - Thermocouples in Slab 
2 - Thermocouples Outside House 

I 2 - Thermocouples in Solar  Co l l ec to r  Loop 
3 - Thermocoupl es  Ins ide  Resi dence 

2.  Energy 

1 - Eppley Pyranometer Model 8-48 
1 - Holl i s  Laboratory Recording Pyranometer system 

[LM- 3000 (Recorder) ; MR- 5A ( ~ y r a n o m e t e r )  ] 
1 - Li-Cor Model L1-175 So la r  Meter / In tegra tor  
1 - I s t a  B t u  Meter Model W M Z  2/50 
2 - Elec t r i ca l  Power Meters 

3. Flow Rate 

1 - Brooks Rotameter in Col lec tor  (and Heat Exchanger) Flow Lcop 



to  a n d  processed w i t h  the  Universi ty of Massachusetts Control Data Cyber 

175 computer system. 

- 4 
I ne arrangement and loca t ion  o f  the  s l a b  and gravel bed RTD's a r e  sk,::~n 

i n  Figure 2 . 2 .  The B s e r i e s  RTD's a r e  i n  a  v e r t i c a l  l i n e  a t  the  cen te r  

of the beginning of the tubes a t  the watm i n l e t .  There a r e  four  RTD's i n  

the s l a b ,  three  in the gravel and one j u s t  below the  base i n s u l a t i o n .  T$2  

A s e r i e s  ETD's a re '  s i m i l a r l y  placed,  but a t  the  cold e x i t .  

The thermocouples ( T C )  and the  Eppley Pyronometer a r e  s i t u a t e d  a s  st2wr; 

in Figure 2 . 3  a n d  Figure 2 . 4 .  Table 2 . 3  gives a  desc r ip t ion  of each loc:tictn. 

The Li-Cor Solar  fleter and thc Hol l i s  Lab Pyronomcter were ttrnployet 

as  back ups f o r  the Eppl ey Pyronometer. Both of these  u n i t s  were p h o t ~ ; . ~ l t ~ i c  

based. The Li-Cor was read manually twice a  day f o r  i t s  e l e c t r o n i c a l  i y  

in tegra ted  t o t a l  i n s o l a t i o n .  The Holl i s  Lab device gave a continuous rrzor.d 

on a Russtrak Chart Recorder. 

The ISTA O t u  t - lete~ '  (fliudel Wls12 2/50) Integrared energy absorbed by r h e  

stor-age by riloni tor ing  col1,ector  i n l e t  o u t l e t  temperatures and f l u i d  f l o ~  

r a t e .  Internal  a1 gori thms t rans1  a ted  these  parameters continuously t o  energy 

flow and incrernented the  B t u  counter .  

E l e c t r i c  power consumption meters in the  residence were. used t o  C:rier- 

r r r i r i t !  a u x i l i a r y  energy requirements. A 2000 wat t  e l e c t r i c  baseboard beckup 

heater  was ac t iva ted  a s  necessary according t o  t h e  s e t  poin t  on a mulc'ple 

s e t t i n 9  thermostat .  The data recording devices a l s o  drew el  e c t r i c i  ty  :nd 

dissipatlcid i t  a 5  heat  t o  the residence.  

A rotarneter was u t i l i z e d  to  f ind  the  r e l a t i o n  between system f10r r ~ t e  

- arld :he tci~~pct-a t u r e  differential between col l e c t o r  and s t o r a g c .  I h i  5 , J E S  



0 Pyranombter  

0 Thermocoupl e 

SENSOR LOCATIONS - HOUSE 



a RTD Array 

SENSOR LOCATIONS - SLAB 

FIGURE 2.4 



SENSOR NUMBER LOCATIOr4 

House 

C o l l e c t o r  

Col  1 ec t o r  

House 

O u t s i d e  

House 

S t o r a g e  

S to rage  

Sl ab 

S l  ab 

Ground o u t s i d e  

S l a b  

Pyr~anometer 

DESCRIPTION 

U p s t a i r s  a i r  temp 

O u t l e t  p i p e  f l u i d  temp 

I n l e t  p i p e  f l u i d  tcnip 

Downs t a i  r s  N o r t h  

Ambient  temp on n o r t h  s ide  
o f  house 

Downs t a i  r s  s o u t h  

I n l e t  f l u i d  temp 

O u t l e t  f l u i d  temp 

E a s t  s i d e  ( imbedded 2 112" 

C e n t e r  ( imbedded 2 1 / 2 ' )  

west  y a r d  o f  house ( 1 'oot  down) 

N o r t h  s i d e  ( imbedded 2 112 ) 

E P F ~  ey 

TABLE 2 . 3  

THERElOCOUPLE LOCATIONS 



necessary  t o  d e t e r m i n e  t h e  a c t u a l  range o f  f l o w  r a t e s  p r o v i d e d  by the  , i a r i a b l e  

spe,ed pump as d i c t a t e d  b y  t h e  p r e v i o u s l y  ment ioned p r o p o r t i o n a l  c o n t r i i l e r ,  

2 . 3 . 2  Data R e d u c t i o n  Procedure  

1 .  Au to r f i a t i ca l  l y  Zecorded Data 

The b u l k  o f  t h e  d a t a  a n a l y z e d  were t h e  twe l  vc  house and s y s t e ~ r ~  t2-:per:- 

Lures a s  we1 1 as t h e  Epp ley  Pyranometer o u t p u t ,  The t . .h~~-nl l :~~-~. l l~k l le and r y r j -  

nometer r e a d i n g s  and c o r r e s p o n d i n g  sensor  l o c a t i o n  numbet-s ( see  T a b l e  2 . 3 ;  

as w e l l  a s  t h e  t i m e  ( J u l  i a n  Day:Hour:Min:Sec) were sample and s t o r e d  

on magne t i c  tape  e v e r y  15 m i n u t e s  f r o m  O c t o b e r  13,  1952 t o  blsy 1, 196:. 

T h i s  raw i n f o r m a t i o n  was t r a n s f e r r e d  t o  t h e  ISn ive rs i  ty  o f  Massachuset:: 

Coinputing C e n t e r  Cyber  175  main f rame computer  i n  o r d e r  t o  f a c i  1 i L a t e  t-!e 

p r o c e s s i  ng o f  da t s  . Cornpu t e r  programs i ncnrpo ra  t i  ng FORTR4N V were u  t i 1 i z e d  

as showr~ i n  F i g u r e  2 . 5  t o  s t a t i s t i c a l l y  reduce  and a r r a n g c  t h e  sensor  read-'ngs 

i n t o  u s d b l ~  f o rma ts .  

The sensors  ( T C ' s  and t h e  p y m n o m e t e r )  a l l  o u t p u t  a  s m a l l  v o l  t a g €  (mi 1 i- 

v o l t  range)  t h a t  i s  r e a d  when sampled. The F l u k e  Data Logger  was pre.;rarr.~ed 

t o  t r a n s l a t e  t h e  TC r e a d i n g s  d i r e c t l y  t o  tempera tu res  i n  deg recs  F a h r ~ t i h e i :  

b e f o r e  b e i n g  t r a n s f e r r e d  t o  t h e  T I  733 t o  be w r i t t e n  on c a s s e t t e  tape., S i  r.ce 

t h i s  c o u l d  n o t  be done f o r  t h e  Epp ley  Pyranometer  o u t p u t ,  t h e  r e a d i n g  ~ a r ;  

d i r e c t 1 . y  r e c o r d e d  a s  a v o l t a g e .  I n  a r c c c n t  (May 6 ,  1982) f a c t o r  c a i  i r r a -  . 
t i o n  o f  t h e  Eppl  ey d e v i c e ,  i t  was found t o  d e v e l o p  an EMF o f  1  1  .52 x i i ' 6  

- 2 
v o l  t s / w a t t  m e t e r  . T h e r e f o r e ,  t h e  i n s u l a t i o n  was found fro; t h e  pyr;noine:er 

r e a d i n g  as  f o l l o w s :  



Raw 15 minu te  samples 
f rom da ta l ogge r  ( a l l  
o f  Table  2 and day: 
h r :m in :sec )  

REFORM programs o u t p u t  
the  reduced da ta  i n  
d i f f e r e n t  forms 

r 
1 

REDUCE programs 

--Averages 15 minu te  
samples t o  one hour  

--Arranges t ime,  temp and 
, i n s o l a t i o n  i n t o  usab le  

format - 

Tape 4 Tape 5  
Ambient I n s o l a t i o n  
Temperature 
F i l e s  

DDAY Programs 
Use ambient tempera tu re  and 
: - - * l  a t i o n  i n p u t s  t o  g i v e  

- - -, 

s u m a r i  es o f  degree days 
and i n s o l a t i o n  - r .. . 

+ 
GRAPH Progrzrs  

- - P l o t s  tempzratures 
and inso1z:ion 

Summa r i  es Sumnari es 

F i g u r e  2. 5 

O a i a  Reduet ion r l o w  Cha r t  



T h i s  c o u l d ,  of  cou rse ,  be changed t o  E n g l i s h  u n i t s  w i t h  t h e  c o n v e r s i o r  

1 B t u  h r / f t 2  = 3.153 R/m 
2 

The f i r s t  l e v e l  o f  d a t a  m a n i p u l a t i o n  \qas t o  genet-ate hoc l r ly  aver-z;ls 

t rorn t h e  1 5  m i n u t e  samples. T h i s  was t h e  form used f o r  f u r t h e r  d a t ?  r :n i -  

p u l a t i o n .  D a i l y  p r i n t o u t s  ( F i g u r e  2 . 6 )  f o r  each measure~irent s t a t i o r ;  here 

produced f o r  a l l  the  days a v a i l a b l e  i n  t h e  m o n i t o r i n g  p e r i o d .  A corr.?;tte 

s e t  o f  these p r i n t o u t s  as w e l l  as computer genera ted  p l o t s  o f  s o l a r  c c : l e c ~ o r  

and house temperatures  a r e  summarized i n  Appcndix  A .  

Uai  l y  (Tab le  2 . 4 ) ,  week ly  ( T a b l e  2 . 5 ) ,  and mon th ly  ( T a b l e  2 . 6 )  <I..-nari=?s. 

o f  average ambient  tempera tu res ,  degree days and s o l a r  i n s o l a t i o n  w e r e  a lsc:  

c r e a t e d  f o r  da ta  a n a l y s i s  and compar ison,  

I n p u t  tapes o f  amb ien t  tempera tu re  and i n s o l a t i o n  f o r  evet-y hot:- ! n  

t h e  monitoring p e r i o d  were c o n s t r u c t e d  f o r  use i n  t h e  computer model c' 

t h e  system. Gaps i n  t h e  d a t a  were f i l l e d  i n  ( f ~ r  t h e  sake  n f  rnn t in : j i : y  

as model i n p u t s )  w i t h  t h e  H o l l  i s  Lab P.yranometer d a t a  ( f o r  i n s o l a t i o n ;  and 

t h e  N a t i o n a l  Ideather S e r v i c e  summaries f o r  B u r l  i n g t o n ,  Verrriont ( f o r  ? .x ien :  

tempera tu re )  . 

2. t~fanual l y  Recvrded D a t a  

The manua,l ly r e c o r d e d  d a t a  (RTD's, e l e c t r i c  m e t e r ,  and r r ,cn i to r i r .<  n o t z s )  

was genera l  ly  used f o r  t r e n d  a n a l y s i s .  A comp le te  s e t  o f  t h i s  da ta  i s  i n c l u d e d  

i n  Appendix 8 .  F o r  c o m p a r a t i v e  purposes,  some o f  t h e  manual reading:  +r 

the .mon th  o f  January  were i n p u t  i n t o  t h e  computer.  The most  i o t c r e s ~ i r  J 

element o f  t h i s  da ta  was t h e  e l e c t r i c  w a t t  h o u r  rrleter I-eadin.:, J 1 1 2 ~ ; s  ~f 

, , 
t h c  a u x i l i a r y  energy usage. Ti ic base consu i r~p t ion  o f  2 i e c t r i c i c y  \./:I:; zrserr-..;net. 



t i  tiCC.;c C 3 L L  C E L L  t i O U j i  C l J T  t(01.15f S T O i ; '  S T 0 2  S L f i " 0 ~ '  T-3l-C 
UP C l l  r 7 ,I + e -  F T i (  A:'? c: ZC)u 1 ~1 11: G U T  t L S T  K c 3  ZEFF _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ - - - - - -  - - - - -  - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - -  . . 

SAMPLE .DAILY PRINTOUT 

FIGURE 2.6 



T a b l e  2.4 

Sarnp 1 e o f  Da i l y  Da ta  Sununa ry 

Month  10 

J u l i a n  Ddy o f  Tarnb Degree  To t a  1 
Day 7 t.lon t h  t l v g  Days I n s o l  



T a b l e  2 . 5  

\Jeekl y  Da ta  Su~nniary 

!4eek 
End ing  

Deg r e p  
Days 

(Ease 65F)  

Dai  l y  Average 
I n s o l a t i o n  

( B T U / F ~ '  - Dav )  



Month 

T a b l e  2.6 

i . lon th ly  S u m a r y  of  Data 

Degree Days 
(Base 65F)  

Oc tuber .  

Novembcr 

December 

January  

Februa ry  

lila r-ch 

A p r i  1 

I n s o l a t i o n  
2 

( B t u l f t  day)  



by f i n d i n g  the minimum average d a i l y  e l e c t r i c  usage. .Th is  was the  a m o ~ n t  

used by appl iances and such i tems i n  t he  house i n  the  course of t he  da;. 

and d i s s i p a t e d  as i n t e r n a l  energy ga ins .  Such ga ins  were sub t rac ted  from 

the meter read ing  t o  g i v e  t he  a u x i l i a r y  energy consumption. F i gu re  2 .7  

g i ves  a  g raph i ca l  r e p r e s e n t a t i o n  of t h i s  consumption f o r  t h e  
\ 

month o f  January. 

2 . 3 . 3  Measurement Cal i b r a t i o n  

Several  of t he  dev ices  used f o r  da ta  c o l l e c t i o n  were c a r e f u l  l y  ca? i -  

b ra ted  b e f o r e  use. S p e c i f i c a l l y ,  c a l i b r a t i o n  was c a r r i e d  o u t  on a l l  t !-sm,o- 

couples,  t h e  ro tamete r  and the  pyronometers. I n  a d d i t i o n  t o  t h i s ,  tes t :  

were c a r r i e d  o u t  t o  determine t he  v a l i d i t y  o f  u s i n g  15  m inu te  samples :: 

generate an h o u r l y  average o f  s o l a r  i n s o l a t i o n .  

A1 1  t he  thermocouples (Copper-Cons t a n t a n )  were t e s t e d  i n  s i  t u  by h i  r i  ng  

them t o  t he  F luke  Data Logger and measur ing the  temperatures of b o i l i n g  d a t e r  

and an i c e  bath.  A l l  sensors used were found t o  g i v e  t he  c o r r e c t  readi7gs 

t o  w i t h i n  - + 0.5  OF f o r  b o t h  s tandards.  

A Rotameter was used t o  measure t h e  r a t e  of f l u i d  f l o w  th rough  the 

c o l  l e c t o r s  which v a r i e d  acco rd i  ng t o  t he  temperature d i f f e r e n c e  betweer 

t he  c o l l e c t o r  and t h e  s to rage .  I n  o r d e r  t o  do t h i s ,  t h e  Ro tase te r  i t s t '  f 

was f i r s t  c a l i b r a t e d  us i ng  a  stopwatch, a bucke t  and a  l a b o r a t o r y  sca le .  

The water  f l o w  r a t e  ( f r o m  t h e  1  i n e  supp ly )  was a d j u s t e d  t o  v a r i o u s  reac-  ngs 

on the ro tamete r  and t h e  mass of  wa te r  c o l l e c t e d  i n  15  Seconds was weic,:ed. 

The f o l l o w i n g  equa t i on  was used t o  de te rmine  t h e  v o i u m e t r i c  f l o w  r a t e  i-. 

ga l l ons  pe r  minute:  

GPW = X(lb:n/15 sec) x  (50 s c c / ~ : i n ) / ( S . 3 8  lbm/gal )  
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Data from t h i s  ca l ibra t ion t e s t  i s  shown i n  Tab.le 2.7.  A s t r a i g h t  (see 

Figure 2.8)  l i n e  was f i t t e d  to the flow r a t e  versus the rotameter readicg 

v i a  regression analysis  giving : 

ROTAMETER]  - 0 .027  GPM = 0.0860 [ R E A D I N G  

A d i f f e r en t i a l  con t ro l l e r  varied t h e  flow r a t e  as a  function of t h ;  

tempera Lure difference across the cbl l  e c to r  (AT) .  The rela t ionship bet.,.;~en 

AT and the flow r a t e  was found.by s e t t i n g  the con t ro l l e r  to various A T ' S  

and reading the rotameter once a t  steady s t a t e .  Based on the data sumj_rized 

i n  Table 2.8, the following equation gives flow r a t e  as a  function of LT: 

. . 
G P M  = 1.46AT - 1 . 2 8  

This re1 at ion was used ' for  the col l e c t o r  ~ f f i c i ' e n c y  ,analys i  s  and the cru-3uter 

modeling part  of t h i s  study. 

The redundant o r  back-up, pyranometer (Holl i s  Lab Model LM-3000) was  

cal ibra ted to the primary pymnometer (Eppley Black and White Model 8-:El 

used in the automatic data recording. The Hol l is  Lab u n i t ' s  output was 

recorded on a  Russtrak char t  recorder. The cal  i  brat ion t e s t  was ca r r i ec  

out w i t h  both devices mounted on the t e s t  residence inclined (60.'' to h z r t -  

zontal)  and oriented (due south) in accord with the co l l e c to r s .  The c2::uts 

of both devices were compared in Table 2.9 f o r  a  three  hour t e s t  pericd 

on a  sunny afternoon. Since t h e  Eppley was ca l ib ra ted  a t  the fac tory  :r 

May 6 ,  1982, t h i s  un i t  was used as  the standard.  The resul t i  ng correl  ::'on 

between the t\vu d e v i c e s  w a s  obtained as  follor.ls: 



TABLE 2.7 

ROTAMETER CAL IBRATION TEST 

Rotameter Reading Pounds o f  Water Gal l o n s  
( Z  o f  /tiax. F low)  Flow i n  15 Seconds Per M i n u t e  



ROTAMETER READING, % MAXIMUM FLOW 

ROTAMETER CALIBRATION 
FIGURE 2.8 



TABLE 2.8. 

COLLECTOR FLOW RATE VERSUS ,COLLECTOR TEMPERATURE D I F F E R E N T I A L  

DELTA 

1 . 2 5  ( m i  n )  

2.0  

2 . 5  

20 t a m e  t e r  F l o w  R a t e  
( 6  o f  M a x i m u m )  (.G? 1-1) 



TABLE 2.9  

CORRELATION OF PYRANOMETERS 
( H o l l  i s  Labs LM 300 v s .  Eppl ey 8-48)  

H o l l i s  E P P ~  ey 
Time (mv  ( m v )  



INSOLATION (EPPLEY ) = 0.964 x  INSOLATION (HOLLIS) + 0 .963 

( C o r r e l a t i o n  C o e f f i c i e n t  = 0.9995) ' 

.When gaps i n  the  recorded  Eppley data occured, t he  H o l l i s  u n i t ' s  c h a r t  recot-der 

tape was used a l ong  w i t h  t he  above equa t ion  t o  de te rmine  t he  h o u r l y  averape 

i n s o l a t i o n .  

A!-! assumpt.inn i n  t h e  da ta  c o l l e c t i o n  and reduction pt-OitSS h a s  L l idL  

an h o u r l y  averaqe generated from 15 minu te  samples i s  a r e a s o r i ~ b l c  app rox i -  

mat ion  o f  t he  t r u e  average f o r  t h a t  hour.  To t e s t  t h i s  assumption, t he  

da ta  l ogge r  was p r o g r a m e d  t o  t ake  samples every  2.5 minutes f o r  a 33 hour 

pev lod .  I'hus, two s e t s  o f  h o u r l y  average temp'eratures and i n s o l a t i o n  cou ld  

be found f o r  t h e  two d i f f e r e n t  sampl ing i n t e r v a l s .  The temperature averagss 

were ve ry  s i m i l a r  due t o  r e l a t i v e l y  s low f l u c t u a t i o n s  w i t h  t i m e .  The com;ari- 

son of  t he  two s e t s  o f  h o u r l y  average i n s o l a t i o n  f o r  t h e  t e s t  p e r i o d  i s  

shown i r ~  F i g r r r r t  2 . 9 .  As  shown, t h e  i n s o l a t i o n  avel-ege was J i  TfererlL i n  

some cases b u t  n o t  by  a s i g n i f i c a n t  amount. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

when t he  s lope  o f  t h e  i n s o l a t i o n  cu rve  i s  p o s i t i v e ,  t h e  ? .5  minu te  average 

i s  l e s s  than t h e  1 5  m i n u t e  average; The i n v e r s e  i s  t r u c  whcn ,the s lope  

of  t h c  curve i s  ~ i r y d  L i ve .  

2.3.4 Exper imenta l  Resul t s  

1. T a b u l a t i o n  o f  Reduced Data 

Appendix A c o n t a i n s  t h e  d a i l y  p r i n t o u t s  o f  t h e  h o u r l y  average ten~pera-  

turrq and i n s o l a t i o n  f o r  a l l  a v a i l a b l e  t i n i e s  durminy the measurement p e r i o d .  

A 1  so, g raph i ca l  r e p r e s e n t a t i o n s  o f  s e l e c t e d  temperatures and i n s o l a t i o n  

f o r  t h e  month o f  January  a r e  i n c l u d e d  i n  t h i s  r e p o r t  a l ong  w i t h  d a i l y ,  weekly 

arid mont!:ly ;1;;;;~;11-ics o f  i n s o l a t i o n  and degree days. I t  shou ld  be r iuted 



X - 2.5 MIN 

C - 15 MIN 

TIME. HR 

FIGURE 3.9 



t h a t  a l i  temperatures i n  these t a b l e s  and graphs a re  i n  "F, s o l a r  r a d i a t i o n  

2  i s  i n  B tu /h r  f t  and t he  degree days a r e  based on 65 "F. 

F i gu re  2.6 shows a  sample o f  t he  d a i l y  p r i n t o u t s .  These a re  arrange? 

by J u l  i a n  Day where 1  i s January  1 and 365 i s  December 31 . The hour o f  

t h e  day i s  1  i s t e d  i n i t i a l l y  f o l l o w e d  by t h e  h o u r l y  average temperature fo,r 

L t~e  f i r s t  n i ne  sensors no ted  i n  T a b l e  2.3.  (Sensors 10, 11, and 12 were 

no te  i nc l uded  i n  these  p r i n t o u t s . )  The h o u r l y  average i n c i d e n t  s o l a r  r ad ia -  

t i o n  (measured a t  60") and c o l  l e c t o r  e f f i c i e n c y  f o l  low t h e  temperature columns. 

The e f f i c i e n c y  o f  t h e  c o l l e c t o r  (see Reference 2.2) f o r  t he  averaged 

hour  i s  found by u s i n g  t h e  f o l l o w i n g  equa t ion :  
. . 

E n e r - y  Out u t  - MDOT x CP x (Tint - Toutc) X 100 
E f f i c i e n c y  ( X )  = Incidznt En:igy - I n s o l a t i o n  x Area 

where : 
,. 2 

Area  = C o l l e c t o r  Area (210 f t  .) 

- MOOT = Mass Flow Rate ( l b l h r )  

RHO = Dens i t y  o f  F l u i d  ( I b / g a l ) ( R e f e r e n c e  2.3) 

= 8.33 x (1.0694 x T  x 0.00042) avg . 

= C o l l e c t o r  I n l e t  Temperature 

t c  = Col 1 e c t o r  Out1 e t  Temperature 

T = Aver-dge C u l l  e c t o r  F l  u l d  Temperature 
avg 

A t  the bot tom o f  t h e  d a i l y  p r i n t o u t  i s  a  sulrrnary o f  t h a t  d a y ' s  p e r t i  n?nt. 

2  weather and system data:  degree days, t o t a l  i n s o l a t i o n  (Btu/day f t  ) ,  aver3ge 

i n  t c r i  o r  tempet-a t u r e  and average arnbi cn,t t.cnpera tub-e 



Tables 2.10 t o  2 .16 p resen t  the  month by month compendiums o f  the  d a i l y  

summaries. The J u l  i a n  day, day o f  t h e  month, average ambient ten~peratu l -E.  

degree day t o t a l ,  and t o t a l  i n s o l a t i o n  (measured a t  60")  a re  presented i r :  

each month's p r i n t o u t .  A l so  i n c l u d e d  a t  t h e  bo t tom of  these p r i n t o u t s  ar-E 

the month ' s  t o t a l  degree days and average ambient temperature.  Weekly b!-?:4- 
. . 

downs o f  the  degree days and average d a i l y  i n s o l a t i o n  (as measured a t  60': 

a re  shown i n  Table  2.5. Table  2 .6  g i v e s  a  month ly  summary o f  the  same dat:. 

Computer generated g r a p h i c a l  r e p r e s e n t a t i o n s  o f  house and systein t e r s ~ r a t u r e s  

as we1 1  as the  weather i n p u t s  were developed f o r  a l l  days i n  January.  F i g - r e s  

2.10 t o  2.15 show t h e  o u t s i d e  ambient,  i n s i d e  house and t h e  s l a b  temperats-2s 

as a  f u n c t i o n  o f  t ime .  F igures  2.16 t o  2.21 p resen t  t h e  i n s o l a t i o n  p l u s  

c o l l e c t o r  i n l e t  and o u t l e t  temperatures.  As can be seen, d e s p i t e  w ide  fi:::ua- 

t i o n s  i n  ambient temperatures and i n s o l a t i o n ,  t h e  s l a b  and res idence  tczpcr:- 

t u res  remai n  w i  t h i  n  a  comfo.rtab1 e  range. 

2. Sumnary o f  Exper imenta l  R e s u l t s  

The a b i l i t y  o f  t h e  s o l a r  o p t i o n  one system i n  meet ing  t he  h e a t i n g  l o t r  

of t h e  t e s t  res idence '  i s . d e s c r i b e d  i n  t h i s  s e c t i o n .  The c l i m a t a l o g i c a l  

f ac to r s  ( i n s o l a t i o n  and degree days) a r e  compared w i t h  l ong  term 'data f ror ;  

B u r l  i ng ton.  A1 so presented a r e  t h e  house and sys tem temperatures and aux i. ' a r y  

energy requ i  rements which respond t o  those weather  i npu ls  . 

a.  House temperature c o n t r o l  

An i~ l lpo r ta r i  t i n d i c a t o r  o f  t h e  system performance i s i t s  a b i  1  i ty t o  

keep t he  t e s t  res idence  temperature w i t h i n  a  comfo r t ab le  range. T a b l e  2 . ; :  

and the h is togram o f  F i g u r e  2.22 g i v e  i ndoo r  tempera tu re  (OF) as a  f ,ur ict ic:  

o f  nuniber of occuranccs f o r  a1 1  hours ava i  l a b l c  i n  t h e  1110ni t o r i  cc  rcr-lo:'. 

The mpan tm lpe ra tu re  was 65 "F and very  fcw hours  wet-e fourid t o  b =  1::s~ 



Table 2.10 

Month 10 

Jul  ian Day o f  Tarnb 
Day Month A v g  

Degree T o t a l  
Days I nsol 

Degree Days = 464 

Average  Tamb = 40 



' I 'able 2.11 

Month 11 

J u l  i a n  Day o f  Tarnb 
Day Month A v g  

Degree To t a  1 
Days I n s o l  

Degree Days = 869 

Average Tamb = 36 



Month 12 

J u l  i a n  Day o f  
Day Month 

Degree To ta l  
Days I nso l  

Degree Days = 1214 

Average Tamb = 25 



Month 1 

Jul  i a n  Day of Tarnb , Degree 
Day Month Avg Pays 

To ta l  
I n s o l  

Degree Days = 1469 

Average Tamb = 17 



Tab le  2.14 

Month 2 

J u l  i arl Day o f  Tan~b 
Day Month Avg 

Degree 
Days 

To t a  1 
I nso l  

Degree Days = 1263 

Average Tamb = 19 



T a b l e  2.15 

Month 3 

3 u l  i a n  Day o f  Tarnb Degree T o t a l  
Day Month A v  g Days I n s o l  

Degrec Days = 1089 



T a b l e  2 .16  

Month 4 

Ju l  i an Day o f  Tamb 
Day Month Avg 

Degree T o t a l  
Days I n s o l  

Degree Days = 744 

Average Tamb = 40 
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T a b l e  2 .17  

i n t e r i o r  Tern l~era tu t -e  H i s t o g r a i i ~  D a t a  

House T e m p e r a t u r e  F reque i l c y  o f  
(Dcgrccs F )  Occ i~ t - ence  



Tab le  2.18 

l4cn th i y  Surnl-.ary o f  Weather I n p u t s  

Dcg ree  Days 
(Base 65F) 

P.c tua  1  B u r l  i mgton 
140 n  t h  -. .. - . . . . . S i  t e  Data 1982-83 Long Term - 

I n s o l a  5 i o n  
( B t u / f  t day)  

Ac t u d l  Data Ac tua  1 But-) i n y t o n  
(60" I n c l  i ne) Convet-tcd . ( t i o r i  -- z )  -- Long Term ( H o r i  --- z )  

1067* 809* 7 4 0 

*3c  t ohc r  was i . i c o n p l e t e  i n  a c t u a l  ineasuremefits. 

I l o i c :  A 1  1  l o n g  term d a t 3  i s  bcsed on 19L6-70. 



TABLE 2 .19  

SUMWRY OF COLLECTOR PERFORIflNCE 

T o t a l  S o l a r  I n p ~ ~ t  Measured O u t p u t  Average M o n t h l y  
t o  Col 1 ec t o r s  f rom C o l l e c t o r s  E f f i c i e n c y  

t.:o n t h 
6 

( B t u  x 10 ) 
6 

( B t u  x 10  ) ( % )  

December 3.926 

January  4.915 

Februa ry  6.632 

bla r c  h 6.390 

A p r i  1 2.967 



SYSTEM i3ERFOXM4NCE SUMPWRY 
( A l l  Valu?; i n  Ur l i  t s - . o f  1000 Rtir) 

Heat ing Loads, E l  e c t r i c a  1 Enct-gy I n p u t  

S i 111p 1 e Cor;ipu t e r  I \ u x i -  i a ry  P ~lrllp i ng Appl ian:? To t a  1 
i:o 1-1 t h ASHRAE blodel I l ? a t i  ng Energy Enet-qy Energy Elect , te ical  I n p u t  
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than 60 "F  or  g r e a t e r  than 80 'F .  This i s  an admirable performance record 

s ince  the overheating p r o t e c t i o t ~  (manual window opening) was not a u t o ~ i ~ a t i c .  

This data a l s o  ind ica te s  t h a t  there  i s  s u f f i c i e n t  thermal inass to  absorb 

the  co l l ec ted  energy. 

b .  Comparison of m c s s ~ r c d , ~ ~ n J  l o r y  ter .~ i i  wedll~er. ir~putt;  

The degree day t o t ~ l  i s  good measure o f  111e lvdd uf the house while 

the inso la t ion  i s  an i n d i c a t o r  of the  energy incoming t o  the  system. I n  

order  t o  r e l a t e  the  s.ystem performance during the  t e s t  period to  an averacje 

y e a r ,  these  two weather inputs  were compared to  t h e i r  long .term averages , 

from nearby Burl ington,  Vermont. Table 2.18 gives a  t abu la t ion  of t h i s  

comparison. The Degree Days measured a t  the  residence were compared t o  

those measured f o r  the  same period in Burlington,.Vermont and the  correspond- 

i n g  1  ong term average ( 1  956 - 7 0 ) .  The 1  982-83 Surl i ng ton data was found , 

t o  be 13.6 percent lower t h a n  t he  Burlincjtnn a\rerage,  thus i nd ica t ing  a 

warmer heating season than usual .  Thus, one m i g h t  expect a  long term average 

a t  the  Lyndonville s i t e  of about 7875 Degree Days. This appears t o  be reasonzble 

based on o ther  a v a i l a b l e  Vermont weather data (Reference 2 . 4 )  f o r  nearby 

S t ;  Johnsbury ( a t  a  lower e l e v a t i o n ) .  

The inso la t ion  measured a t  60" a t  the house was t r ans famed  t o  h o r i z o n t a l  

i n su la t ion  by t h e  method of Liu and Jordan (Reference 2 .5)  and compat-ed 

t o  the long terin average y e a r ' s  i n s o l a t i o n  in Table 2.15. A comparison 

of the actual  data (converted to  the  hor i zon ta l )  and the long tern1 Ourlington 

data indica tes  t h a t  the  s o l a r  i n s o l a t i o n  during the t e s t  period was c l o s e  

to rtot-ina 1 . 



c. 501 31- c o l  1 ec tot-  pet- for~nance 

Us ing t h e  a c t u a l  i n s o l a t i o n  d a t a ,  as sur~u l~ar ized i n  Tab le  2.18, and the  

d e l i v e r e d  energy from t h e  c o l l e c t o r s ,  as measured by t h e  I S T A  B t u  Mete r ,  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  an average mon th ly  e f f i c i e n c y  f o r  the s o l a r  

c o l l e c t o t -  system. The r e s u l t s  o f  t h i s  c a l c u l a t i o n  f o r  t h e  f u l l  .data months 

o f  November through A p r i l  a r e  g i v e n  i n  Tab le  2.1 9. As can' be seen, t h e  

average c o l l e c t o r  e f f i c i e n c y  ( d e f i n e d  as t h e  measured o u t p u t  f rom t h e  

c o l l e c t o r s  d i v i d e d  by t h e  t o t a l  s o l a r  i n p u t )  i s  c lose '  t o  505 d u r i n g  t h e  

e n t i  r e  h e a t i n g  season. 

d. Sunmary o f  res idence  h e a t i n g  performance 

F i g u r e  2.23 shows t h e  response o f  t h e  r e s i d e n c e  ( v i a  s l a b  and i n s i d e  

tempera tu res )  t o  t h 2  o u t s i d e  tempera tu re  and s o l a r  c o l  l e c t o r  i n p u t  f o r  s i x  

. days i n  January .  As shown, t h e  i n t e r i o r  i s  m a i n t a i n e d  a t  a  reasonab le  

c o m f o r t  1  eve1 desp i  t e  w ide  f l  u c t u a t i o n s  and low ambient  tempera tu res .  

Tab le  2.20 g i v e s  a  summary o f  t h e  system performance on a  month- 

by-month and seasonal b a s i s .  The h e a t i n g  loads  u s i n g  t h e  s i m p l e  ASHRAE 

techn ique  were based on t h e  UA p r o d u c t  o f  t h e  r e s i d e n c e  t imes  t h e  measured 

mon th ly  degree days.  The computer model r e s u l t s ,  as w i l l  be d i s c u s s e d  

i n  t h e  n e x t  s e c t i o n ,  used the ' same UA p r o d u c t ,  b u t  c a l c u l a t e d . t h e  h o u r l y  

energy i n p u t s  o f  t h e  t e s t  res idences  a c c o u n t i n g  f o r  s o l a r  g a i n s  f r o m  

t h e  windows, n i g h t  window shade e f f e c t s ,  and i n s i d e  r e s i d e n c e  tempera tu re  

s e t  back c o n t r o l . .  The app1.icance e l e c t r i c a l  enerq,y i n p u t s  were based 

on a  measured v a l u e  o f  4.932 kwhr p e r  day f o r  a l l  t h e  a p p l i c a n c e s  i n s i d e  

t h e  t e s t  r e s i d e n c e  ( p r i m a r i l y  t h e  t e s t  i n s t r u m e n t a t i o n )  and t h e  pumping 

energy i n p u t s  were :ncasured by a sepal-ate e l e c t t - i c a l  111etet-. The d u x i l i a t - y  
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energy requi reillen t s  were detet-iiii ned by subt rac t ing  the a p p l  i cance energy 

and p u n i p i n g  energy from the to ta l  (measured) el ect t- ical  energy input .  

Counting a l l  the e l e c t r i c a l  enct-gy i n p u t  as  useful aux i l i a ry  heat and 

based on the inore real i s t i c  heating loads predicted by the coriiputer 

iiiodel, i t  call be seen t h a t  the s o l a r  system provided about 6 1 %  of the 

t e s t  res idence ' s  heating requirements during the 1982-83 heating season 

F,igur.e 2.24 shows, on a  da i ly  b a s i s ,  the solar- inso la t ion ,  heating 

load (from the computer model ) and auxi 1 ia ry  energy i n p u t  f o r  the  month 

of January 1983. As shown by the. low to ta l  e l e c t r i c a l  energy input 

6 to the system (1.524 x 10 B t u )  and r e l a t i v e l y  cons tan t - ins ide  temperature 

(see Figut:e 2.10-2.15),  the thermal s torage  c a p a b i l i t i e s  of the  slab/grav?l  

bed tend to damp out ins ide  temperature ' f luc tua t ions .  Also,  the  thermal 

performance of the system i s  demonstrated in the highest  heating demand 

month ( 1 4 4 2  actual  degree days)  s ince  the s o l a r  system provided about 

66;  of the heating requirements f o r  t h i s  month. 

I t  should a l s o  be noted t h a t  i f ,  e i t h e r  on a  monthly o r  heat ing 

season bas i s ,  the  performance of the  residence were t o  be based on the  

control 1 ed e l e c t r i c a l  input (auxi 1 ia ry  energy only)  a s  r e l a t ed  t o  the 

computed heating requirement, i t s  performance would appear t o  be much 

g rea te r .  
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