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’
ABSTRACT

A STUDY OF A SOLAR HEATED HOUSE IN QUEBEC

Richard Gordon Kerr .

.

This thesis is a study of the solar heating system in a house near
La‘Macaza, Quebec. The system consists of a veﬁtical air heating

collector, which was built as part of the south wall of the house,

»

a rock storage, paftly manual control and partly passive heat trang-

”

tures in the collector, house and storage were recorded.on a magnetic
tape duriﬁg the 1976-77 heating season, Studies of the collector

efficiency curve, the storage, the dailf.effidiency of the;;ystem and

the eléctritity consumption patternin the house are presénted. The |

. - ,

contribution of the solar heating system to ‘the heat requirements of .

.
A

the house for Octobéer 1, 1976 to March 31, 1977 is estimated to
. be 50Z. The collector efficiency curve ‘is similar to that of a
factory-built collector. The thermal performance of the house and

Vot

solar heating system has been simulated on a computer using an

-

- . . ¢
fer. Measurements of the solar radiation on the.collector and tempera-

electric ciréﬁit analogy. The.calculated temperatures in the cpllgctor;

.
. -

storage and house match the measured temperatures . .
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CHAPTER 1 .

INTRODUCTION .

I

-
~

The direct use of the sun's energy to heat buildings h#ts become
a popular, and will soon be an essential aspect of the construction in-
dustry. An excellent intfoduction‘qO the subject 1s contained in the

- . )
book by Farrington Daniels 27.i More detailed considerations are given in

ASHRAE GRP 17028

and in the texts by Duffie and Beckmanle, and by Meinel
2 . ' - . |
and Meinel 9. Practical guidance for builders can be found in the. books-

by Anderson30 and by.NicholsonSl. ; "§01ar‘Eneggy", the journal of the

International Solar Energy Sociéty,and the proceedings of the Solar Energy

-

Society of Canada/ISES Conferénce in Winnibegz; and the ISES Conference
in Orlando3 contain\many useful papers about the various aspécts of sblar

- . . .

energy.
Solar heating is an ancient att. It was revived on this continent

in the decades between 1930 and 1950 by a few pioneers at the University

- o~

of Wiéconsin, M.I.T. and Colorado State Uniuersity, who began experimenting

' : : :

with'collecﬁors and solar heated homés. Sincé the realization in 1974

that most countries were tﬁo dependent on a dingle energy source, the

effort devoted to solar ene;gy-research and developmént has grown rapidly.
As paft of ité Energy Réséarch Programme, the Centre for ﬁuilding

Studies, at Concordia University, has initiated sevbraliréseérch'épudies

in solaf energy with the aim of developiﬁg cost effeétive solar. heaters

suiF;hle for the Québec climate. At ;he optéet, it was réa%ized that

before designing solar heati(; for Québec, ' reliable data on the performance

of the solar heating system already built here Was needed. " Since no such

y
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adata,exisfed, thisvproject was begun to stud& an existing house ldcated
near the village of Macaza, 170 kiloﬁeters north of Montreal.

The house was designed and built as part of the "Quebec Indfan-
. Housing Project" By the School of Architecture and.;he éracg Research
Instigyte, both Af McGill Universityl. It was completed ln Febfqafy,l&?ﬁ .
and.was home for families of staff members of Manitpg.College. " Some pre-

Iiminéry(sﬁudieq'we;e presented by Hamilton and.McConhellz.'

The aﬁthqr undertook to morritor the house during the 1976-77
o, . .

heating season "and to prepare this thesis for the 'M.Eng. (Buifﬁing) pro- '

—_— —_— P —— f—

gramme in the Centre for Building Studies. The study was inftlally
carried out in collaboration with the Brace Research Iﬁstitute and’ .

., . R * " .
1'Institut de Recherche d'Hydro-Québec, which supplied and idstalledsthe
- monifbringlequipment and pfbvided computer facilities to reducethe data. L

"Investigations were later continued by the C,B.S. with the paftipipation

of I.R.E.Q. Preliminary analyses of part of the data have been presented’ .
. ' - S

3,4
at conferences .

The 'present thesis presents a more-pomplete analysis of the
Y} ) o - . t
data collected during the 1976/77 heating season. In.addition, the thermal

L4 1

performance of the house and solar heating system has been simylated on’

, the Concordia University CDC CYBER 172 computer using an electric circuit

*analogy. Comparisons are made betwein measured and calculated temperatures

'

' in the collector, storage and the living space. Values derived. from the

computer analysis and measured electricity consumption are used in a heat

*

balance calculation to give an estimate of the contribution of the solar

heating system -towards the total heat supply to the house.
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-

w!

A number of computer programé heve been deveioped by others tp

s1mu1ate the performance oﬁ;hﬁth liquid and gir heating solar energy

- systems of a standard type with parameters to represent eertain charac-

1

4

*

teristics of the system and.the location.“ One” such program is TRNSY55 ‘

The f~chatt program6 was developéd to correlate with TRNSYS as a design

tool for the predlction of the contribution of a solar heating system to
the heat %equirements of a house. ¢

The calculations of this study are based on a simulation program

which originated at the MIT Electrical Engineerl ,Department7. Modifi- -
cations to the'program were made in otder to simi ¢ the particular solar

heating syetem in the Macazd house. The system used air for heat transfer

from a vertical collector to a rock stbrage: Air heating systems have

"been extensfvely developed and tested, notably by Lof -et als. There are

Y N - s

".""a number of unique features of the Macaza house. The solar collector

-

was constructed as paqt of the.south wall of the house. _Snow in front

of the south wall in winter serves as a reflector to increase the incident
. . . > o+ .

solar energy on the collector. The solar heating system- was designedepr

partly manual control and for partly pa551ve heat transfer. -

* The construction-of the house and the sitefbullt.solar heating

- gystem are described in Chapter 2.. The instruments used to monitor the

house, the techniques of analyéis of the data and the results eﬁgthe analysis

are presented in Chapter 3. In Chdpter 4, the simulation .model and the

results of cqmputer runs which match the measured performance of:the house

are given; The heat flows in the house, and the contribution of the solar

heating system to the heat supply are also given'in Chapter d, Suggestions

for changes in.the solar heating system to improve performance and a dis-

. ‘ o -
cussion of the Yesults of this study are presented in Chapter §. Some_econqmic

. 4 '
analysis of coqts are presented in Appendix F. : ° i

s

{

s

"



CHAPTER 2

I ~ ’

P THE HOUSE AND SOLAR HEATING SYSTEM

ey, Yy

2.1 The House: Site and Desipn : : oo

In.June 1975, the Shelter Systems Group of the Department of
Architecturg of MeGill University.started the construction of this house

on, the grounds of Mani tou Col}ége,.a community college for Indians, Inuit
o ‘

and Metis. 1t was one of-{our houses proposed for the Quebec Indian

Housing Project supported financially by the Canadian Donner Founéatiop,

~ .

the Ministry of State for‘Urbah Affairs and the Department of Indian and

NI . 1
Northern Affairs. The project was directed by Prefessor Bryan McClosky.

The house was built on the collepe grounds, near la Maceza, a

small village, 170 km north of Montreal in the Laurentians. It'yas

planned to be "culturally and environméntally appropriate" throursh the use

.of 8 solar hesting system, "local materials", and the employment of indi-
: \ .
penous workers in the predominantly labour intensive construction.

-

Involved in the design of the house were architects Guy Courtois
and Bryan McClosky. Tom Lawand of the Brace Research Institute was
respqrsible for the heating.system design.

The house and solar hgatiné system were designed'for cn-site
construction of the sy=stem, and for simplicity of operation of ‘the system.

‘Pictures and a description of the house can be found in Reference 1.
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The trouse is’ 1ocated in thé Quebec Laurent1ane a region with an
average of bRSO Centigrade heat1ng degree days. ’ The location is at -
46%24' North Latitude, 74747' west, 250 metres above sea level. An import-
ant envirenmentalrdepect isg tce snow cpcer that reflects solar faéietion
well, making an importené contribution to .the amoent of solar enefgy received

- . .
on the vertical collector surface. - .

'
The house was'deeigned from the outset-for the climate of the

region. It was oriented on an east- west axis, to maximize the southern

exposure for heat collection. The northern exvosure, through which much -

heet is loat, was minim;zed by a low profile ehd earth berm..> The windows

were conceritrated on th@'east and weat sides, where light and heat can be

rained. Bedrooms are located in the northern half of the house, d1rectly '

over the heat etorape chamber. so heat stored during the day can TIBE at}

night tothe bedrooms (Figure 1) "The ent1re surface of the south wall

is used for the solar collector. Frame cenatruction is vsed in ther south .

wall in order to accommodate the asolar collector. The east, west and

north walls are made of stacked 5" x 5" roughchit spruce timbers. The

5" x 5" dry spruce wal]s wera built wlth a fclded'layer of building paper .

- between each squared log to reduce water penetration. Additional oakum.'

was wedged in from the outside where necessary Two inches of styrene

ineulation covers the inside of the east and west walls. In the north

‘ wel] 4“ thick panels of treated peat-moss insulstion were used to achieve

an overall heetcloss factor similar to the other walls,

In the south wdll, 2" of polystyrene insulation was used.

The interior was fimished with 3/16" prefinished wood panels. The
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ceilinag JRE covered with 4" of insulation (givinp nominal R.ZO) and
c " .
. acoustic tilea. The foundation walls were coated with asphalt aealant

and then covered with 3" of styrene insulation.

2.2 The Solar Heating System

(Refer to Appendix A for detailed drawings.)

The Bolar heating system comprises two main;componantu:' a vertical
solar energy collector on the aoutﬂ wall and a heat storaéé chamber located ~ -
in the basemeﬂ of the house, as shown in Figure 2. A fan in the basement
draws warm air from the collector and distributes it to the storage chamber
containing rocks that sbsorb the heat. '

'- The use of air as a heat transfer mediun hae several advaﬁtages
over aslternative systems using various liquida in closed circuits for heat
abmsorption. It avoids problems of leakage and “freezing, as well as depend-
ence on plumbing skills. —

At the particﬁlar 1atitude of the site, the optimal tilt of the
coilector'surface (for winter heating) is about 60° as messured from the
-horizontal. However, the ;olﬁr energy reflected from the anow is uti}izéd
better with a vertical collector. The latter is also easier to conatruct
and avoids B;ow accumulation problems.

A fan with a high air apeed was used to lower the surface tempera-
ture of the abhsorber ;nd thus reduce;haat loaseslfrom the collector.

Heat from the sun is abaorbed By a blatk metal ﬁlate And by a black
metal screen ulﬁced between it gnd the double glazing. The purpose of the

éxpanded metal screen is to increase the efficiency of the system by

increasing the heat absorption area. ‘ Theorefically, such a screen can '
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. . : o
almost douhle the absorber-to-air heat transfer coefficient of a flat

black plate collectdr.’ The total area of the col]ectofois about .

36' x 14" (504 ftz) The net’ collector area of glazlng is h2 5 mz. To

-

"ensure even dlstrnbutlon through the’ collector thp warTm pir is channelled

by means of vertical dividers placed across the‘surface with fi;ed horizontal

wood strips to control the amount of flow in. each channel.

Air is drawn from the collector through a 7" x 10' opening at the

s

base of the central third of the south wall.. The fan located in the bese-

-ment duct draws the warm air through a f11ter and forcps it into a plenum

chanber, From the plenum, the hot air is distributed throuqh a layer of

hollow concrete blocks below the rocks aligned so as-to form horJZOntaI

. channels, The air rises throuph“%" gaps left between the blocks and then

" ¢ollector is used to direct the air flow either to the collector of to the

between the rocks. The air returns to the collector via horizontfl ducts,

between the floor joists, mnd .vertical passages behind the collector. It
re-enters the collectof throush two 74" x 10 opénings neaer the top of the

collec%br.

A system of manually opérated gates located near the base of the

kitchen and living room. When the sun is ghining, the gates are opened to.

allow forced air flow from the storass to the collector and back again.
At nipht and on cloudy deys, the gates are closed, isclating the collector
othervise heat would bhe lost through the collector glazing. When the

gotes are closed, the fan can be used to circulate heat from the storage

: bin through the house. Fan air intake is through vents in the benches

along the central third of the south wall of the house. After passing

Y
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through the storage bin, warm air enters the house via vents in the beoches
" along the outer thirds of the south wall, and via vents in the bedrooms.
-Even with the fan off, heat distribution can be obtained by allowing waym
-air from the otorage'to‘rioe by natural convection into the bvedrooms.

On a sunny day, the collector can also be operated passively
(i.e., without fan) by opening the gates and tho four windows at the top of
the collector, creating a thermosiphon action through the qollector to the
living robm,aﬁd-kitchen area.

Electric baseboard heating units totalling 9 kw provide muxilisry
heat. They are placed‘at'floor fovel under the w?ndowa of the house.
S%nce they havo beén ihata}led, it/ﬁas been suggested that the heating units
could-have been located in the rock bin 80 a9 to allow storage of the
elect%ié ooat in tho rocko during off péak'perioda.l This would be of

interest in case pof widespread use of such a storage system, Bince-it could

relieve the power demand load of the electric utility'during péak‘hoqrs,

hJ

2.3 Details of the Conatruct1on and Onerat1on of the Solar Eeatiog System

| The solar collector is composed of an absorber plate, 22 gauge
steel,a black expanded metal screen and sealed glmss units supported by a
wood-frame wall. The collector is supported by 5"‘| x %" dry spruce studs
foating on the foundation, h; on centre. There are 5" x 43" apaoes b;tween
the collector and th; polysiyrené insulation that separafoo‘tho oollectof
from the house. In the central third of the south wall, thres'e_ ;;{acéajjdo' "
not serve.a special function, but in the two outer thirds they oofié gg::;

cool air return ducts, Air circulation in the central ?pace iz blocked

by a 1" thick wooden board ant the bottom. On the outside, the studs are
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co&ared with sheets of chipboard, . The hbsorber rlate meial panela.are
fixed to vertical vood lathing strips on 16" centres nailed to the chip-
board. . This provided a 3/#" gBp hetween the chipboard and the sheet metal
for air circulation behind the abuorhar plate In the central third of
the collactor, thia warm air exits at the bottom to the fan, whereas in the |
two outer thirda this air circnlates upwardu with the returning cool air.

The absorber plate is ;omnosed of ¥ x g galvanjzed sheet metal
renels. ° These ware predrilled on 16“,centres to correspond—to the lathing
spacing. In all, eighteen sheets vere used. Black‘lnfepraint (good to
180°F) with & dull finish vas used. ' Because the sheet metal was galvanized,
it was washqd with nhptha gas (to remove 0il and dirt) and then etched with
vinegar to ensure adhesion of the paint. - A 8pray gun was used to. provide
a thin even surface of both a primer and the black paint, After the paiht
dried the sheat metal “as installed onto the lathing, using nails of
ulightly smaller diameter than that of ths drilled holes to allow the sheet
metal to expand when heated.

The 36' x 14' wood frame to hold thelglaztng was cofistructed in a
garage at Maniton College. 80 work could contirme durinz rainy weather
Dry spruce 2xl's were ufid for 1t conatruction 3/4" blocks were installed
to hold the stoppers for the glazing. The joints w;re étrengthened vith
sheet metat plates nailed tp'the inside surface at each Joint. * The frame
was then prim?d and carried to the-houge vithlthe help of sixteen people,.
Tre frame was met on a vooden board suspended by brackets at the base of
the 5" x 5" studs, and Fixed in place wf;h additiona] brackets bolted to

the 5" x 5" mtuds at each joint of the frame. The 3" thick metal brackets”

were made at the college ahbp.
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Boards and wood atrips wg¥e installed to distribute the flow of
air over the‘uurface of the colleétor as ahown in Figure 3. Othérviue.
all- the air would take the path of least raaistance: a etraight line from
'the inlet to the outlet, and no circulation would go to the corners.

Boards vere Ylaced vertica]ly behind .the 2" x 4" atuds at the mid-height

of {he collector forming 9 channels. A calculation was made of the path
lengths and of the absorher aurface‘area which was drained'by éach cﬁannel
of air. ‘The channels at the extreme endsa' of the collector were left open.
A1l other channels were partially blocked, by & piece of wond strip placed
horitontglly behind‘the frape. The gap between the wood and.the absorber
in eachnchpqnellwau made proportionai to the.product of the ratios of the

abgorber surface area and path lengths with respect to the extreme channel

"+ as shown in Table 1. ’ - o ‘ /

. . /
TABLE 1

-

CHARACTERISTYCS .OF ATR PATEWAYS IN THE COLLECTOR

Ahsorter Ratio of Length Ratio of Product Amount
Air Path Surface Area of Air Length to of of
Nunber Area to #1 Path Length of Ratios. Opening
8q. ft. ft. . #1

T 66 B T | 1 3"
2 b . b/7 16 8/9 1/2 13"
3 4o u/7 14 7/9 4/9 1-1/3"
I ko 'u/7 12 2/3 | 1/3 1™

]

5 ut 4/7 14 7/9 /9 1-1/3"




" PooR PR/AT |

40353 [0D0 8Y] UL S|BUUBYD MO|J Jiy £ a4nbl4

, ONIZVIO -
- — N3IDS , . : :
. ] \lwmmmommq : K‘ SAINLS GOOM ONIMOHS NOILD3S
- H . a

BN NN SN/ NSSOINSISIS/INSE

£
. N, ~h N SRS
Laass SN NS s i

# : |
MO14 H1V 40 NOILZ3Y1d GNV SHIFWIN TTINNYHD .ONIMOHS NO11VYA3T3

_ ,..quz . 959__.__
\\_a /I N W
J

9l | || S bl o\ s Z T

5

1

IV 13T . | N TCERY




‘PaoR ‘PRINT i

14 Lo

Channels 6 to 9 had operiings identical to those of channels 1 to 4, in the

reverse grder, N
. . , K3
The freme holds the expanded metal screen from Dramex (3/16"

amall diamond design #22, 50% open). This ‘was painted with black Tremclad
antirust paint. B{ghteen sheets of screén were washed (by dipping them one
by one into a h' x 8' tray of gasoline) then scrubbed and dipped in a tray
of the black paint-;nd.then hung to dry. Finally the sheets were cut to
the size of the frame module -(4' x 4%') and nailed on to it. |

The gsealed glass units are compomed of two aheets.;f glaasr of
which the exterior sheet is tempefad, 3e§ in an aluminum frame. The unit
is 15/16" thick and messures 47" x 54", The installation of the glass
units in the freme was difficult, since they weighed 100 1bs. and some were
to berinstalled ten feat above the ground. Each unit vas placed in.a wooden
Mg, 1ifted by ropes, aituated in front of the appronriate ouening in the

fraue rested nn neoprene rubber blocks (allow1ng 8 i” gap for expanaion)

then sealed and fixed in plece with pre-cut, pre-painted exterior

.atoppers. The size of the interior atoppers is 1<3/4" x 3/4", that of the

exterior omes 13" x 3/4" and that of the rubher blocks 2" x 3/4" x 2. The
seals used wvere be Tremco tape and monolastomeric caulking.

The entire process of washing, transporting and installing the
glazing involved thr;e\mbn'fnll time for two days. Bours after completion
it began to snow. -

Air is e¢irculated throngh a duct into the storage chamber bj a
3,000 CPM Champion Fan (1 h.p., 110 volts motor). Although the fan is

' N\

ineide the duct, the motor is located outside so it is accessible from

the basement.



PooR PRT |

15 -

' -

The duct is made of sheet metal held by a wooden frame. All

. ‘

ducts in tha;hdﬁsq are insulated. to ensure the effectiveness of the heat

transport cireuit. i : K

- L]

The storage hip ig located under the bedrooms, the}mally insulated

but connected to the badrooms by basebohr{ diffusers which allow control of
the heat flow. Insulation of the storage chamber is on the outer side of

the concrete walls and block floor, so the concrete will cqntéibute toward <

.

the mass of the heat storage.

«

. .
-

The gates controlling the heat flow in the system are located at

the bottom of the smouth wall, hehind the collector, supported and hidden by

an 18" higk bench running alons the entire south wall. They are copened
’ ™ N a

bj a hand-winch requitine about five turns againat the preseure of. the

spring-londed gates. Each gate is cornected to the winch by a wire strung
over pulleys, -Cne has access to the wiree and gatea by lifting the ply-

vood ton of the bench. ~ The air vents for heating from storage.are also

~ . '

located on the face of this bench. o s 7

-
v

Operation of,the’§olaﬁdheatiﬁé system by the inhabitant requires
the maninulntiog of ‘the gates_céntroiLing the air flow, The fdn is
turned on by a differential _themoe-stat when & sensor in the collector is
EQOF wvarmer than one in the storage chaéber. Then the gates must be

raised to allow air flow from the collector to storage. The gates are

closed at dusk or when the eun is unlikely to reappesr. However, wvhen

the fan cycles on and off during parfiallyﬁovercaut*daju, the gates are.
not closed.

At nirht, the air vents allowinz convection of warm air ta the

.

bedrooms' are opened when required and ' then closed in the morning. If

‘ - N
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heat diﬁtribution,by'the fan ﬁt ﬁiﬂit is desifed, then the fan has'to be
t;rned‘on manual ly, If there is a power failure on a sunny day, tﬁe tvo
;indova‘and the two rlywood flaps at the top of the collector must be
opened to prevent a heat build-up in the collector that might crack the
glasn. )

Checking the proper working Eonditinn ;f the gates, greasing the
fan, chﬂnging‘tbe pulley belts of the fan and changing or cleaning the air

£%1ter are the maintenance requirements of the heating system.

. .
2.4 | Comments on Houge and Heating System Desien

The coilecjor glazine is & semled unit of two glass panes mounted

&

in a wooden frame. _Tﬁé interior vane is ordinary glass, the exterior one
is tempe'ed élaus. The units were installed at the end of Nnveﬁbér 1975.

Th;eé mracks in the inner panes occurred in the winter of 1975
ané three nore‘in'January.l9?? vhen the house was unoccupied. .Most of
the cracka are short, bnt.two of the yemrr-old cracks have enlarged to the
poini vhere some condensqtion-between the panes can be obuerved.v Although
the cracks have not Epparently affected tﬁe performance of the cqllector.
in time, there will be gresater heat leoas 'through the sealed unit.

. Tge cracks occurred-on clear, sunny daysowhen the fan was not

\oferatinq because it was not yet.cpnnected, or because there was ﬁ Pover
outage in the elecfri;ify aﬁnpli to the house. {
- When thd air is not circulated, it rises by natural convaction.

Ir there were 1arge enouph air inlets and outlets, the hot air could move

-out of the callector at the op to be replaoed by cooler air at the bottom.
e

However, it appearu that ‘the collector is not ndequately vanted. The
Ve

S

rd

s . -

‘
of
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temperature of the glass surface rose to 66°C. ~The high tempersture

alone may not be enough to crack the glass. “The construction of 2 sealed

unit is such that the thermal resistﬁnce of the air space is greater then

Tren b

thngesistance of the edge spacer. . In cold weather the méan temperature

.9

of the inner pane will be warmer than the edge témperature “26 Therefore,

o

tensile stress is produced at the edge of the glass pane wh:ch, added to.

-

other edge stresses due to the frame, may" exceed the edge strength of the
glasa, cauging breakage. -
There was no pattern to “the cracked panes, The.pgrticular:

- panes which cracked mafshave been under more s@ress due to the frame'than

T2
- .

" the others, or possibly there were slight defects in their manufacture. .

v

The breakages in Januafy 1977 aré'likely'due to the same cau§e4
during—a power failure, when thererés no one in the house to open. the

vents., _ . ' : o . .

éit was observed on‘Februarv 7 that there was snow drifted. up to

-

a level of sbout one foot above the bottom edge of. the lowest un:ts, wh1ch
e . e

could ‘have gontrlbuted to the crack:ng of tvo louer nanes dur1nz the power

outage.;‘ This sugpeets that collectors shou]d ‘he above the’ max1mum sSTow -

leve], o; some qcntrol of snow drlftlng be provided. ;:The frame.

. 18 subject to thermal QXpansion ﬁhd contradtion;lwﬁiqh méyihawé con-
tributgdlto the stress on the edge of the glass. Itzfs riot known_whéﬁher
this f;cior“?ﬁfaufficieg} by itself to_ﬁave caused the crécking if venti-

‘ulétion_of the col;ecto? waélbetter:;- The wood used was the dryeéé avail-

“able. It is nossihle'that'the 2" x 4" framing members were not sufficiently
B

s5tiff to prevent closure of the air gav which surrounds the unit. N
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The choice of a large vertical collector on the gouth wall and
a low northern exposure to the ;jnd determinéd that the }ooF’be a shed rToof.
A combination of an incline on the south half with a flat roof on thé nofth
half saves some space but presents some problems. The "cathedral" ceiling
on the south half can be ecriticized as a waste of space and heat (heat
rises and is trappéd in the peak). Possible solutions are a loft in part
of the space ard the use of a ceiling fan to circulﬁ%e warm air down to
the living room floor.

The architec¥'s wish to have the ceiling beams exposed to
interiof view hasg heen anpr?cinted-by the residents: however, it hasg led
to a condensation problem. In'order for the beams to hg-exBOSed, the insu-
lation and_cei]ing‘tiles vere placed just below_}he rog}-deck, leaving no
soace for ventilation. .ﬂoisture which penetrates the VQéonr barrier, or from
the wood in the roof, is frozen in winter. Iﬁ the dporing thaw, fhe water

IS

leaks through the insulation onto the ceiling tiles. The tiles are

*

: . - .
currently discoloured in a number of places.» If the ingulation and ceiling

were applied onto the beams, there would have been asput:nine inches of

, N

ventilation space. However, the cafiiy would only have had‘an nnepiné on
the south side Above the coileéto;;vgecause the north gnd is blocked by the
flat roof. This may not ha{e been adequete véntilgtion. A pogsible
aolution. would haQe bheen a f;ll shed roof with a truss and an attic space
above a flat ceiling.. , )

The honse has fhé.whole south wall as a collector. There are
two openable windows near theftop of the wall which se?ve as emergency

. .

venié ggd allow in some light.: Generally, on a aunny.day, the light in

the house is adequate, but on an overcast day it is not, according to

the inhabitants,
~
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Since heat is not wanted.in the house during the sqﬁmer‘months
and the sys}gm is not'deaigﬂed to store summer he;t, fhé collector muat be e
made inoﬁerativé during the summer. There are a number qf'alternativeag
. 1. Shading by_aﬁ eave}

2. . Covering the collector with shutters ‘or canvas:

_ 3; Yenting the heat to the outside by openings in the top
- S of the collector.

.The presgnt deaign rgqu@res thatq}n the summer, tﬁe collector air
be vented by the fan to the outside.

In order to ?ncreaag inaulation of the house, the earth was
piled up t%rée feet above ground level oé the north, east and'west sides:‘
In iﬁe winter, the snow drifted up to the level of the windows and partiﬁfly
ﬁlocked the iikht and view ("the screen traﬁped the anow). Also, éhe Bnow
melts and freszes in the sliding window tracks, which prevents them from
being opened.- This 18 a problem bécause it.prevents emeréency egcape

through the windows.
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CHAPTER 3
!
“MONITORING, ANALYSIS AND RESULTS

3.1 Objectives -

The first objective is an estimate of the performance of the

solar heating system in order to assess the suitability of this kind of

system for the climate of Quebec. .The collector, the storare and thé
\‘S;\&nQeractions of the parts are etadied in order to estimate :;e performgnce
: that could be achieved if the componenis were weil matched to'each other
and to the solar input. ‘
The nerférmance of the cgllector is jngad primarily by tﬁe
heat outout from.it and by the efficiency of conversion 6f tncident solar
radiation to output heat.  Instantaneous and daily efficiencies and an
efficiency curve are calculated. Thermal inertia which can delay etari
up in the mornin? and can affect the performance during é]oudy periods ia
another aspecf of collector'penforménce.
| The performance of the rock storage is judged by its response to
inputs of heat from the collectbr,‘to demands of heat from the house, and -
__\\_\\\_—- b& its effect on the collector efficienc&. " The heat distribution ducts
' and dampers must 5asa-hgat“into the house when needed, but noﬁ pass heat
when it is nof needed. The control scheme for the system‘consiata of
the automatic control of the fan‘by a differéntial thermostat ané the

A

manual openinz and closing of air flow gates by the inhabitant. Did the

|
20
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manpual control of the gates .cause any significant heat losses because

.they were not opened 6rxéibsed‘co-incident with the fan operation?

| The second objective of the analysis is the study of the contri-
bution of the sélar heating aystem to the peat requirements of the‘houae.
The guestions to be answered are: Of the total heating required by the
houﬂg. vhat part was supplied by the solar heating s&stem (called solar
fraFtion) monfh by month and for the whole heating season? At what time
of day does the peak heAting demand of the houae_oécur? At what time

doea the peak demand on the electric auxiliary heaters occur?

3.7  Monitorineg Ipstruments and Data Collectioﬁ

‘I order to nasess the thermal verformance of the house, various
temperatures, -incident Qolar radiation and electriéity inputs ‘were méaaured.

The tnmpératures were sensed by copper -~ constantin thermo-
couples which give a signal in the millivolt range, dependent on the tempera-
ture at the junction of the two different metals. The thermocouples were
connected to » reference junction which provides a fﬁxed reference voltage

_representing 0 Celsius. ‘

F£fteen thermocouples were placed in various locations, as shown
in Table 2,

All the thermocouples, solarimeterg, eleEtribal sensors and
data acquisition systems were furnished, calibrated and installed by

Hydro-Québec.
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Collerctor Screen:

Collector Air:

Outside Air:

Ingide Air:

22

TABLE 2

THERMOCOUPLE LOCATIONS

Y 1

Top centre
Mid-height centre
Bottom centre

End channel mid<height

Inlet at top of supply duct

Inlét at bottom of supply duct

Outlét ’ ‘

Mid-height in each of 5 éir channels irn

the centre and 4', 8', 12' 14" away
from centre

In a shielded tube 4' from north wall
of centre of housae ' o

North bedroom 4' above floor

Bagt bedrpom.e' above floor

Those in the collector were ghielded from radiation by & small paper tube.

Fourteen thermocouples were placed in the storage, as shown in Figure &,
& .

The solar radiaticn was ﬁeaqured by three Kipp and Zonen solsri-

'metera..Hodel #CM35, The solarimeters, alsn called pyrapnmeters, were of

the thermopile tyne with twe glase dome covers. One of the solarimeters

wag mounted in the centre of the souti wall with its reéeivinz plane
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vertical. The other two were mounted on the top of the roof with their
receiving planea horizontal. One of these was shielded from the direct
rays of the sun.with a metal band which occluded 14 degrees of the Bky in
a4 band on é‘great circle centred on'the solnrimeter.lo 'The elevation of
'the shadow band was ad justed in order to follow the seasonal changes of
thglnoon altitude of the sun.

The 32 measurements above, vlus 7 electrical measurements, were
recorded on magnetic tape at 15 minute intervals, using an I.R.E.(Q.'s Monitor
.Lubs Dgta Acquisition Sysfem.. The electrical measurements were %aken
from the secordaries of current transformefs inserted in various circuits
.in the hcuse. The purpase of these e1ectrica1.measuremenﬁs was to obtain
cestimates of the "occupancy” internal Weat gains to the house, and of the
heat Iosses from the vented appliances: the dryer,'ugter heater, and
electri; toilet.

A aeéond data acquisition Bystem of ‘& type commonly n;ed Ey
Hydro-Québee was used to obtaln readings of Fhe energy supplied tol
the baseboard heaters, to the fan, and to tbé.entire house. using ordinary
household kilowattﬁouf meters in eech circuit. A pulse was producéd for
each revolution of the mgter and the number of pulses in a fifteen minute .
interval was recorded on a magnetic tape cessette.- Each cassette has a
capacity of one month of readings. The printout of the data can show
each fifteen minute total to permit detailed calculations for a short.period.
Tr addition, totals can he obtained for longer periods‘and‘plotkqd for quick
ingpection. A samole of tﬁe esraph.of fan.energy consumption of kilowatt-

hours totalled over a three houwr interval is shown in Appendix B. There

is a small battery in this unit which permits up to four hours of operation
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in the event of 8 power failure; BO thnt-uubuequant raadings.a;e taken at
the correct time.
The Honito; Laﬂs system consists of a numbe; of components! -
1) A John Fluke Model 8400A Digital Volimeter which measures
DC voltages with up to 1 microvolt of resclution. The input is sampled
periodically and digitized.
11) A Model 1200 Analog Scanner which is used to switch
sequentially thfough all the channels and transfer each analog input signal
in-@urn to a single pair of output 1inéa which connect to the voltmeter{‘
The scanner uses integrated circuifa and plug-in.circuit carde, a0 it is
very reliable. ~ ) .
$£11) A Model 3100 Digital Clock which provides a signal at
pre-set intervals - 15 niﬁutes for the present study - to initiate each
scan, and provides the current time in day of year, hour, minute and seconds
as a lahel for each group of data. ’ ’ ) -
iv) A Model 4200 Datg Coupler, which tranafers a block of 100 BCD‘.
characters from the voltm;tef to the recording ?eviceaﬂ _The data stream

is srranged into progremmed word groups in the couvler.

v) A Pertec 1000/2000 Series Tape Transport, used to record the

¥

data on magnetic tape. . -
vi) A Hewlett Packard 5055A paper tape Printer.
vit) A VYoltage Regulator vhigh maintains a constant voltage for
all the other devices, |
| This system was not protected against power failures. The

clock and recording devices had to be reset after a blackout.
¢ .
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The system, as & vhole, Tecorda a sequence of data samples.
No integration or averaging of a continunous measurement ime déne on site.
The mammetic tanes were taken to IREQ, where the data was tranaferred to a
computer tepe in Fortran compnrtible format. A program was written which
translated the thermocouple and solarimeter data from millivolte to degrees
Celsius and watts per asquare centimetgr. using the éalihrntion efuation of
the thermocounles and the solarimeter constants. The program cou]d.parforﬁ
some averaging of the data and it displayed the results zra£htcally.
Samples of the outout are shown in Appendix B;
A summary of the data for ten days in November is pﬁowﬁ in
Figure 5.
There were some problemes in data gathering:
i) "On one occaainn; the battery of the reference junction
o Compensator ‘Wwas not replaced socon enough, so that the absolute values of the
thermocounle readings were inaccurate for a beriod'of-three months. ' However,
the difference between two thermocounles readings was aCCur;ée. 8o that the
data for October - December was recovered by normalizing it to an assumed
constant indoor temperature.
11) On a few cccasions, condensation was found in the dome of
the nyrannmeter which was used to measure diffuse radiation. The dome was

removed, dryed and ragea]ed. This was & minor inaccuracy which affected
a few daya'only. |

111) The measurements of current in the dryer, waterheater .and
electric toilet vere.limited in unefﬁlneas bécauée the currents wvere

sufficiently variable that the fifteern minute uample interval did not give

an accurate indication of the total energy used by these appliances.
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iv) lThere was a {eulty connection on the voltmeter which moma-
tiﬁca produced noise inatead of information. This caused a losas of data
for a number of days before the problem was corrected.

v) There vere temporary blackouts of electricity supply to the

house. There were some delays before the Monitor Labs system wae restarted.

vi) The outaide thermﬂcouplg had been connected backwards.
] .
The periods for which the data is complete, unreliable or not

available are shown in Table 3.

+
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TABLE 3

-
"SUMMARY OF DATA AVAILABLE

Solari-
mgters

Thermo
counles-

Household
Electric
Meters

Fan
Heaters

Total
entry

"Weather
Stations

A
‘-\\Egifnt

Tempera-
ture
Wind

House Log

—

—

_ October November December January FéE;G;;;//;;:;;:

XXXX X XXX XXXXXX XX XXX X
XXXK - - =X = = ~ = XXKo XXKXXXX- -XX- XXX X
L4
XX
XX
- XXXXXXXXXXXK, === - -
..... mm e e = == =e = KXXXXXXXXXXX
Dgta Reliable | »

-

- A
- - = Data Unreliable

) 9.9 Data not Avqilab]e
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J/’///// . A part of the monitoring of the house was the logz which was kept
by the inhabitants. The log records thé times when. the gates were opéned
or closed. The log also records uéme weather information, whether or not
the house was nccupied, and anything unusual. For a particular veried,

when the heat flows in the house were bheing utudied. the lors records when

r

the shower, range and-dryar wéré used and when dishwashing was done. 2
Heas;;ements of air flow rate were taken by Blair Haml}t"f
They are Pxplained in his thaais.l The flowrate was megsured thh a hot
wire anemometer at a number of diffefant locations. The air flow in the
. collector-storaze loop is used in the calculation of heat gain from the
' ', collector. A geries ;f measurements was made in thp ducts leading to the
‘ collectof. The total flow into the callector wasg 2661 mj/hr. Hgasure—
ments in the duct at the outlet of the collector gave a resnlt or,zpeé h3/hr.
These ;alﬁea,agreé within‘;he accuracy of the measurements, The vglue.
2600 ma/hr is" uped iﬁ thé calculation of the heat gained from the collector
in Section 3.93. . | g

Outside Temperatures

A check was made to be certain that the outside thermocouple was

measuring the air temperature sccurately. FEach day the témperature was
Tead visnally from a standsrd outdoor thermometer in the shade near the

north window. Theae enot mensurements agreed within 0.500. The outdoor

.

temparature record is incomnl%te; end degree day data is needed for‘heat'

*

-load calchlations. Weather data was obtained from the Atmospheric Envir-

onment Servicé, Canadalz for two weather stations at Ste. Agathe and

Mariwaki, which are about 52 km southeast and 93 km due west of she site

respectively, A correlation between the measured- temperatures at the
P -

-
-
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gite and at nearby weather stationpg was attempted. The ambient tempera-
ture messured at the house site was compared to the maximum and minimm
temperatures measured at the weather stations. | ) h

" The average over twenty-four ppura of the site hourly tempera-

" tures matches the a?eraae of the méan SLin temperatures at the weather
stations as shown in Figure 6, The maximum at the'site‘generally falls
betugen‘the maxima at the two weather gfations. .

' 'Figurp 6 shows traceas of hourly dry bulb temperatures for

_Ste. Apathe and for the Macaza house site. The house is at a lover eleva-
tion than Ste. Agathe, which uay abcoupt for the lower ﬁiphtjxiue tempera-
tures. | | |

The correlation is good. The degree day data for Ste. Agathe-

des-Monts is used to represent the degrée days at the house site for"

*

1

calcﬁigtinns in Section h.srnqd in Table &,

A éoﬁparison of the sunshine hpurs and the heating degree days
during the 1976-77 aeasoﬁ, w{th the average sunshine hours and heafing‘
degree d;ya durine‘the previqus 10 yeafs,-ia shoﬁﬁ in Tablelh. The heating
degree days.for October 1976 - March 1977 were above average and the sun-
uhine hours were helow average.,\tﬂhus. the 1976-77 season was a severe test
fg? the house and the ablar‘%eatiné'&ystem.

A ;6mnarison of thé average heating degree da&s for the same s;ix
month‘nefiod, between Ste. Agathe-des-Monta, Montreal and Ottawa, is also
shown in Table 4. Ste. Agathe-des-Monta 1s‘about 10% and 15% colder than

Ottawa and Montreal respectively.



PooR - PRiAT |

| .

12

_yb | /
OS '.i / HOUSE SITE ——
w- 6| Il waimwa  —
= STE AGATHE -~~~
&
w81
>5-10 | /
=

-12 |-
5

-4 '

'l/ | 1 | | ] | -

&
&
=
B |
= - MOUSE SITE —— \
'; I STE AeaHE — ~
Q_:J R
2
N - | -
-30 \\_4// 1 T ! : | _1 ]
0 6 12 18 6 = 12 18
HOURS OF FEBRUARY 18 HOURS OF FEBRUARY 19

. Figure 6 Comparisons of temperatures at the house site and at
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TABLE b

l

COMPARISON  OF 1976-77 WEATHER WITH 10 YEAR AVERAGE
FOR STE. AGATHE-DES-MONTS

o

12 Year . 10 Year

- " Average Average
1976-77 Hours of 1976-77 Degree
Hours of Sunshine Deeree Days
Sunghine = . .Days
October 105.8 135 458 ' 182
November 65.7 o 60 646 592
December 79.4 ' 81 1020.4 879.9
January 92.3 96 1080.5 = 968.7
February A2.8 125 793.5 ' B51.6
- . \ .
March 141.7 . 151 605.1 736
Total 568 68 1563 13410

Normal.afgree days for same 6 month period: OTTAWA 4037 MONTREAL 13842

3.3 Heat Output of £hé Collector

fhe heat.output of the cellector was not measured directly,
but was calculated f;om the témperatures of the air passing through the
1n1ét and outlet ducts. The net heat aain of £he ait goinz through the
collectnr is provortiona] to the dif;erenée bgtween the inlet and outlet

‘air temperatures. It is caleulated uging the exoression:

Qu = 26000 (T, - T,)/(T, + 273.2)
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w‘here: K

QU is the sensible heat zaiﬁ!(vatts)

Ty = collector outlet temperature (°C)

T1 = collector inlet temperature (°OC)¢-
This expression was derived using the procedure described‘in Chap. 5, Ref. 13.°
but converted to the SI system of units as follows: -

The heating of moist air:is described by QU = wma(h, - hy)
where: ‘'me i3 mass flow of ai;_!kg-hr'l) .

hllis enthalpy btefore heating (watt hours kg_l)

h, is enthalpy after heating (watt hours xg™ 1)

P
ma ¢ o £
v R ~,
v = 287.1 (1 +1.6078¥) (Ty + 277.2)
P

hp - hyp = (.279 + .51 W) (1) - T,)
vhera: f is air flow rate (mjhr-l)
v is gpecific volume of the moist air mixture (mjkg_lf'
¥ is humidity ratio (kg water‘per kg air)
p i8 total pressuref(atEASphére)

Combining the above expressions yields:

ov . f-p- (0.279 + 0.51 W) (T, - T))
287.1 (T, + 273.2) (1 + 1.6078W) .

taking: P = 1 atmosphere

= 10.13 x 10t Newtons/me ter?
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and: W = 00663 kg of water.per kg of 'dry air from Reference 11.

98.4 £(T, - 1,)
T, + 273.2

yields QU

‘Ugjhg a flow rate from Reference 11, f = 2600 wlhr~! yielda:

Qu . 260000 (T, - T,)
T, + 273.2

This quantity QU was calculated at each 15 mimite interval. A profile of
QU for thfee days in November 1977 is shown in Figure 7. The total heat
collected during the da#, called Q, is the integral of QU. Values for Q
were obfnined using S:mpaon 8 rule for each day for which there was suffi-
cient data.

On severa] occasi&ks, when the Monitor Labs Data Acauinition
Syatem was not functioning correctly, QU could not be obtained by the method
described pbove. Houever..in most cases the electrical consump-
tion of the fan was available from the three channel cassette recorder.
The total conau;ption in kilowatt hours of the fan for the day, called QFAN,
vag calculated. Using the data for days when meesured values of both Q and
QFAN wvere availabla, a leaét squares regression line was calculated. The
line Q = A * QFAN +-B is used for interpolation for the days when QFAN was
measured but Q was unavajlable, To minimize nossible effects due to the -
variation in the noon‘elevation of* the sun, three separate interpolation
l14nes for the months of Oétober, of Rovember and December together, and of
February vere calculated (e.g., for February: B = -43,97 A = 34,6).

The line for February is shown in Fig. 8. The results of the interpolation

are‘ahoyn in Table 5. - Data in the region of low daily GFAN was- not used



36

09

9/6T 1aquanoy ur. sdep ¢ 103 mu:wsuowuma 103997709

0z

ot

oY

0¢

o
r~

(2) 4Louaroryyyg

90/11/6

——

e en e,

[ @and1y
9T 4T 71 01 g 97T 6T Z1 0T g
I S S N BN SR N S T IR PR N | |
(nd)ypeavsayron -

.AEB9Y

“—4oun1o

ariog

i (1osna/no)
FI3d

(Tosny)
juon

>

P

.

LTY

kS

arp)

PI2u]

9/T1/¢

0

0

(%)) £3asuy o

T

[4

3 |



PooR PRIAT |

120 -
K

80 |-
40 |-
5
[w]
L8]
.=
i
=0 .
> ] 5
= VN
: 7 DAILY FAN CONSUMPTION FOR QFAN(KWHR)

yd . FEBRUARY , :
40 L7 ’
Figure 8 Interpolation line for collector heat gain

% 4 L
2
S
=
o
5ol
w)
Bl
Q
(8]

1 = .
L'g; :
> .
> .
a0 . o 1 1 : t
) - 1m0 . 200 )

DAILY TOTAL INCIDENT RADIATION vSOL (KWHR)

Figure 9 Interpolation line for QFAN vs VSOL



Poor PR/AT |

18

for the iﬂterpolation lines becauseﬂthe physical proﬁeas of:heat colliection
ig different. On days when the fan cycles on and off, such as partly
cloudy or lightly overcase days, heat stored in the heat capacity of the
collector when the fan is off can distort the vaiue of Q. Lossea.are higher
because the dampers.were not c¢losed when fén wag off. Also, thé start-up
power surges cof the fan can add éignificantly to the value-of_QFAN. The
result is that the Q versus QFAN-curve has a different slope at low Q. than

at high Q. '

The daily values of heat collected both measured and interpolated

for October 1, 1976 through March 31, 1977 are shown in Table 5.
TABLE 5

BATLY TOTAL HEAT COLLECTED Q@ (kwhr)

October November December January February March

Lay "

1 67 % 7 g2k 0 N/A 22

2 101 % 66 * 0 Lo * N/A 71

3 10R 23 % 77 % 37 % : 0 117

4 106% . 0 Lyx 0 A 0

5 . 9R * ) 17 * 50 * g2 * 0
6 32 % 0 sb* 25% 28 * 0

7 0 Ly B* 0 10R * 7
8 0 a3 , A1+ 97 * 140 % b2
9 0 38 8g* 93%* "0 52 Q
10 a 0 0’ 0 15% 106
11 122% én a0 * g* 0 98
12 22% 0 , 0 . A3 _ 0 53 _
13 10* A 74 85% 0 0
14 7k ‘ 0 i) 65 0 0
15 11* n 67 o 22 16
16 9 60 0 Lo 79 . 0
17 0, 0 0 aAx La i
1R 14 11 96 0 23 p*
19 10 0 0 2hx 1. 9%
20 8 SSI o . b2x 69 77*
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TABLE 5 {cont'd)

October November Decomber . January Fabhruary March
an
21 0 0 7% 15% 119 62
22 0 0 Ly 1% 2 0
29 ] 0 0 55% 69 é
24 Ly L 5R* .0 9 59
25 21 0 0 2 0 20
26 60 0 7 26* o . 1m
27 0 0 77" | 2bx 11 79
28 0 .0 66~ 0 19 65
29 55 kL 108 1R% 5
- 30 0 29% Lo* J2* 68
31 0 16 0 82
Total , .
. for .
Month 913 511 1074 986 A5l 1355
*Interpolath.vnlues N/A-not available

A measurement of the radiation incident on the vertical solarimeter was .

taken every 15 mimites. For a radiation density of one vatt per square

R

centimeter, the outnut of the sofa;imeter‘was 8.85 volta. ° The regdjng
obtained wagf/multinlied by the collector glass area of 42,5 square meters
to ?ive a value for the_total_radiation incident on the collector. The -
result is called VUSCL, A ofofile of VUSOL for 3 days in Novémber 1977

is shown in Figure 7. Again, an integration was rerformed to obtain the

total incident radiaticn for the day - called VS30L. For those days when -

there was partial cloud cover, there were large variations in solar

intensity withilberiods shorter than 15 minutes. Fbr'those days, VSOL is

v

only an estimate of the total radiation for the day. Howeve;J bth low

and high readines are equally probahle, so that the accuracy of the

N
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~calenlated seasonal total radiation is.not much affected by thins

error.
For the days when the solarimeter reédinga vere not recorded

properly by the Monitor laba System, an interpolation line has been drawn

¥

uaing least squarps regression, ana]ysia, as shown in Figure 9 The daily

valuee of solar radiation on the vertical surface, both measured and inter-
polated, are-shown in Tablﬂ 6. The monthly total radiation and the monthly
totnls divided bv tha collector glazing area of “2 5 n° are also shown in

Tablv €, - o _i' N
TABLE § 4
DAILY SOLAR RADIATION ON VERTICAL (kwhr)

I

Obtober

November December January February March

Day

) 160, 135" N/A 112
2 ?37 1?0 120" N/A 18389
3 250" 65" 195 105* 274

[ 2ba* 115
5 230" 50% 140" 2107 -

6 a7* 140" 90" 96" Ls

7 : o9 R . 265' 69

8 . C 173 205, 24s” 330 151
9 128 220 230 . 157
10 . ‘ . . - 60 229
11 - 2R2 126 205 257
12 . 65" ) 210 172
13 43 208 215"

14 17¢*

15 164 b 74
16 Lo 113 135 219 :
17 225 130 151
18 ug 43 240 . 125 \
19 75 85, 300,
20 AA 165 165 2ﬂ7'
21 62" 300 205"
22 127" 50" 86 L6
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TABLE 6 (cont'd)

" October November  December January February March

Dey

23 bo . \ 155" 212 78

2L 90 70 148 190

25 50 i 132

26 120 ' . 68 279

27 195, 105, 43 216

2R \ 175 3 90 171 -

29 140 90. LN 69 by .
L R0 107, 130 - 270

3 500 Lh : 24

¥

Total 2164 208 2734 2869 2435 k251

(kwhr/ - .

m?)  s50.0 0.5 6.3 67.5 57.3 100

Daily values of VSOL less than 40 kwhr are not shown begause the inter=-
polation procedure is unreliable for days of low QFAN and low VSOL.

» ’ . -
Interpolated values N/A - not available

The monthly totals of Q and VSOL and an average monthly
efficiency are shown in Table 7.7 The averaze'effi;iency of the collector
is about 15% over the five months of November 1976 - March-1977. This
efficiency is based on those days for uhich_}here was at least 40 kwhr of
radiation on the vertical collector surface, which was.sufficient to turn
ép the collector at least for a short period of the‘day. Estimates of the
probable errors in the monthly heat collected and Encident radigtion, which

are shown In Table 7,'were obrained as explained in Appendix G.
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TABLE 7

.

MONTHLY TOTAL HEAT COLLECTED, TECTDENT SOLAR
RADIATION AND AVERAGE EFFTFCIENCY

T )

Total Total Averare

@ (kwhr) V50L (kwhr) Efficiency (%)
Oetober 917 +19 2166 +11 42
!/
Hovember _ 511 *12 1298 +7 19
December | 1074 *19 2736 *l2 .19
Janunry l .
(excent 27 ta 31) - ga6  +18 2869 *12 b
Fehrnary -
(rxcont 1 and 2) RS51 i;g\ 2L35  +13 35
March S LR L251 +16 32
5690 ias' 15751 1‘30 - 35 +.003

A comparison .retween the calcu]atéd value of the heat collected

by the collector (Q) and the measured consumotion of electric resistance

heating in the house (A) is shown in Table B, ~ The sum of Q and A

represents 3he total heat supplied to the house excent that suppiied by

Q
@+ A

The value of the solar fraction is 50% over the 6 month period. Estimates

y

occupants and arpliance use. The solar f{racticn is defined Bs

of the probable errors in the monthly heat scollected and solar fraction,

which are shown in Table 8, were obtained as explained in Appendix G.



"PooR PRiT |

o4 .
TABLE 8

‘I

, ) MONTHLY SOLAR .FRACTION -

-

. _ . ’ Depree Days
Total Total ‘ . Solar’ e 18°C

W (kwhr) Baseboard Fraction " Ste. Apathe-
Octoher . 919 *19 662 58 *.02 4sg
November 511 1.5 . 1254 . 29 *.01 646
Decamber 1074 *19 1490 42 +.01 - 1020
' Jamary  * . 9Rg 117.5 1141 b4s *.01 .10L1
FetruaTy ' . 851 *19 | 588 59 .02 ?9;
March . . 1355 ;23 430 76 +.02 605
5600 *45 5605 129 50 301 . ksg3

3.4 Cnlleclor'Efficiencv

- The ratio QU/VUSOL is taken as the‘instantaneousiefficieqcy of
the collector. ' Detail is shown for three days with different weather

«

patterné in Firure ?1 On da&s with alternate sunny and cloudy'pgriods..
like November 7 and 9, ihe.thermal inertié of tﬁe Coliector can distort
the instantanecus efficiency curve consideragly. On each of the days in
Figure 7. there wasba sunny period .at about noon. The collection
efficiency for radiatinn atriking the collector at tﬁe time of the peak
of VUSQL is virtua}]y the seme on all three days: juﬁt above or below 9

Sdﬂ. However, there ia a time lag before that collected heat exits from .

the collector: i.e., the QU curve lags the VUSOL curve. Because of the
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perticuler time sequencee of'tﬁe_cloud cover, tﬁis ioﬁers the calculated
effic1ency éurve near noon on November Y but raises it eear noon on
Nove@ber-9. The apparent’ peak- eff1cienciea of 70% on November 7 and over
60% on November g are snurlous.aptifacts of th;s time delay. Note also
fhat QUrieg the vassage of a ¢loud neer 15 hours on November R,'the ealcu-'
iated efficiency eould iaee gonevto‘ZOO% becauae‘of'the integrating effect
of this thermal inertia. T~ |

For a comparison of different types of solar heating systems,

the ihiezrated daily efficiency can te of mofe interest than the maximum
instantaneous efficienévl‘ Q and VSOL are the dailv integrals of QU and
vusaor,, and the ratlo Q/VSOL i{g taken as the integrated dai]v efficiency.
Thermal inertia effects do not distort it. . Integrated daily. efficiencies
for Novemeer.?, A and 9 were 44%, 48% and 30% resoectively,

‘Figure 10 is a plot of. Q compared ;p‘VSOL for 28 days in

Februarféégi Mafch, dﬁring wh}ch’heat‘was collected. Thére is approxi-

- mately a linear relationship between’fhe golar radiation incident on the

-

coliecfor and the total heat collected during the day.

Tp order to account for the variation of the values from the
line, a daily efficiency cufve is.nletted‘in Fifure ll,}by analogy with the
instantaneous efficiency curve. In Figure 11 dailv efficiency is plotted
againqt the (peak inlet temperature - peak ambient temperature) / radia-

R

tiqg.ph the cgllector‘per square meter of "surface area.

Efficiency Curve

[

Efficiency is not the ultimate criterion for comparison of solar

collectors. = The heat gutput per dollar of the collector purchase and,

.y
.

operat¥ne coat- could he'coné?dered to be more meaningful, see Sburcliffla.

“
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Some of the economic considerations for the La Macaza Solar Heating
Svetem are treated in Appendix F.
| The efficiency curve ig-présented here for a Eomparisgn of the
thermal performance of different collecto;a.

Ashrae hes published Standﬂrd 93-77, entltled "Methods of

15 Tﬁeir

Testing to Detarmine the ‘Thermal Performance 8f Solar Collectors
method involves keeping the a{r entering the collector at congtant conditiohs-

which can not be guaranteed jmpa real heating system. Nevertheless, we
present’ our reqults in a form similar to Ashrae 93-77, to facilitate com-
parison. -

In particular, the instantaneous efficiency of the collector is

plotted vs. a function:

(t, - tai;;)in [ocmszatt]

1

o~ where: ]
t; is collector inlet temnera ture - )
ta is ambieﬁt temperature outsid} col]ecfor o
T is rad{;tinn on collector per ﬂquare‘meter of collection'surface
i.e: T = VUSOL/area |

For a collector operating under steady state conditions, the
ef ficiency of the collector can be described by: - :;

- FR T-Fip, (15 - 45)/1

‘uhere= T is the transmissivity of the collector glazlng
Up, is the hent.loss coefficient of the collector
o is the ahsorptance of the col@ector surface
rr is the efficiency
“Fp is the solar heat removal factor | .

# .
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" Thus, when Yr is plotted vs‘ (t; - t,)/T a straight line will result where

the slope is equal to Fplj and the.iﬁte¥cept is equal 1o FR'Fx'K

' " The atanaérd, Ashrae 93-77, sets forth requirements for the testing
of solar collectors. | Most .of Eﬁeae requirements were met in the measure-
ﬁenté and analysis. However, because,or,fhe fixeq naturé of the collector,
an ipcidént angle leas tgan 300 wag not‘always maintained. Corrections for
thie are described below. In addition, the standard calls for wind velocity
measurements near the surface Qf the collector to be able ta cal&ulate the
augmentat;on of the convectivellosaes from the collector cauged by wind.

Such meésurements were not made at the site, although.a report f;om a

nearby weather station is shown in Table 9.

Calculations wére made accbrdiné to the method of standard $3-77
for three clear days of stéady-solar.radiatipn.‘ The result Es shéwn in
Figure 12. Also shown are results for two other tyves of collector.

One curve shown in Figure 12 iﬁ taken from Gupta and Garg.16
The collector tested was 1.23 m x .76 m. It had one glazing cover of

3 mm glass with extinction coefficient 0.0?7/§m. and a wire méaﬁ acreen
'inclined'batween the glaas cover and the corrugatea gé]vhnized absorber, ’
both painted flat black. ~Th 7 was clear and calm. Also shown on
Figufe 12 are the test results of a Solaron Collectar, Reference 17. The
Sdléron Collector is é double glazed air heater with a flat black absorber.
The air passes behjnd;the,ahaorber. Figure 12 shows that the efficiency
curvas of the Macazé collector and‘the Solaron Collector are similar, The |
gmaller slope for the Macaza coliector repregents a8 smaller heat loss
céefficient.

Thre solarimeters hgve tvo globes which vermit sunlight

to entér the instrument with & minimum of reflection losses for
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all angles of inéidence. However, the collector has two plane glags
surfaces which have greater reflection losses then the globes for large
angles of incidence. The tranemittance of light considering both
raflection and absorption in the glass is described in Figufe 6$.2.1 of
Refprence 18. For 5 mm glass plates with extinction coafficient 0. 161/cm
the transmittance for incident angles batween 0° and hﬁ is gbout 0.75.

At an incidence angle of 70o the transmittance ia about 0.5.
For 1atitude 467N, the angle of incidence of the sun on a south facing
vertical surface varies from 44° at noon on September and March 21 to 342 -
on Feb;uary 21 and October 21 to about 20 at noon on Débember 21. 15 During
mosf of a sunny day bYetween October 21 and February 21, the angle of inci-
dence is less than bo degrees, with no difference betwepn the solarimeter
and collector covers. Bowever, bafore 10.00 a.m, end after 2 00 p.an., the
angle is greater than 40 degrees on February 21. This affects the
_,;fficiency calculations which are presented in Figure 12 . The actual
radiation transmitted by the cover is less than the measurement of the
vyranometer by a few percent for the déta points at 2.00 p.m. and 3.00 p.m.
Fizure 12 has been corrected for this effect in order to meke a‘compafison
with Ashree standard tests, which are made with incident angles less than
55 degrees.

The wind velocity across the collector must be known and

. reported for a standard test., For the days used in Figure'lz. the wind

speed and direction at the Ste. Agathe station ere shown in Table 9.
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TABLE 9

WIND SPEED AND DIRECTION AT TRE TIMES OF THE
EFFICIENCY CURVE ANALYSIS

Date
Hour of the Dav .
+ 10 11 12 13 14 15
February 21 24 13 20 32 32 33
, SSW SW wSW " WHW WNW
March 3 10 32 24 26 19 26
WNW WNW WNW NW W WNW
~ March 10 15 9 19 19 19 15
W WNW W W W W

Tre normel mean wind speeds for the month are 19 km/hr.

A

It is clear from fhe'Table that’ the wind speedé during the test
perinds ueré hirsher than normal. It:is not 2 simole matter to account
for the‘effeét of the wina on the Qurface. The losses from the collector
are increaéed by the wind. If these d;yﬂ had been calm, the test
efficiency curve would have been flatter and possibly hisher due to the

lovwer heat loss coefficient.
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3.9 The Storage

There are eight thermocoupiaa attached to stones at various
locations in the atorage. There are others to measure air temperatures.
The locations of all thermocouples are indicated in Figure 4 . The

. temperature profiles at these pointe were printed out in crder to show the

flow of heat within the storage. - Some of theee profilea are shown in

S

Figure 13, By an inspection of these temperature profiles, the following
observattons can be made: |
1) 'The smaller volume of rock in the east bin compared to the

wegt bin results in higher averﬂgé temperatures on the east side because
there is more air flow through the east side.

| i1) The north side of the storage is hotter than the south side
because there is more air flow there, due to the construction of.the duct.
The plenum downstream from the fan has passageways ovening to thg rock pile
at the bottom. The fan pushes most of the air to the back of the plenum,
vhere it enters the northern side of the storage.

141) The rocks at the bottom of the stérage are near or in
contact with the concrete blocke which form the air passageways. The temp-
dréture profiles show that these rocks lose their heat faster than‘othars
at nipht time because they are in contact ui£h the air of the plenum, which
in in contact with the cold basement.

1v) The profiles show the transfer of heat upwards from the
lower rocks to the upper rocks and to tﬁa air above the storagse. This
tranafer is mccomplished by natural convection and radiation when the

fan is off..
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v) The difference in temperature between air antgriﬁg the
storage and air leaving the storage at noon on February 21 ie 40° - 24%C -
16°C. The difference becomes smaller later in the day when T inlet to
collector rises to 2?°C. In contrast, ; atrat{fied storage can absorb
temperatures up to 60°C at inlet and return air at no more than 209C to
the collector (Ref. 17) - a difference of 40°C. The result is that the
collector will operate more efficiently at the lower temperatures avail-
able from a stratified storace.

" ¥1)" 1n the case of the astorage under study, the outlet air from

fhe storage is circulated un@er tﬁe floor of tge house in the space between
the joists. " “The duct space is sufficiently insulated that there is ﬁegli-
' » .
gibie loses of heat between storage outlet and collﬁctor inlet, (Thermo-
couples 41 and 52 are similar.) / However, when the collector fan is turned
of, there is hot air directly undér the floor. This hot air is not
delivered to the house in a controlled way with the existing system, but
rather the heat diffuses through the insulation and thg baseboard diffusers.
In contrast, a atratified-utorage has hotter air at the top, '
vhich is & more effective heat source. In addition, if the atﬁrage hot air

is blown into the rooms above, it will be used more fully in the living area

when needed before it leaks out of storage through the shorage walls.

l3.6 Digcussion of Errors

——

There are two classeas of srrors: those due to the imprecision of
the memsuring instruments in, their representation of the true value of the

variable being méasured. and those errors due to the analysis techniquep

N ]
K3
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such ag interpolation and assumptiaons of linearity in heat .flow, averaging
- .
agmumptinnea, and sampling techniques.

Measurement Errors

Temperatures-were measured with copper constantin thermocouples
(type T). The th;rmocouples were calibfated to a precision of d.?oc.
using an ice bath, Tﬁe reference junction was calibrated with a precision
of 0.100..

From the reference tables of temperature and corresponding voltage for
the particular copper constantin thermoccuples used, 2 cubic equation was
obtained by regression analyaia.lg. The correlation was gaod to 0.05°C
for t between -100°C and 200°C. | v

| t = 25.8714 (V) - 0.696773 (V)2 + 0.0267611 (V)
where: t = temperature, degrees Cealasius

V = voltage, millivolts,

Errors of the test planﬁing variety ariss because the measurement
taken by one thermeocouple may not be a repregentative eample of the variable
that is being tested, This condition arises in varying degrees for the
temperature measurement points in the collector and in the pouae. 'For

example, one noint in the collector outlet duct is assumed to represent the ‘
average temperature in the duct.

The three solarimeﬁers were calibrated bv the manufacturer with
a stated accuracy of 1%. For one of them, a light flux of 1 v.cm'z-producea
an EMF of 117 mv. The solarimeter located in the[centre of the collector
is representative of the averare radiation incident on the whole surface

‘of the collector. Sources of  error for this type of solarimeter have

been discussed in References 20 and 21. Hamilton in 11 concludes that
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the accuracy of the pyranometer readinsa is 1_9%.

Yormally, air flow measurement in ducts requires a reasconably
: -—

laminar air flow in a lone, atraight run of duct with constant cross section.
In thia system, there was no such practical measuremené point. However,
manéurements ware mnée at three different locntion;: in a short section of
duct in-the flow from the collector to the fan; in the plenum between the
fan and storege, nand in the entrance tolthe return ducts from the storarse to
the cnl1ec£or.f The flow downatream from the fan was too turbﬁlqnt to

rermit a reliable measurement. However, in the other two locations, turbu-

lence was lesas.

A lateral traverse of the duct was made with a hot wire apemqmq}er.

However, the main limitatien on the accuracy of the value used to .repredent -

the air flow rate is the location of the measurement. Non-representative

values, due to turbulence, occur at points of chanse of duct_siié{gnd.éhape.
o The variations in the measured values and an estimate‘£hat the
_probanble errvor of the measurements of air~flow in the duct betwqen‘phé
collector and the fan is 560 m3/hr Br about 20% of 2600 m/hr is shown below..
Sample of air speed measurements at one opolnt qf the traverse:
x {meters/second) = (.92, .96. .9, 1.02, .94, .93, 1.0, -§2.
 1.05, .84, 1.09, .98) |

x = .96 n = 12

n -
« = & (xg - %)= .00565 . :

n-1

'v-= JE;Z } 071

Probable error: PE = .675¢ = .0479 m/aec = a.
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Twelve mensurements were tmken at each of 24 points in the
traverse. Agpuming that the probable error is the same for each iraverse
voint with a value a4 = .0L79 m/aeé, then PE of total of all measurement =

pa by . , ,
(ZE “i%)' so PE = VZA a = .235m/sec. For the cross section of duct =
i=1
0.66 m2. PE = .235 m/sec x.66 m2 x 3600 sec/hr = 557 m /hr.
. ;

The value of air flow indicated here is the flow from collectar
to storare and storage to collector when the control pates are opened,

When the gates are open, there is a small crack around the eates which

allows some air from the house to mix with the collector outlet air, How-
W .

ever, the amount is difficult to estimate because the air flow at the outlet

is complex. Nevertheless, the measurement provides an efstimate of the air

-

-

f]qw f}om collector to storage. which is a slight over;estimnte of the total
arir flow through the collector. ,

Annther tvoe of error is due to the nature'if the recording
ingtrument, All thermocouvles and sqlariméters are sampled by the ddt;
acquisition system each 15 minutes, There is no averaging or integrating
circuit, For the slowly varying teﬁperatures, sampling is accurate enough,
however on a partly cloﬁdy day, the solar radiation and collector tempera-
tures may vary.substantially in & 15 minute interval. Over the period of a
month, the méaaured Q and VSOL should be accurate enough, because the
measured values of QU and YUSOL are randomly high as often as they are low..

- ’

Error due to Interpolation

Consider, for example, the interpolation line shown in Figure 8.

The deviationy & of the-wedsured Q values from the regression
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line An the 'y directign are Gi - (0, -6, 8, 6, -4, <6, 3) n ?

y o 5_7%_1 = 0.14 kwnr .
S%/x « E€i® . 197 . 394,
‘ n-2 5

The variance of the mean value of y, called .y, is given by:

,325/1 - S%/x - s.624 v o= [8%/x - 2.37.
n ;
Referring to the t-distribution for a 90% confideﬁce‘level and degrees of
freedom =5, t = 2.015. The true value of ¥ lies within 5 Tto -
At g 90, The 90% confidence interval is - 4,63 to &4, 91 There is 5
. 90% brobability that the mean of the Q va]uea w111 be within about 5. kwhr

of the 1nterpolated value on the regression 11ne.

o

3;7 Electricity Consumption. Pattern of t?e House

In a paper entitled, "Off-Peak Uge of Electricity for Solar
Heatﬁd Homeﬁ"zzconcern is expressed .on the impact oé solar:heaﬁed house;
on the electricity generétion“;ggqirements'of the utilityriﬁ fhoserhouses
used electrié resistance heating in addition to solar heating. If the peak
hentiﬁg requirements of ‘suceh = house-were the same as a 100% electrically
heated\house. the utility would make the same invastment in equ1pment‘ but
the revenue abtained from‘the solar—heated house 'would be less because it
uses 1e;a e]ectricitv on average, In thig section, the overall and peak
consnmbtion of elpctr1c1tv in the La Hacaza aolar house is con31dered
Some conclusions on the effect of this house on tﬁ; utility are presented.

Records of the electricity in kilowatt hours used in the resist-

ance heaters (called "auxiliary"), and in the house as a whole (called
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"entry")'were'obtained for part of, spring 1976 and for fha 1976-1977
heating season. When the kilowatt hours of auxiliary energy ie aubtracted
from the kilowatt hours of total entry energy, the rasu]t called ™appliances"
representa all other uge o!‘ electricity in the houae which includaal &e,
vater heater, lights, dryer, -electric toilet (until the ‘end of- 19?6), data

acquisition systems ahd fan in the solar heating syatem The refrigerator °

and data acquisition. avstema used together ahbout 470 vatta_coniinuoualy.

i [N

The fan ‘uned about 750 watts during B sunny day. For part of Harch 1976,
when the house waa occupied by a family,- the profilee of "auxiliary and

entry" are shown in Flaure 14, The peak of entry ie more than twice the
'penk*of auxi]iary. The pesks of entry occur near 9.00 a.m, and 6. 00 p m.,‘
whereas the peeks of auxiliary occur between 3.00 a.m. ‘and £.00 a.m..' For
part of February 1977, when the house vas occupied by a bachelor, urofilaa
of &4 hour averages of "auxiliary" angd "app]iancas" are shown in Figure 1s5.

Over the period ahown, the average rate of "auxiliary" and of “appliancea"

use was 1 kilowatt and 2-kilowatts respectively.

The pesks of "entry",. auxiliary" and "appliancea" vere 7.8 kw

and 3.6 kw and 6. 3 kw respectively during the veriod. In the past December
has been the month of peak’ load for Hydro’ Quebec, correaponding to cold
temperaturea and pre-Christmas activities. For 1976, the peak load occurred
on December 13 at 5.3p p.m. During December 1976, the meaaured peaks of
"entry" for'the solar hoise are ahovn in Tahle 10.  The auxiliary heat

-

during the aame time period is also indicated in the Table.
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TABLE 10 - S ‘

PEAKS OF ELECTRICITY USE IN THE HOUSE
Dacember Auxiliary heat
‘Occurrenca of peak Total entr : at the time
of totsl.entry (ggj : 15!;

Hours "~ Day

.. 9-12 3 ‘ 12 ) 3.6
: * 14-18 : g 11.5 : . 2.7
12-15 .7 12 "

IRt 1) 12 12 .9

During December, the;péék use of suxiliary electric heat was °
5.2 kv on December 3, between 0 and 6.00‘a.m;, vhen the miﬁimum outsidel
'temperatur; recorded at Ste. Agathe ﬁaﬁ -30°c. ‘The previous day had been
cloudy with no heat collected. Feak auxiliary was b.B,*th, b.é, 4.0,
4.0, 4.1 betwéen 0 and 6,00 a.m. for December -4, 5, 6,8, 9, 14 respecf}veiy.
The solar heat collected déring those days is uhowﬁ’in Table 5. The
occurrence of the neakélof ;ﬁxiliary use appéars to have no relation te the
ogcurrence of the peesks n% entry shown in Table'lo; On tﬁe contrary, the
"peaks of entry occur at the.tiﬁes vhen the range, yater heater and dryer
are in use. E ' o \

When solar heat can be collected, it reduées the requirement for
auxiliary heat. The coldeat nights are cleér nights,'uhich frequently
g . follow clear sunny days when solar heat can ﬁe_collecfed. The pattern

for some days in February 1977 is shown in Table 11.

- - -
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The minimur temperature was used to make a cdﬁpnrﬁson of one

night with another.

~ TABLE-11

. CORRELATION OF CLEAR DAYS AND CLEAR NICRTS FOR FEBRUARY 1977

Transition one day Cold night followed Cold nisht followed
to next by colder night by warmer night
14-15
b 5
Cloudy day followed 20-21 19-20
by sunny day ) 22-2) .
. 27-28 '
) 8- 9
Sunny- day followed 18-19 . 21-22

by cloudy day 23-24 7

~

In summary, the La Macaza solar house has the following electricity
uae characteristics.
| a) The house is an of f-peak heater, because the maximum.uae of
; auxiliary electric heat is out of phase with the maiimum'demapds on the

utility.

-

b) The use of electricity in appliances is relatively large
compared to the uge in the auxiliary heaters. This is due both to the

‘heat conservation design of the house and the solar heating system.

.

¢) The house has lower peak heating requirements than most

sther houses because it ia less sensi tive to the minimum outside tempera-
-~ ) *
tures. This is due to the larger thermal storage in the house than in

other typical houses.
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d) With the ﬁolar heating system, the house has fewer days of
maximom heating demand on the utility than doea a 100% elecfrica]ly-heated
house. This is because many of the coldestnights are praceded by sunny
days when heat is collected. ¥When there is a s;riaa of ¢loudy days, the
méxiyum demand on iﬁe utility coincides with that of the 100% electrically
heated house, ’

_)e) Wheh pesk_demand on the utility is met by fossil-fuel
renerating stations, the solar-heated house will require the consumotion of
legs fuel because of () above, a)though the'iﬁstallntionscosts are similar
except because of {c) above, Hydro—Quebgc anects that gas jurbinqa will
be ingtalled aobn to meet peak demands on the electricity'nefwork.

Thus, the La Macaza solar house and similar houses would lower both

heating costs for the owner and fuel costs for the utility.
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CHAPTER &

COMPUTER SIMULATION STUDY

L.,1  Onjectives ' ‘ ' .

The pufpose of the study is to find a relimble setr of parameters
to represent the solar heating system and the heat loss mec':'haniems in the
house. ;I‘he procedure of the simulation etudy is to create a model.of the
‘heating process, which can be programmed on a computer, so that the outpui
heha‘viou'r of the modal is similar ttl)‘a cc;rreanonding set of m'easurt;ments

of the heating process. The simulation procedure is illustrated schemati-

cally below. \ . -
The Weather: Fouge and Measured
sunshine and |- | solar heating [§| value of
cold air syatem variables
YES
ENB of
modelling

RADIATION AND

AMBIENT Temp- ‘

erature Data [®| Computer Calculated ¥o
Simulation [—P value of

Tnitia) Model [®| Model ' variables

Parameters -
I Modify

model or | d———u-

parameters

63
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4,2 Mgdel of the Houge and Solar Heating System

The basic model, developed at the MIT Electrical Engineering

)

. Department, is shown in Figure16(a. It was programmed, in its original
form, in Basic Version 3 for a CDC 6400 computer. The thermal behaviour
of the housé and system is represented by an electrical analogue. This

representation is reliable when the heat flows in the'comnonents of the

house and system can be represented by -linear equations: @ = UAAT where
- UA = %. This equation corresponds to Ohm's law of electricity: I =CV

where C= %. e o 8n analogy exists with Q «—9 I T «— V and Rthermai >

Hglectrica]‘

—~ TABLE 12

MODEL COMPONENTS

Component
Switches ) Definition Units
S1 The on/off switch for the fan in the
collection circuit
S2 The on/off switch for the fan of a forced air
heat distribution system between the storage
and the house
53 The on/off switch of auxiliary electric base-

board heaters

Input Variables

11 ~ Solar radiation kBTU/hr

13 Auxiliary heating ‘ kBTU/hr
Qutput Variables

V1 Average collector temperature oF

V3 Average storage temperature oF

V5 ) Average house teaperature °F
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TABLE 12 (cont'd)

- Component . ‘ .
<o Definition ) Units
K1 Solar energy at ahsorber None
Solar energy incident on cover
K2 Window solar heat gain factor - None
RKegigtances ¢
R1 Callector heat loss OF-hr/kBTU -
R2 Collector heat tramsfer to outlet air °F-hr/kBTU
R3 ‘Storage - bagement heat loss ®F-hr/kBTU
o
R& : Storage - ground heat loss OF-hr/kBTYU
Rs ‘ Storage - house heat transmittance OF—hr/kBTU
R7 _ House - ambient heat loss ) OF-hr/kBTU
R8 House - ground heat loss ) " OF-hr/kBTU
Capgcitances ' ' : o
C1 Rock storage heat capacity kBTU/"F
€2 House material heat capacity kBTU/°F

a

.

Reviged Fodel

Figure 17 shows & schematic of the house and heating|system with
parameters correasnonding to those used in the modified version of the model, -
' |

which is shown in Fipire ]&&Q Themodifications were.made to the computer

- Program, which was then used on the terminal of Concordia University's

computer. A copy of that version of the profram, which most closely

i

matches the house, is included in Appendix D, X The changes are:
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f} During one period ynder study, s forced air heat distribu-
tion ayatem'was not used. The fan was not activated to blow air from
storage into the house. Therafore, the model omits 52. The actual heat
distribution between the solar heating system a%d the house {u represented
b& two resistors in parallel. The first, RS, represents both heat_trans-
miesion resistance and resistance to convective air flovlbetween the storage
and the rooms above. The second, R5X, is in parallei to R5 when the '

& collector switch, S1, is closed. R5X répreaenta the additional p;th of
& hea¥ flow which is due to the effect of forced air circulating in the
' | collector and atoragé in contact with the floor and the south wall of the
house. “The forced air is able to €ATTYy ad&itional heat {rom the ducts into

the house by way of cracks around control gates and cracks in the bassboard

o

diffusers.
ii) Use of A nev parameter, "¥7", which represents the tempera-
ture of the unheated basement.
111} Operation of the model each 15 mimites in order to give a
more stable behaviour. It was observed that the calculated colleslor
temperature oacillatéd a great deal when the status of switch S1 was only
changed by the pr;gram aH_Eﬁ'HSG§1y ﬁ?ais. . . B - \
iv)  The original MIT program was written in English Unita. It
vas modified to accent inputs and nriét outputs in SI units. However, the
ragistances and capacitances remain in English Units.

v) For the revised model, there are four input variasbles and

four output variables,
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Input:
' a) .- VUSOL (kilovatts) - the molar radiatinﬁ incident on

"the collector each fifteen minutes.

b) 'Vg (°C) - the hourly average outdoor temperature each hour.

c) Ij (kilowatts) - the hourly svaf&ge pover used by the base-
board heaters each hour. :

d) 14 (kilowatts) - the hourly average power used by the
appliances each hour.

—
. Output:

a) ]SI = 1 collector on; S1 = 0 collector off.

- ) W

the collector area average temperature.

¢} V3

the storage volume average temperature.
d) - V5 - the temperature ;nside the living svpace.
Tﬁeae variables are shown in th: sample of‘c°mputér prin£-out in Appendix E.
vi) A modification of the program which created a deadband for-
“the CQn}rol of switeh S1. Thus, S1 will close when V1 > V3 + 20°C, but
will q?t open again until V1 < V3 o+ 3°F. The ‘values are‘choaan to
correspond to tﬁose used by the différential thermostat Rho Sigma Model
R512, vhi;h was installed in the houae to conirol the powa; to the fan.
vii) A change of program to allow s variation in a parémeter for
a specific time intervn];to account for speciasl effects. This was neces-
sary to account for extra losses when collector gates were left open on
February 19, 1977.

viii) In the first runs of the model, an attempt was made to ;J,//

match the auxiliary heat used by the model with the measured values of 1I7.
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However, there remained too many variables in the model to be manageable.
The program wag then ﬁodified so that the values of I3 and I4 were input
each hour from a fiie of measured fglues. ’

The vpropsram calculatedlt:he i'le;it from the grid into the P;Ge by

the equation: I3 + I7 x I4, where 17 is a:factor corresponding to the

fraction of avpliance electricity that is releaged as heat in the house.

4,7 Calculation of Parametérs Used in the Model

-Tﬁe following paraméters were used‘in the model: Kl, K2, R1,
R2, R3, R4, R5, RsX, R7, B®R8, C1, C2. Figure 17 shows schematically
the location of each parameter. lnitiél values of the parameters were
calculated for use in thé initial run of the coqputer profram. Values
for Rt and R2, which represent the charactgeristics of the collector, were
calenlatéd by using the measured data for the performance of the collector.
Values for the othe; resistance parameters were based on theoretical heat
loss coefficients for the gppropriate parfitions, walls or floors of tﬁe

building. The techniques of Chapter 22 of Ashrae Handbook™> were used.

Collector Parameters

Rl Collector heat loss coefficient

R2 Collecfor heaf trangfer coefficient

Consider the collector portion of the model circuit shown in
Figure lébl In order to determine Rl and ﬁz, the electrical equivalent of -
thé collecteor efficiency was used.

The collector portion of the circuit can be redrawn as shown

below. ‘ : !

. - —/\2/\/—0 ‘I
Vi o R ‘ out
* .
Kl‘Il . R
) G V8 ) : -

|||
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Where V1 is the average temperature of collector air
V8 is the outside air temperature

-

Kl is }he transmission of the collector cover.

Using Hortonﬂ; theorem, the two circuits are aquiva]ent23
when: I = K1 x I1 x R1/(R1 +R2) . ' ' »
and ' % -~ Rl-+ R2,

Using Ohm's Law:

I = I- (v1 - va) /R

substi tution )
and Tout = Kl x 11 x R1/(R1 +R2) - (V1 - v8)/(R1 + R2)

T, .t Tepresents the heat fiow owt™df ‘the collector and I1

represents the radiation incident on the collector. Efficiency -

I /11 = K1 xR1/(RY + R2) - (V1 - VB)/I1 (Rl + R2). Measured ;a1uea
of the efficiency of the collection are plotted with respect to mquured.
valugs of (V) - VB)/I1 in Figure 18, Thus, the intercept and slope of the
_line are K1 x R1/(R1 + R2) and - 1/(R1 + R2)'fespectivaly:' Rl and R2 can
- be getermined when K1 is known. Using K1 = 0,8, the transmission of
2 panes of 5 mm ordinary plate glass, the values Rl = 5C°/kw or 2’5§;;E
“and R2 = 1C%/kw or 0.5F°hr weTe obtained.

"BTU
House and Storage Parameters

Calculationa of the following values are presented in Appendix C .

- !

Description — Value Upits
Storage-basement 13 ®Fhr/kBTU

i) The duct space and storage temperatures Are assumed to be
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EFFICIENCY 4
I
(e ]

N
D .
l

1 I 1 |

|02 4 .U" " 1%2 * '|08l
(TAVERAGE-TAMBIENT) /RADTATION {(m“-°c/W).

Figure 18 Thermal efficiency with respect to average
collector temperature

25 CALCULATED:
o RN 19
« RUN 20

~—= MEASURED

~N
oo
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2 15
5
- |
(0] T . ) |
l T T R W | B l
0 10 ' 30 W 50 6. wws
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u/@i77 - 5177 26102177

_Figqure 19 Measured and calculated temperatures in house and
storage . :

& -
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1i) 'The unheated basement temperature is calculated from the

weighted average of aurrounding.&Fmperaturea, Chapter 24.2 (Ref.13).

' 'Naﬁg Description -Vaiue . Units
- R4 ¢ Storage-rround 36.4 - oF«hr/kBTU

i) The storage area is below grada and thus is similar to a

heat?d basement with respect to the losses of heat to the soil. T
..m? ' "11) Heat loas can be cal%ulated for walls and floors sccording
‘ " to Chapter 24.4 (Ref. 7). o o o
40 LI N .

RS Vo Storage-bedroomﬁ 4. - . OF_hr/kBW o,
i) An estimate can be. pbtained from the U-va]uea of the materials

of the floor and insulation

41) For an ﬁn&ial value, convection through diffusers and radia-
tion by the floor can be neglécted.

RsX ./ Additional heat flow path 12 . °F-hr/KBTU
. when fan is operat1ng ' '

o) Whﬁn the fan operates on a sunny day:\there is-a forced
\ . .
cqnvection of air tbrough the openings between the'ﬁ%gts and the living

. L :
: Bpgces.

ii).f With R5X in parallel to RS, the effective resigtance to.heat '
flov is reduced.’ -This reflects the additional bath for heat flow from' the

.. ducts to the house through the building materials.

4

3& R? . Hpuse - ambient .5 OF-hr/kBTU

1) ﬁesiatahcé can bﬁ'calculated'by techniquég of Chapter 22 of

Ref.13, using the héhf_gonduétivity of the building materials and infiltra-

tion air byftﬁe.crgck‘method. e . %

w!
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Errors in heat loss calculations are due to assumptions of
uniformity of material and linearity of conductivity of ‘building materials,
and to the neglect of thermal bridging and discontinuities of construction.
Errors in 1nfil£fation caleulations are due to ébsumptions of uniform wind
gpeed, estim;tes of crack length and of crack Bize.

- ) it) Becanaq of the unpsual constrﬁction of the house, with the
south wéll intégrated with the collector, the wall does not always ac¥ as
a pathway for heat loss frop the house. When the sun shines, there is no
heat loss through the wall, ' On a cloudy day, the collector may warm up
enot:ghr -to block heat losa from the house and, on 8 bright day, the

collector is hot enough to prov1de some heat gain to the house through ‘the

PR

insulation between the collector ducts and the living apace. .However, for

calculation of the U value of the aouth wall, the col}éctSr is treated as
an.additional dead sir space 9nd‘doubla glazed cover of.the wall of the
house. |

.iij) The effect Qr stratification of heat in the peak of the

) . A « -,
ceiling on the heat logses is neglected.

‘ : . T
“ iv) The heat flow resistance of the 5" thick wood walls is

aspumed to be linear with thickness of the wood.

Name Description Value " Units
R8 House-ground ©o2.% hr-F° /kBTG

The huqée is surrounded on three sides by a soil berm which covers .the lower
three feet of the wall. . ' ' :
. - .

Assumptionr The berm soil temperature-is the same as the soil temperature

2 feet below grade,
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Kame ‘ Descriptign Value Onits
C1 Heat capecity of rock storage 18 kBTU/OF
1) . The specific heat of rock is 0.2 BTU/1%°F, as for quarried
13
atone

ii)  The rocks have a uniform density. One was measured to be
140 1b/cu. ft. ,
111) Rocks pack with & void fraction of.o,#z if all the rocks are

- the same ajze.2

iv) The concrete wall storaze contginer contributes to the thermal

. storage because it is covered on the exterior by insulation.

c2 Heat capacity of the rest 4,8  xBrU/OF
of the house

1)  'The interior wood and other materials store heat.

i) Although the exterior wood walls are not af éoom temperatﬁre,
they contri£ute to thh‘haat atoragé capacity of the house as 1f_théy vere,
becagse they delay tﬁa outflovw of heat from the building.

K2 Window ;olér heat gain factor 0.01
i)‘ éhapter'?é of Ref.13 gives an estimate of éhq solar heat
gain through east and west exposures and 6f the shading coefficient for
: +

Jblinds andrcurtains. In the model K2 is the ratio of heat fain through
the, 10 m? af the windows to the solar rnd}ation I1 on the k2.5 w? pf the
collector. -
I3, heat supplied by theIUtility_comﬁaﬁy, is the heat supplied
to the house by the baaéboard electric heaters. b ' o

.- T4 is thé aifference bétwaen the totai electric pouer‘that ’

entera‘the houie from the %rid_gnd that used by t?e heaters. Thus Ik
; ) N

4
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represents the power used by the appliances, lighie, fan aﬁd data ncguisi-
tion systems About BO% of I4 enters the house as heat. The remainder ia
lost in hot water down the drain, hot air up the dryer vent and excess heat
rising immediately to the peak of.the roqf to escape.

Figure 15 shows the a;e;age o§er 4 ho;ra of the values of I3 and
14 for February 18 until 21, 1977. The peaks of the the I4 curve ;ere’
reduced, so that no hourly averaée values were gfeater than 4'kw, This was
done becauae'thercooking heat was wasted as excess heat in the house when
it rose to the ceiling, and also because the heatihg of ﬁatqr in the hot

\ . ,

water tank did not make heat available to the space immediately.

4.4 Results of Simulation

-

Simu]at{on Runs for the Vacant House, February 24-26

During thia périod. the response of the house to the ambient
weather conditions provides a measure of the heat loss and canacitj ;aré—/'
metérs of the house and rock atorage." ?rom noon February 2%, 1977 untjl -
midnight‘of Febfuary 28, the houae.wae vacant, the thermostata were turned
down and the gates of the solar heafin system were left open in case there
would be sunshine. However, the weather was cloudy enough that thére was
né inout of enérgy to the ﬁouse'from-the collector. The mean wind ;peed
vas 15 km/hr. The cassette recorﬁer showed that jhe baseboard heaters

) 3

were off\ and that the average rate of electricity use in the vacant house

" was 600 vatts. Of this, about,le watts were used by the water heater to
4 ° l

.

make up for heat losses through the tank insulation.
Thé simulation program was run in order to duplicatgzthe changes

in temﬂuratura which occurred in the house and storage for the first 60 hours

after noon of February 24,
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Figure 19 shows both the measured and computed temperatures for
the storage and the house respectively for two sjmuMation runs. Table 13
. “ ' /’
shows the yaJuea of the parhmeters which were used in varjous runs of the
computer program. ~ In th&n'aection R1, RZ. K1, K2, RsX ére irrelevant
hecéuee there was negligible solar radiation. 'Thare are several successful
rune which have different paramesprs. : This allovs some‘flexibflitﬁ for

comparison with the results of the February 1B-21 period. For &ll runs

ehown in Table 13, R3 = 21 and:R4 = 36.4 °F-hr/kBTU.

N\

TABLE 13

‘ ~ B
SOCCESSFUL RUNS FOR FEBRUARY' 24-26TH CONDITIONS

Run # - . Parameter
c1 RS R7 c2
b 18 5 b5 5
5 18 - 5 - 5 - 5
6 18 5 5.5 2.5
9 18 v b 4.5 .
19 Too20 h L 5
' 21 20 5 3.5 9
16 20 7 b 9
27 20 7 4.2 6
- .

»
Sensitivity of the Model to Varjations in the Parameters

In the following runs, one parameter 4as changed, all others
remained the same. Variation of Ground (V9) and Basement (V7) tempera-
tures. The values of V9 and V7 were 41°F and 48°F for the successful

rund. 'The storage and house tenperatures showed a drop of only 0.5°C
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with respect to the base case when V9 = 30°F and V7 = 36°F, Increasing
¥9 to SOOF aﬁd V7 to 60°F only rzised the cufvea by 2°C and 1°C respectively
after the 60 hours of aimq}atioﬁ. ' Thus, the base solution ie relatively

insensitive to the ground and basement temperatures. .

Variation of Storage Losses

When R3/was increased from 21 to 35 °F;hr/kBTU, the chang;rin
storage temperatuf;‘wge lésa thdq a degree celsius diffé:gnt than the base
case after 60 hours of aimulntigg. ‘ . N

Va;iation of #8. When RSB w;:‘incregspd from 72.? to 86 oF-hr/kBTU,
' the change in héuse temparaturé was leass than 0.5 degree celsius.
V;fiation of R5.  When Rj5 vas changed from 4 to é 7F-hr/kBTU, the
house temperature increased by about 0.5 degrees,
Variation of storage and house.heat capacities. When €1 and C2
wefe décreased to 1é.6 and 2.6 from 4@ and- 5 respectively, thetstorgg and
house temperatures dropped by 5°C and 2°C from the base case by the 6[th

hour of simulation. The model is ‘relatively more sensitive to the heat

capacity parameters.

Computer Simulation of the House for the Period Fébruary 18-21, 1977

During February 18 through 21, the house was occupied by a bachelor.

. 4

" A gortion of the log he kept is shown in Table 14,
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" Date :
February '77 Time
18 09.30
, 17.730
19 10.20
' 15.00
20 09.40
T 17,40
21 09.5%
- -17.40
22 12,00
. 19.20
23 . © 09.00
16.20
24 07.30

79

TABLE 14

PORTION OF THE HOUSE LOG

Open/Close

Cates o, Comments

. Sun, some cloud.
Intermittent
Mostly overcast
Oven on 14.00 - 15,00 hra.’
Sun almost all day

Sun

OO QOO0 Go

Cvercast - sun sneaking out
Snow

Sun later aft.

Sun &1l day

o Qo o

House vacant, window open
ebove paniry, curtains and
blinds closed

The collectér‘gatea were cpened and closed shortly after the fan

was turned on and off by the differential thermostat, except on February 19th.

On that day, the fan was on only between 10.20 and 11,00 hours, but the

gates were not closed until 15.00 hours. From 11.00 to 15.00 hours, some

) heat from the house was loat through the collector glazing. To eatimate

the additional heat loss,
4

it is assumed that the south wall was only double

o

glazing at this time. The result is an incresse of'heqt loss by about
P . . A

ﬂne-eiihth* Accordingly} the parameter R7 was %odified for this period of

_ the simulation.

The measured values of average collector air‘tamﬂ%ratu;e,'averaga

atoragé tediperature and the temperature in one of ihelbedrooms are shown

L3
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by solid lines in Figures 20 - 23.

) The program was run a number of times-with'different values of
the parsmeters until a reasonable agreemeﬁt between the calculated and
meagured values was obtained, The tempqraturea match within 2°C. Thia
run is called the "median case", A copy of th; computer print-out isnin
Appendix E "~ The print out indicates the values of the parameters in |
English uqits -which gave the beat match. They are presented in Table 15.

For purposes of comparlson, the parameter values which waere calculated in

Section 4.3 are also given in Table 15,

(\
TABLE 15
MODEL PARAMETERS

Name of ' Calculated Value for VYalue used in
Parameter JInitial Trial Run : "Median Cgse“ -

R1 2.5 - o 2

R2. . - .5 o - .6

R3 ) 13 ) 21

R4 - 36.4 36.4

Rs i 14 4

R5X - - C12 o 10

R7 5 5.4

RB : 72.5 : 72.5

C1 .IB - 20
- C2 " 4.8 6

K1 .8 .- .8

X2 .01 ¢ .01

¥ , . .
%

The value of the house heat loss parameter "ﬁ?" haed;in the

'l

median case is larger than the calculated value which assumed the average

monthly wind apeed of 12 km/hr. Howe;:}; as shown in Figure 22a, the
B '



81 ' ‘

wind apaed wag substantially less than .12 km/hr for most of the peried.
The average speed was 8 km/hr. The infiltration of cold air into the

house was less than normal. fThe calculated value of heat loss resistance

depends on wind speed as shown in Table 16,
TABLE 16

HEAT LOSS RESISTANCE AND WIND SPEED

Wind Speed (xm/hr)
. »
0 . 6 12 24
R7 °P-hr/kBTU 6 5.4 5 b .
, -—

+» This exnlains why using R7 = 5.4 gave a better match than did R7? = 5

The value of C2 in the meéian case is slightly larger than the °
- .
calculated value, which indicates that heat storage in house components

was under-valued in the calculation. In the median case, we use a smaller

4+
convective heat exchange between storage and house.

The calculated and measured collector temperatufﬁ curves have

different shapes in Figure 20. In the model, there is no ana]ogue of

’ . I

“thermal stérage in the collector. The 3/16 inch thick sheet of pressed
.

wood behina the absorber providee some thermal inertia in the collector.
Algo, the collector is integrated with the wall so that the 5x 9 styuds
-pro¥ide some additional storage. The sheet metal absorber also provides

«

some thermal inertia.
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Sensitivity of Results to Variation of Parameterg

To test tﬁe Convergence of the results, each parameter was
varied from the v;}&e used in the "median cage" eith the other parameters
held constant, The calculated values of the collector, storage and house
temperatures were compared with those of the median case for veriation of

-

each parameter: Rl R2, C2, R? R5, RsX, K2, 1?7, fThe results are shown

in Figures 2¢. 23. and are described in detail for each of' the parameters

below,

Variation of Rl1: Rl represents the heat loss reeietnnce between

" the collector and the exterior. Rl was changed by 10% from 2°F—hr/kBTU
to 1.8 and 2,2, The changes in collector and storage temperatures for

February 20 and 21 are shown in Figures 20 and 2] reepectively——‘”ﬂffﬁ

maximum difference observed was 1, 5 C

Ver13t1on of R2: R2 represents the heat transfer resistance {n

the collector. As shown in Figures 20 and 21 the collector and storage

tempereturee on February 21 changed by 2°C and 0.5°C respectively as a

~
result of a change of 0.1 F-hr/kBTU in H2.
. Vgriat1nn of C2: c2 repreeents the heat storage capacity of the

house. |, C2 was changed from 6 o'k and 9 kBTU/ F for two runs-of the

program.  The results are compared with the median case and meeeured values

in Figure 23“ﬂ Changing C2 variea the eeneitivity ol the house tempera ture

.u.te verietiong of the heat input from eppliancee and to variations of ‘ambient
tempereture. Neither an increase nor aldecreeee of €2 gives a result
closer to the measured velees then the median caee.;

'

Variation of R7: R7 'represents the heat lossg registance between

the‘hcuee living space and the outsi@e air, R7 was changed from 5.4 to
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4,6 and 6 °F-hr/kBTU for two runs of the program. The'effect of the .

changea on the calculated value of the house temperature ia shown in

(b)

Figure 2 The decreeee/increaee of R?.leuere/raieee the oa]culated

~ value of the houee temperature . f‘ - -

-The louer value of R7. givee 8 run with a better matéh to- the

- -

"', measured va]uee when the wind apeed 'is higher and inf)ltration greater, j.

a r

On the other hand the higher value. of R? producea a good match for pariode

of February 18 and 19, when the wind ‘'was calm end 1nfiltrat1on was greatly

v

-reduced Theee reaulte can-be cone1dered verificatlon of the vaiue of R?

1
’

which was ca}cu]ated for various wind speeds as shown in Table 16.-. .

’ ‘ -
.

Variation gf RS and RSX: R5 represents” the heat transmission

realetance between the storage and the houee. The value of R5 was

-
increeeed from L to 7 F hr/kBTU The reeult ia ehown in Figure 23(&) - The

houee temperature wae decreaeed el1ght1y compared to the median caee,

atorage temperature waa increaeed alightly. Thue, the reeulte are n
- . , . n_;;ﬂ
. aeneitive to the Variation of BY: ) - T

A Rsx repreeente the additional path of heat tranemieafﬂ";hen the‘ )
fan ie on. When’ R5X wae changed from 10 to N F-hr{kBTU the erfective

: rea1etance of RS and RSR in parallel ﬁaa changed from 3 to 2 F-hr/kBTU
The reeult wae an.increaee of the calcuiated h%uae temperature by one degree
- celeiue during part of the period when the fan was on.. . .,’u )i h
- f,_ Variatlon of K2 K2 represente the aelar heat gain factor through

,the windoue. . A value of 0 .01 uae ea]culated in Seotion “’3 and wae used °

.o
.

in the medien.cﬁee. When K2 wes 1ncreaaed ‘to 0. 05, the ‘house temperature ;

1ncreased “by. 2°C and 3. 5 o during the eunny periods of| February 20 ‘and 21

»

w . reapectively, as ehoun in Figure B(RT
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This increase with reﬂﬁect to the measured values of house
temperature is larger than reasonable coneidering also the effect on the
calculated house temperatugg.for the evening of February éo. Thus, K2
should probably be less ?han 0.05.

Variation of I?: 17 represents the fraction of appliance energy

use which enters the house as heat. The median case used 17 = 0.8.
When 17 was {ncreased/decreased by 0.2, the calculated house températura
was increased/decreased by about 2°C or 3°C, This is a significant
variation, which indiéates'that the value of I7 = 0.8 is a reasonable
choice,

D

Sumhary of Results of the Simulation Study

A guccessful match to the memsured values of the temperatures in
the collector, storage and house was cbtained with the Simulation Progra;.
Thé simple analogue circuit, with careful choice of parameters, was used
‘Buccesséully to model the heat I'lows between the different parte of the

house aéd Bolar heating sys£em and between lhe house and the outdoor heat
sink. |

.The match of experiment and thégry wag accompliahéd for two time

periods with different heat supply situptions. The results of the two
perioda are consjstent_uith each other. The value of R? was 5.4 OE—hr/kBTU
for February 18-21 and 4.2 °F-hr/kBTU for February 24-26. About half of
this difference was due to the diffefence of wind speed betweeﬂ the two
‘ pefiods: 8 km/hr for the former and 15 kﬁ/hr for the latter. The other ‘
hal? of the difference‘ig due to the fact that when the house was vacant

between February 24 and 26, the effective heat loss was increased slightly

-
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because the collector was more open to the. house. The_effeéilof wind: ‘:
speed on the effective heat loas resistance of the house has been atudied.
The results of the simuiation Ere consistent with calculated values of the

realstance for various known_wind speeda,whichJoccurred during the eix.

days of tha period pf»éimulajtdh.

The.model was tested for ‘sensitivity to changes in the wvalues of
. ’ " ' .
the parameters.

4,5 -Use of the Results in a Heat Balance Carlculation

In this section, an attempt is made to discover how well the

‘results of the aimuiation study‘apply to a longer perind of time.

Meagured values of auiiliary electric heat consumption in the
house and of the total entry of electricity to'the house f&r the three
month period of October 1 to Dacember 31, {976 are used to estimate the
input of heat to thé hbuse. The heht collected by the solar heating

gyatem galculated in Section 2.3 and shown in Table 5 is included in the

_ egtimafe. ’ '

To obtain an estimate of the heat losses from the house during

" the three.months, some modifications are made to the results of Section 4.4

- to account for the'different conditibna of the periods,

Ag described in Chapter 2, the house was designed to conserve
ﬁeat-by the addition of extra -insulation above and below grade, a low
nrogile for the north winds, minimal glazing on the north side and an earth

beErm on nofth; east and west sides. An estimate of the heat loss resist-

", ance of the building has been obtained in SBection k.3 for use in-.the simula-

tiohfprogram. Using the value of 5.4 nF-hr/kBTU, a reasonable match of

]
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portion of the appliance energy consumption which is used as heat in ‘the

90 e S

calculated and measured house temperatures was obtained for a four day

neriod in February 1977. Can this value of resistance be used to

. repreaent the building during the whole heating aeason? No. - The wind

spegd for the four day period averaged B km/hr, which is about tuo thirds

of the average wind aneed throughout the wlnter. The thermal resiatance

.can be modified to % F-hr/kBTU to account for the increased infiltration

losses exnected from a higher average wind speed.

For tre period October 1976 to December 1976, one door was not
weather-stripped. The amount of heat ioss throughlthe crack is about
double the value used in Section Q.B.-_ The effect on the total resistance
of the house is to decrease R éo b6 hr-oF/kBTU. Another factor in the
heat load is the frequency of openlng and 01031ng of doors This is
difflcult to assesa, but for the period of October - Decemher it is
eatimated that the doors were opened more than in most houses. The heat
resistance of the house was thereby lowered to about 4.3 hr- F/kBTU. Thie
is equiQalent to a heat loss of 233 BTU/hr-°F or 123 watts/°C. '

Having estimated éhe heat losses of the house and measured the
energy inouts to the house, & balance of heat in and heat out is preaénted
in Table i?.

- In this Table, the term "appliance" refers to the range, dryer,
water heater, electric toilet, data acquisition system, the fan, lights,
etc.

In the Table, a factor of 0.8 has been used to represent the

house following the results of the previous section.

s
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The results shown in Tap]e 17 are sensitive to thds factor. -

Since the value of 0.8 is cnly an estimate, our confidence in this balance

is not gresat. : ... - - ,: _ ' {; l

o . . s
In Table 17, the heat gains from the windows are calgulated

using the K2 factor dateryihed from the previous eedtionf_ Thus window

heat.;aié = K2 x VSOL,.vﬁere VSOL is the rhdiaf}on igcideni on the’colleé;o;.
The monthly totals for-VSOL are used-. A]so.iﬂ the Tab]é,‘ue add heat l
iﬁ;;ts due to one adult occupant, because choberl- December there ware

£wo adults_ in the house, Qgereas.the raéulta of kh; previoﬁa'seétion are

btased on one adult occupancy.

In Table 17, the calculations are based on an indoor temperature

of 21°C. As previously indicéted, the design of the ceiling is such that

heat rises and stratifies in the upper pert of the hounse. If the heaters
maintein a temperature of ?IOC at the height of the thermostat, the tempera-

fure in the ceiling could be about 3°C higher. Considering that about

“half of the surface area is affected by the higher temperature, it can be

estimated that, on the average, the tempera%ure'of the air near the inside

surfaces of the house is about gg_%_gﬂ - 229,

Thus:

October November December
Degree Days
"Re 1R°C Lsg - 6hé ~ 1020
Re 22°C - 581 766 1114
Degtee Hours 13944 18984 26736

House - outside ,
Heat Losa (kwhr) . 1715 2261 Y288
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Once the'iﬁterior of the rouse has ;éacbed a stnﬁle temperature
aand is maintained'thgre by thermostats, the heat balhnce equation applies:
Heat into the house = ‘Heat out bf'the house,

There is a difference in the calculated values of Heat In and'
Heat Qut‘shown in Table 17. The differencg is about 10% to 37%,‘&epending
on the month.' This difference is reasonable, considering the assumptions

that have been mnde to make up for insufficient information. -

TARLE 17

~ HEAT BALANCE FOR QCTOBER - DECEMBER, 1976

. October November December
Heat Tnputs (kwhr)
Collector 913 511 1074
Auxiliary . 662 1254 1490
Aopliances x 0.R . 996 1157 1417
Window 35 13 27
One adult body heat 80 80 .80
Total input: 2686 3015 4088
Heat Outputs (kwhr) -
‘House - outside heat loss 1715 226 3288
House - ground ‘throush
basement hent loss 108 126 153
Storage - ground heat loss . 135 150 18R
Total outrut: 1658 - 2537 3629
Difference -
Input - OQutput ’ - 728 L7a i 459

Percentage of output Y% 18% 137%
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By spliitine the difference between the Heat In and Heat Out,
L 8 value of 3800 kwhrs of total heat flow for December is taken, The

heatine degree days relative to 18°C are 1020°C days for December.

Effectively, the heat loss coefficient for Decemher ig:

800 kwhr -1
10200C days x 36 hr - 3% /g

Assuming a constant value over the whole heating season means
£l
=

that the total heat requirement of t buse s about 18000 kwhrs in a

which has 4852 degree Celsius days per &ear. During the é month
period oT Octoher 19?6 to Marcg 1977, there were L4563 degfee days-at
Ste. Apothe, as shown in Tﬂ£]e 4, .For this veriod, 17000 kwhrs of heat
vere requiréd. From Table 8, the estimated heat supplied by the s&lar
heatins svystem and baseboard heater wére 5690 kwhm and 5605 kthSIEsnect-
ively. Thpse valura are Y3 and 37% resnec&jve]y of t?e total. %hus,
the sopliances must have contributed 4% of total.

This result does not conflict with the solar fraction estimate
of Section 3.3 because the two results are bagsed on dﬁffergnt totals. The
30lar frnetion indicated that the solar heating system contributed 50% of

thke 11300 kwhr requirement for heat above that suprlied by the occupancy

of the house. ‘ '
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CHAPTER §
DISCUSSION OF RESOULTS

House Design - = - . : : S

7 Some comments on tha desiegn and construction of the house and the

r by

solar heating system have been presanted in ﬁection 2.4, On the whole,
the-occunanté have been satisfied with the house. However, some improve-
ments could be made in future houses of similar design. The collector

-

vall is a plane surface with no openings to the interior 6( the house.
’The collector wall.could be broken up into ;ections:with récessed:aurfaces
and windows which would bétﬁ\intérruﬁt the uniformityrdf the wall and
pro;ide aome light and view on the south aide of the' house.

*  The interior pane of ordinary glass in the’'collector cover has

crackéd-in a number of units. Isadequaie venting of the collector during
a power fa}luré, insufficient rigidity of the wood frame;and the cantilever
of the frame ;romﬁthe_house wall are nogsible causes of the_cracking.

‘The cracking coﬂld have been avoided‘by’iﬂe use ofﬂtémpered glass
for the interior pane, or emergency vents which open before the collector
reaches a teﬁperéiu;a thht might result in damége, or by a different frame
design. . ' ‘ .

Monitoring o, L. o
The information collected f?om the ﬁonitoring,of thé house has

been discussed in 3.2. Furﬁher research must be baséd on more complete

~

—

gl X .
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information about the house and heating syst%m, such as;
“ 1) . Air flow studies in various loéétions in‘tho collector,
storare and livines gpaces; _ } ' . .
i1) Air and surface tempefatqres in various locations in @he
living space to improve knowledge of‘the heat 1bé€es;

i11) infra-red thermography to determine any unevennegs of heat
f1ows frem the tollector and through the building shell;

. iv) More detaiied records of_the use of appliances andlliving
habits of the inhabitant of the hodse: y
v) "On;site wind speed measurements; ‘ : .

vi) = MWeasurement of the solar radiation on the collector contri-
buted by ithe snow forepround. It is surmised "that the vertical collector
" with snow foreground recéives as much radjhtipn‘as oné tilied at l;titude'
-+ 150, the "optimal” tilt for winter space heqtiné.

Col]octbr

“The heat output Hnd efficiency curve of the collector have been
nresented in Sections 3.3 and 3.4.  The co]lector‘efgﬁciency curve is
similn} to the curve for a"Solaron” flat hlack absorber air heating collector.
The collectnr parameters, Fp ﬁrot-O 51 .and FRUL = 2.6 w/m® °C are calcu-
“lated from Figure 12. If the metal screem between the g1821ny and the
absorber had been inclined to inc%eaée heét transfer in the col%ector, thev
efficiency would have beeri closer to that of the collector built éﬂﬁ
tested by Gupta and Garz. .

Thermal inertia in the collector was not large enourh to delay

the collection of heat in the mornina. Cn a sunny day. the fan was
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turned on around 9.00 a.m. in February and around 8.£0 a,m. in March.
Storage !

Some observations about the rock até¥age have been presented in
Sectign 3.5. Each section of atbragé appears to be néarly iaothérmal.‘ L
The gection which has a smaller volume of rock hasla hégher average tempéra—
ture. The balance of the system would hé improééd by making the storage
pectiona equal. The jisotharmal storage is due to the direction of air
flow during heat input. Theré are two main disadvantages to thie type of"
Btorége.' The air which flows from storage to the collector ig hotter than
desirable, and the air which can be blown from the storage into the house
js at a lower temperature than desirable, Both of these disadvantages can
be corrected by reversing the direction of air flow into the storage so that
‘the ton of the storage becomes hotter than the bottom. ‘Thia effect 18
cailed atratification of heaf. In addition, reversing the air fl;; will
reduce thé turbulencé in the plenum and storage. - Y

The insulation between the storage chamber and the house could be
improved to allow the storage to reach a higher temperature without over-
heating the hoﬁée. Durijng April, when there was a long series of sunny
da&é, the.house wasg ovefheated. The volume of storage that is most
app}opriate for the climactic:region of the house could be studied By con-
sideration of the frequeh;y patterns Af cloudy and sunny days relative to

‘the pattern of cold nights for the region.

Heat Digtribution

The existing system of convective heating is not adequate

because the temperature of the storage was rarely high enough to drive a
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significant heating cycle. It is possible that a ;:tratifi‘ed 'atomge will

, te a sgfficienﬁ improve;ént by itself; however,-if is likely that an
additional amall fan would be a cost effect%ve improvement. The fan
could bve au;bmafically éonffolled by a d;ffarentiallthermostat between the
lstorage.and the 1iving space. '

' The ma;ually ;perated gates were not an inconvenience to most of
the occupants of the houaé and no significant heat lbsseafresulteq_yhen.
the gates were left open occasionally on partly cloudy days. If, h;wever,
thg house were Sccupied‘by someone who was less diligent or who was absent

L\; .-more often, thé.lcases would be g;eﬁter. O If ;ﬁch 8 heating system is
yidely adopted, the use of automatéﬂ dampers whiéh operate synchronously
with 'the fan is recommended. v
. TﬁP air distribution in the plenum could be jmproved by baffles
ana a dampePr could be used to isolate the storage from the cold basement.
The fan that is uaed could be replaced in future similar haating.
systems.with a vafiab]e speed fan’which could circu{ate air at a rate
. derendent on the tempe?ature of the collector. This would decrease the
front losses of the collector both when thé storape is hot and when it is
cool. |

The e]ectricit& cohsumption pattern was.discussed in Section 3.7.

The house heatingz demand maxima do not coincide with the network-wide peak
demands on Hydro_Quebec. Occaspiopally the peak hgating demands are
coincident with the heating peaks of total electric homes.

The use of appliances by the occupants provides = Bignificant

amount of heat to the living space. It was estimated in Section 4.5
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that the average contribution was about 3k% of the total heat required to

aintain the house at 21°C between October 1, 1976 gnd March 31, 197
This percentage is probably higher than other houses because the’e

‘insulation of the house results in a smaller total heat reguiTement.

Simulation Study

A gimple etectrical circult was used successfjlly as & model for
the thermal networks in the house. Agreeﬁent wag' ¢ ‘ainEd between measured
and model-calculated temperétures of collector, sto gé and house'for two
four-day periods of different weather and oc;upant conditions. The calcu-
lated soluéions were not unique since there were many interactions between
components. Different combinatiops of parameter values were ablé to give
aimilar results. A senagtivity study wap made to see how much the calcu-
lated temperatures changed for a change in the value or each éarameter. .
The paramqtera uséd for fhe gsuccessful solution were consistent with the
-éa]culations of heat loss resistance by the methods of Ashrae,‘inclqding
. i
the éffects of wind on the infiltration'losses.
The model céuld be further‘refined'to include such effects as the
thermal! storage in the collector. The parameters were useé in a heat

balance calculation in Section 4:5. This calcuilation was possible only

for October, November.and December.

Solar Heating System _ , ' b
The heat collected by the solar heating system has been calcu-

lated in Section 3.3. The deily and monthly average efficiqngies of the
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system have been presented. The solar [raction achieVed during the
period of October 1, 1976 to March 31, 19?7 vas eatmated to be 50F.

It was shown, thet thisg period was more adverse for a solar.heat1np system
- , )

roy, 1

than normal because the degree days were about 3% hngher than the ten year
\\\Ezfzi:;, and the mumber of hours of bright sunahlna was about 12% 1ess
thap th ftwelve year average. Everything else being equal one uou]d

expect i;;:\thg*%giar fraction for the normal six month nerlquwou]d be

about 59%2 Bé;;d on observations of the houap during the other months of
the year', it can he éssumed that the system could prov{de 90% of the other
1000 kwhr of heat required for a normal heating season. The annual solar
fraction ;s estimated to be 56%.. The'collector des{gn‘js quite good,

but the heat output was degrgdgd by faults in the rest of the system;-. )

The potential solar fraction/of the system, when the storage is

- - -

stratified and other improvements are made, is estimated by uge of the

Relative Area Metho£5 design procedure. The Method of Helative Arens is

- 6 )
based on the f-chart design procedure which is, in turn, based on the

-

5 .
TRNSYS® simulation program. TRNSYS can simulate an air heating collector
and solar heating system which includes a stratified pebble bed storage.

The Method of Relative Areas providea a number of coefficients which

-

correlate its results with the results of the f-chart method for many
locations in the U. S ,A. and Canada.

The result of measurements of the solar radiation on the vertical

collector of the solar house ig similar to the solar radiation oﬁ a

vert1ca1 surface for Montreal used by f-chart. However, as shown in . 2

Table 4, the heating degree days for Ste. Agathe are 15% larger than for

—
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' Nontreal. - Consequently, the UA factor of the house is increased by 15%
" for use in the equation ‘below. ’ '

From the table of parameters from Reference 25:

. Parametera for Montreal are: _ ’_ As = 21.5h - °E'h:/MJ

| o e J Z = 0.05744 u? ocp
C1' = .516 e
C, = .268 §

From Figure 12 . ,
Parameters for the collector are: FRT& = 0.51 .
L

FRU. = 2.6 W/w? °C

4 L
The adjusted UA factor for the house is:
11000kwhr oy
x 3842 = 115 W/°C
24 hr7day J . > / ;
. The area of collector that will provide a solar frac%iohkpf 50% is:
_ _ : . S 2
P : o A= (g x DR)/(FRTT&- FRUp2) & 2b.72 m )

T The collector area of the house A = 42,5 g2, The annual solér

fraction expeeted.fbr the house is f = Cl'+ C,1n (A/ag) -» 66%.

This is an improvement of ab6u£ 10% over the 56% estimated for
the exist&np system. - .

The relative area method is based on a collector tilt of lati-
tude + 15 s OT 60° from the horizontal, so that the above comparlaon is as
good ‘as the assumption thét the vertical COllector..withianow fgregrou;é;
reéeives‘as much radiatien during the heating season as does the tilted ;ne.

Economics
A atudy of ysome of the economics of this part1cular ayatem ag
- built, is ahoun in Appendix F It seems likely that an improved vérsion

of the solar heater, built today, would be cost effectivﬁ, on a life -cycle

<
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basis, compared to either oil or electric heating. The contrast betwcen
Y

the economics of this system and that of mostdvther cqld region solar

-

JEE heaters occurs because the site-built collector costs about one half as
.

much as present factory-built collectors; but operates with a comparable
efficienqx.__This'typc of system, which can be constructed as part of the
p building with readily available materials and tools, is well suited to

owner builders, contractors and the building trades. Compared to heaters
- - R

“with facﬁory—huilt collectors, the site-built system has the potential

]
-

for faster parket penetration, lower costs to the owner and, therefore,
more employment in the near future.

The experience docﬁﬁcnted in this thesis will also aid future
desipners to minimize the cost th maximize the output of.their solar
heating systems. As with any prototype, some mistakes were made, whiéh
need not be repeated. The simulation program can be used as a design tool

for futhre projects. The most common mistake made in solar heater designs

is the failure to matih the components of the system to_gach other and

—

to the specific weather patterns of the 15cation of the building. With

the simulation program and weather data from Environment Canada, the de- -

/
signer can vary parameters in the program, such as the size of the storage

or the transmi!?ion of the collector plazing or the insulation of the shell

of the building to arrive at the most cost effectiéehéolution. - In particular,
the evidence presented here that a site-buillt vertical collector with a
foregrgﬁnd‘snow reflector can perform as well as a factory-built roof
collector should influence builders to choose the less expensive vertical

desipgn.



SUMMARY

The house was & success from the point of view of the occupants.
The salar radijation, electricity use and temperatures in the‘house, collector
énd stBrage have been measured during paft of the 1976-77 heating season.
This site-built collector nerformed well, with an efficiency similar to that
of a prefabricated collector of twice the cogt. Laily and monthly heat
collected and efficiencies have been éaicu]aﬁ;d during Gctober 1; 19?? to
March 31,‘19??. The svstem provided about gne half of the house heat require-
ment thnt was not met by heat from the appliances in the house. The portion
provided during 8 season gf normel weather ig estimated to be 564. The
portion provided by & modified system'ié estimated to be about 6. Modifi-

cations to this system could include: stratification of the storage, more

insulation above storage and a small fan for heat distribution from the

storage to the house.: Additional changes in design for other houses with

this tyne of system could include: installation of the collector screen with
a slore to increase heat transfer, windows in the south wall te provide more
light, a]ternate collector giazinp to reduce cost, and automnt{c dampers.

A simple elsctrical circuit was used successfully as a model for
the thermal networks in the %ouse. The heat loss parameters of the model are
consistent with the reéults of calculations based on the heat loss coefficienis
of the buildinﬁ materials.

The cost of the site-built collector was about 36/sg. ft. The

. )
breakeven costs of the system with all oil and all electric heating systems

102
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have been calculated. The annual
measure for the owner, shows a net

operation based on & $0.05/gal/year

P
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r_‘\_(
cash flow, which is the most significant
saving after the ilhirteenth year of

increage in the cost of oil.
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Surface

#
R3] Storage-

basement

Wall between

storapge and

basementi:

A?_jé X 5
8q. rt.

Ceiling of
storage:

A =136 x 13
sq. ft.

Rl Storapo-

ground

Sterage walls:

A= (370 + 2W)

x 4.5 =

274 sq. ft.

APPENDIX C

HEAT LOSS RESTSTANCE AND CAPACITANCE CALCULATIONS

(See Figure 17 for Locations of Surfaces)

Conatrnction

Trside air film

KAR gheathing

A" concrete hlock
2" styrene insunlation
Outside air film

TOTAL
AMr film
Sheathing
1" styrene
Air (ilm

TOTAL

RY =

Tnside air film

1l
UA

K&B gheathing

A" concrete block
3" styrene insulation

TOTAL

Resistance
(OF-hr-rt?/

BIU

.68
1.33
1.1

10.00
68
13.80

68
1.33

1.11
15.00

R =18.12

C1

H-Value . UA
{BTU/ (BTU/
hrOF-ft2)  hHr-CF
;.07 13.2
132 £1.8
75.0
.055 15.1

)
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Surface

- Storage floor:

.

c2
Resistance
Comstruction - EOF—hr—ft2
- BT

Under storage is 1" of
styrene insulation.

The storage floor is 7'
below the surface of '
8oil on account of the
earth berm. Take a U
value from|Table 2,
Chapter 24, .Ref.13 and
modify it to account for

. insulation,

A = 36 x 14
sq. ft.

Rs Storage-

bedrooms

A= 36 x 14
sq. ft.

Rs5X Additional
path for heat

flow from
ducts to

]iving svace

A= 24 x4
8q. ft.

R4 = 36,4 °Fonr/kBTU

Still air film .62

1" styrene insulation 5.00
3/4m flooring wood .97
vinyl tile .05
5till air film .62

R = 7,22

Rs = 14 °F-hr/xBTU

An styrene insgulation 2.5
3/4" wood flooring .93
vinyl tile .05
Stil1l air film .62
’ O "4’.10

o]
R5X = 12 "F-hr/kBTU

U~Value
BTU

hr-OF-f£t2)

.024

L1h

25

UA

(BTU/ .
h_"gg)'

T~

“

70.6

84
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Surface Constmyction

H? House-ambient
resigtance is
comnoged of trane-
mission pathways
through walls,
roofs, windows
and doors and in-
filtration through

cracks,
North Walls Cutside air film
5" wood
& "4 peat moss panel
(tested value
3.7/inch)

3/4" air space
3/16" panel finish -
Inside air film

TOTAL
East and West )
Walls -
lower part: Qutside air film
5|| WOOd
. 2" atyrene
3/&" air

Finish panel-
Ingide air film

TOTAL
East and West
Walls -
upper part: Cuteide air film
Sheathing

6" fiberglaes

Finish panel

Inside air {ilm
TOTAL

Resistance

U-Value

TEE:E::%LE/
BT0.

.17
£.25
14,80

.97
.30
__ .68
23.17

.17
6.25
1¢.00

.30
.68
18.37

.17
.90
20.00
.30
.68

22.05

(BTU/

hr-OF-ft2)

UA
- (BTY/

hr-CF)

.043

.054

L0ls



Surface

Roof over

bedrooms:

Roof over
living
apace:

Collector
Wall:

Windowg:

Doors:

Construction

Cutside air film
Built up roofing
5/R" plywood deck
AMr gpace

5" styrofoam

Air space
Acoustic tile

TInaide air film

TOTAL

Cutside air film

Deck

?" air soace

4" styrene

3/4" air apace

Acoustic tile

Ingide air film
TOTAL

Cutside air film

ch

Resiastance

(OF hroft2
BTU

.17
33
.78
.50
18.00
.97
1.25
.61
23.01

.17
.78
.85
20.00
.97
1.25
.f1
24.63

.17

Double glazed sealed unit 1.72

L" air apace

.97

3/4" reflective air space 2.00

1/4" sheathing

5" air space

3/4" sheathing

2" styrene

/4" air space

Panel

Inside air film
TOTAL

Well-fitting
sliding type

Sinple 2" thick solid

wood- doors

A0
.97
.80
13.00
.97
.30
.61

L9.31

U-Ynlue
(FTH?

hr-OF-f2)

A
(tu/
hr-Y#)

.03

L0l

.06

.56
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Summary for R? - Transmission Hent'Loasﬁn

Surface Area (£t)? U (BTU/hr-°Ft?) UA_(B1U/hr-F) -
North wall: 196 .07 8.473
-Engt and West walls - o

lower: . " 186 L 10.04
upper: 65 ) ' .hlig o 2.90

Roof - ‘
flat: . : 574 U3 o 24,70
sloning: Ldyiy : bl 1R.20
Collector wall 520 .060 ~31.20
and windows: - . 16 .190 T3.00
Windows: ) 95 _ . 560 53.20
Doors ) 35 Ty £17.20
TOTAL 168.87

R? = 1 = 5.9 OF. hr/kBTU ‘
UA : :

Infiltration ) -

. The average wind speed for February ;; Ste, Agathe-ées—Monis is
12 km/hé - 7.5 miles/hr. Using Chapter 21, Ref. 13, the infiltration load
is calculated. For windows ofiaverage fi% and véatherstrippea, infiltra- -
tion aiTr is about 6 ftj/hr—ft of crack. For a doof w;athe}stripped but
loose frfélng, infiltration is about 40 ft /hr £t ‘of crack for a wind speed

of 7.5 miles/hr.

Infiltration -
through windows 3
and door: 125 ft x 6 ft’/hr-ft 750 £t2/hr
through 1 door: 19 £t x 48 ft7/hr-ft 260 £t3/hr

&
TOTAL 1510 ft’/hr
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o
Specific heat of air: .24 BTU/1%°F
Density of air: ,081 1b/ft’
Heat logo = .2# BTO/1p (°F) x .081 1b/ftd x 1510 ft3/hr = 29.3 BTU /hr_F
Adding transmission and infiltration heat losses for a total:
168.6 + 29.3 = 198 BW/hr-oF'

Thus the value of R? -:;%g - 5.0 hr—oF/kBTU

R8 - House-soil berm

Trhe wall construction is simifar to case of R?

U Value Area !ft52 Ua

North wall: L0437 111 L.77
East and West: 054 168 9.07
TOTAL 13.8L

R8 = 72.5 °F-hr/kBTU (

where area is the wall surface covered by the soil berm.

C] - Hent capacity of Rock Storage

€1 =R +C R = Volume of rock x apecific heat x density x rock fraction
C = Volume of concrete container x specific heat x density
R - 776 x .2 x 140 x .58 - 12.6 xBTU/OF
C = 247 x .15 x 1k - 5.3 kBTU/CF
TOTAL heat capacity Cl - 17.9 kxBTU/CF

C? - Heat Capacity of House

The heat capacity is estimated from the volume of wood in the
house. ‘The walls are 5" thick softwood. The volume of the walls is about

3 . 3
250 It . The volume of wood in the interior of the house is about 200 ft .
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c7

Total LSO ﬂtj. . Taking the density and specific heat of softwood
32 16/£t? and 0.33 BTU/1b °F from Rof. 13: €2 = 92 1u/rt3 x .33 BTU/1b °F x
50 ££° = 4,75 kBTU/OF,

K2

K2 representa the solar heat gnin_fucior through the windows of
the kouse, K2 x fl in calculated, vhere 11 ia the rndintion_incid;nt on
the south facing wall. _For the nnuih w;]l, the total radiation for the day
is about 1020 BTU on February 21. From Referenca 13,.Chapter 26, Tabla 22,
an estimate of the éolar heat gain on the cast and west windows ia (793 + 600)/ .
2 = 665 ETU/ftz. The area of the windows is.ubout 100 £,  Therefore total
heat gain is 66,5 kBTG, - However, 811 the windows are equipped with roller
shades and drapes which were closed mont of the timé. iFrom Table 24 of
Chapter 26 of Reference 137 the roller shades ﬁave a ghading cocefficient of
.25. Thus, the expected tntal heat gain through the east and west windown
for February 21 is 66.5% x .25 = 16.6 xBTU, Egtimated value of K2 = 16,6/1020

- 016, '
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FROGR

00100
00110
00120
00130
00140
00150
00160
00170
00240
00250
00260
00270
00280
00290
00320
00330
00340
00350
00360
00370
00380
00390
00440
441 -
442

443

00450
00460
00470
00480
00490
00491

*#**************************#********************tt*}>

TITLE: SOLAR HEATING HOME SIMULATION
AUTHOR: MIT EE DEFT / R KERR
DATE ¢ JULY 1977 & MARCH 19278 REVIGION

LAHGUAGE ¢ EASIL VERSION 3
COMPUTER ¢ CDC 6400
FILE NUMERER ¢ 003

******************#**k***************************t***i

GET INFUT- VALUES sokiokdokxkkk

ASSUME INITIAL CONRITIONS  XIkKEKkkKKX
CONVERT RESISTANCES TO CONDUCTANCES k¥
UTILITY ROUTINE  kkookiookkk

CDNTROLLER,RUUTINE' FOK KR ACE XK KK
SDLUE»THE CIRCUIT FROEBLEM kkkkkEskokk

COUTFUT ROUTINE  RXEkkkokkkk o

STEF TIME kkkokdokdokokx

THIS IS THE END OF THE MAIN FROGRAM  xiokiki

PRINT |
AM . SOLHETX
REM
REHM P
REM X
"REM ‘¥
REH X
REM X
REM X
REM
REM
REM
REM AOK HOKK K KKK K
GDSUR 00500
REM KA KKK EREKK
GOSUR 00820
REM HOK K RAOK RO KK
GOSUR 01020
“REM KEKKK KKK KK
GOSUR 01140
REM KA KKK K KAOK K
GUSUE 01230
REM - HORORORK KR KKK
GOSUR 01390
REM L RRRRKOORK K
IF S1=1 GO TQ 450
IF Hi=L1 GO TO 450
GO TQ 440 :
GOSUER "024560
REM KKK KKK KK
GOSUR 02520 .
IF-H1<M3 THEN 003S0
REM KHCORR KK KKK
GO TO 03050

-

D1
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D2 -

00500 REM

00510  REM FRRkkkkk  GET INFUT VALUES - sdokdokkkkdok

00530 FRINT ®*INFUT.COLLECTOR R, R1%¢

00540 IMNFUT K1 i

00550 FRINT °"INFUT R BETWEEN COLLECTOR AND TANKy R2";
00560 [MFUT R2 ) e

00570 FRINT "INFUT TANK TO BASEMENT RrR3°j

00580  INFUT R3 -

00590 FPRINT *"INFUT TANK TO GROUND RsRAY;:

00600 INFUT R4

004610 FPRINT *INFUT TANK TOD HOUSE Ry R3"¥

004620 INFUT RS '

621 FRINT °"R9X. MODIFIES RS WHEN FAN- IS DN; INFUT RJX..

622 INFUT ES .
00650 FRINT “INFUT HOUSE.TO AMBIENT R» R7°
00660 INFUT K7

00670 FRINT *INFUT HOUSE TO GROUND Ry R8%F
00680 INFUT R8

00690 FRINT *INFUT K FACTOR FOR €OLLECTORy K1%3
00700 INFUT K1

00710 FRINT *INFUT K FACTOR FOR HOUSEs K2*5
00720 INFUT K2

741 PRINT *INFUT AFFLIANCE HEAT GENEhATlUN FACTOR,I7" ¢ .

742  INFUT I7

00750 FRINT "INFUT GROUND TEMF VOLTAGEY U?"
00760  INFUT V?

761 PRINT *BASEMENT TEMFERATURES V7

762 INFUT V7 *

00770 FRINT 'INFUF TANK CAFQCITANCE: ct*®
00780 INFUT C1,

00790 FRIMT *INFPUT HOUSE CAPﬁCITANCE! C2"y
00800, INRUT .C2 ‘

00810 RETURN <

00820 REM

00836 REM KKEKHKKKK - ASSUME INITIAL CONDITIONS kkkkdkkkk
341 PRINT *TIME 15 va 13 14 51 e ‘Y3 ys "
242 H1=0 '

843 L1=0 : .

00850 Vi=v8 ‘COLLECTOR TEMF = AMBIENT °

00B&0 H=2.25 ‘TIME INCREMENT = .25 HR

00880 W3=74’INITIAL TANK TEHP=74 :

00885 FILE #2 =*LARG"

00890 INFUT #2,I1 ’‘GET IST VALUES OF INSDLr

00891 Ii=I11%128,3

§92 FILE #3 ="LARGT® ‘INITIAL AMBIENT TEMF
893 INFUT #3,V8

894 FILE #4 =°LARGA" -~ INITIAL AFFLIANCE

895 INFUT #4,1I35 |

8796 I4=I5K17%3.41 ‘CONVERT TO ETU

8BS 7 FILE #5="LARGH" S INITIAL -AUXILARY

B?8 INFUT #5,16 .

899 I3=I6%3.41

00710

100990
01000

VG=65 “INITIAL HOUSE TEMF

H1=0 FINITIALIZE TIME '
M3=350 ‘MAX NO OF ITERATIONS

01010 RETURN

e et e



01020
* 01030
01050
01060
01070
01080
01090
1091
1092
01110
1111
01120
1121
1122
" 01130
01140
01150
1170

L 01180.

01190
01200
01210
01220
01230
01240
1281

01290

01300 .
1315 .

1316
1317
01320
01330
01390
01400

" 01420

1421
1422
1450
145
01520
01530

01350

01560
01570
01580
01590

014600

014620

> 01640

t

CIF 81=1 THEN 1319

D3

REM . . , .
"REM KKKKKKKRkK  CONVERT RESISTANCES TO CONDUCTANGES  kKAkXAe
Gl1=1/R1 : . )
G2=1/R2

G3=1/R3 . - .
G4=1/R#4 . . .
G5:=1/RS , : -
Eé=1/E5 ‘RS AND RSX IN FARALLEL

G9=GT+ES ‘ - ) 2
G7=1/R7 : :

K7=G7

GB=1/R8 T

*

S1=0

s3=1 ' , !
RETURN - : S , :

REM . . , -

REM FkkkkioRR¥  UTTLITY FUNCTIONS FOR ALL 'ROUTINES kkkokokxk
JL=U7XG3HUIKBA+UIKCI/H | k :
J2=UBXG7FUORGBHIN2KILHC2AVG/H

J3=K1%I1+UB%G61

W1=G3+GA+C1/H . o, v

W2=G7+GB+C2/H ' s

RETURN :

REM - +

REM soxckksokdckkk  CONTROLLER ROUTINE -****#***** )

IF V1xV3+20 THEN 01320 ‘TURN FAN ON

RETURN ‘
IF V1:xU3+3 THEN 1320 '
51=0 ‘TURN FAN OFF - _ \
GO TO 1300
gi=1
GO TO 01300
REM ‘ : - :
REM FRE KR AAKK K SOLVE THE CIRCULIT FROEBLEM X¥okakokkiok
IF Si1=1 THEN 01430 ‘“ T .
GOSUE 01520 T
RETUERN . .
GOSUR 01780 : - ¢
RIETURN
REM e
REM ®FkkkKkkRkk, S1 a@;ﬁ FOROK FROK K KKK |
12=13%S3+14 - )

1= (W1405) % (B5+W2)-GSHES/ .

Nz 1k (G5+HM2) +GSK(I2417F . A : : !
N2=(W1HGE) k (J2+I2)FI1KGT ' ‘

U3=N1/01

y5=N2 /I -

. U1=USHK1KILRRL . »

RETURN, ,
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01780
01790
01800
01810
01820
01830
01840
01850
01870
016880
01900
024460
02470
2481
2482
2483
2486
2487
2489
2490
2493
2494
2495 -
02504
02 0o
310

02520'

02530
02550
02555
25356
2557
2558 -

R I I EV N ()
oen en

Db
REM
REM RKKRHKKKKK S1 CLOSED  oksobokdokkok
12=13%53+14
[1=(G1+G2)% ((G2+GP+WL)I X (GIHU2)»-GP*GP) - G“*b“*(69+w“)
N1= Js*((G"b59+w1>*(09ruﬂ)—o9*s9)+sz*<(J1*(t9+u°))+r9*<J°+I°))
N2=(G1+G2) X (J1X(GIHW2)469% (J2412)) +G2KITK(GPHUW2) X
N3=(G14G2)% ((G24+GP+W1)IXK(J2+I2)+J1XGPI+G2K(-G2X (J2+I2) +UTKCD)
Vi=N1/01
VS=N3/01
V3=N2/D11
RETURN
REH
REM FRKHIOKKKRKK  OUTFYT ROUTINE  kkkkkkokdokxk

R3=(VF-32)/1.8 ‘CONVERT OF TO OC
EB=(V8-32)/1.8

I1=I1/3.41 ‘CONVERT RADIATION INTO KILOWATTS

I1 =INT(I1) -
E1=(V1-32)/1.8
BS=(V5-32)/1.8

E1=INT(E1) ‘ L -
RS=INT (RS) )

E3=INT(K3) .
RA=INT (E8)

FRINT H1GTABCB)FI15TARC13) JRBi TARC18) i165 155 TAK(32) iS1iTAR(IS) §

FRINT EB1iTARCA2) B3 TAR(48) RO

RETURN ’

REM’

REHM KKKKICKKRX STEP AHEAD IN TIME  sokkkksokkx

H1=H14+H ‘GET NEW INSOLTEMF
INFUT #2,I1 ‘GET NEW INSOL
I1=T1%128.3
L1=INT(H1)
IF H1=L1 THEN 02561
RETURN .
INFUT $3sVUB ‘GET NEW TEMP
INFUT #4,15
I4=1S%I7%3.41
INFUT #5,16 ‘GET AUXILARY HEAT
I3=T6%3,41
IF H1#3% THEN 2568 ‘FOR 34<Hi1<42 MODIFY G7
RETURN
IF-H1<42 THEN 2571
G7=R7
RETURN
G7=E7%1.13 -
RETURN
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2573

02580
02590
02600
024605
02610
0324620
02625
2626

02628
02630

02640

02650
02670
02680
2681

02700
Q2710
02720
02740
02760

2761 .

02780
Q2790
03000
03010

03020°

03040
03050

REM
REM
REM
REM
REM
REM
REH
REM

REM
REM
REM
REM
REM
KEM

. REM

REM
REM
REM
REM
REM
REM

REM
REHM
REM

. REM

"REM
REM
REM

EMND

Ds

t

Xaokkokiokkokk LIST OF FPROGRAM UARIABLES**********
Xkdkkiokkkx FOR THE CIRCUIT MOLEL KRRk okk

X NAME OF VARTARLE : NESCRIFTION
¥ :
X K1 : COLLECTOR COVER TRANSMISSIDN FACTOR
* K2 HOUSE . SOLAR HEAT GAIN FACTOR
X 11 . SOLAR FOWER ON COLLECTOR
X IS .
x . I3 ' AUXILARY HEAT FOWER
* Ri COLLECTOR COVER HEAT LOSS RESISTANCE
* k2 COLLECTOR HEAT TRANSFER RESISTANCE
¥ K3 STORAGE TANK-EASEMENT RESISTOR
X (] TANK-GROUND RESISTOR '
X RS : TANK-HOUSE RESISTOR
X RS TANK-HOUSE RESISTOR WHEN FAN ON
* R7 HOUSE-AMEIENT RESISTOR o
* i) HOUSE~GROUND RESISTOUR
X V5 AVERAGE COLLECTOR TEMFERATURE
X V3  AVERAGE STORAGE TEMF
X vs HOUSE TEMF :
* V7 UNHEATED EBASEMENT TEMP
- X Vi AMEIENT TEMF ) .
X ue GROUND TEMF
* C1 STORAGE CAFACITANCE
X 2 © HOUSE CAPACITANCE
KRR KA KK KKK K HORK KKK KOK SO HO8 KK OK K SOKOKOK HOK K K HOK X
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bhasic
OLLOy NEW, OR LIE FILE! old
FILLE NAME! solhet:t

REALY »
ﬂetv1arﬂr1ar3trlarﬁarlarsh

REARY ..
TLID

79/03/27. 10.4%.26,
FROGRAM SOLHETX

INFUT COLLECTOR Ry RL 7 2

INFUT R BETWEEN COLLECTOR AN TANKs R27 .6
INFUT TANK TO BASEMENT RoR3 ¥ 21

INFUT TANK TO BGROUND RsR4 % 36,4

FRUT TAMK TO HOUSE Ry RS 74
RSX MODIFIES RS WHEN FAN IS ON INFUT KSX 7 10
INFUT HOUSE TO AMBIENT Ry R77 5,4

[NFUT HOUSE TO GROUNL Rr RS 7 72:5

700 MUCH DATAs RETYPE INFUT AT 680

7 72.5 .
INFUT K FACTOR FOR COLLECTOR» K17 .8

INFUT K FACTOR FOR HOUSE, K27 .01 .
NFUT .AFFLIANCE HEAT GENERATION FACTOR,I7 7 .B
INFUT GROUND TEMF VOLTAGE, V9 7 41
RASEMENT TEMFERATURE» U77 48

INFUT TANK CAFACITANCEs C17 20
INFUT HOUSE CAFACITANCEs €27 6

El
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E2
TIME 15 V1] 13 14 51 vi U3
1 0 -27 2,2 1.5 0 -2 23
2 0 —-27 2,2 1.5 o 27 a3
3 0 -28 2,2 1.5 o ~28 22
4 0 -29 2.2 1.5 o -29 <4 22
5 0 -30 2.2 1.5 0 -30 22
6 0 -30 1.9 1.9 0 -30 22
7 0 -30 1.9 1.9 0 =30 23
9 14 -27 1,9 1.9 0 18 el
B8.75 23 =27 1.9 1.9 1 27 22
9 25 =21 1.9 1.9 i 30 22
9425 29 21 1,9 1.9 i 32 22
2.5 35 -21 1.9 1.9 1 37 22
2,75 19 -21 1.9 1.9 1. 26 22
16 23 -15 .85 2.6 1 31 23
10,25 20 -15- .B5 2.6 1 28 23
10.5 38 -15 B 2.6 1 41 23
10.75 15 -15 .85 2.6 1 25 23
11 , 28 -8 W25 2.6 1 36 23
11,825 14 -9 25 2.6 1 34 23
11.5 14 -8 W25 2,6 1 24 23
11,75 8 -8 W25 2.6 1 22 23
12 8 -6 JI5 2.6 0 18 23
13 14 . -7 4 2.6 0 37 23
13,25 F) -7 A 2.6 1 21 23
14 b -7 1.1 1.5 0 13 23
15 24 -4 b 1.4 0 69 23
15,25 16 7 =6 b6 1.4 1 27 23
15.5 5 -6 L6 1.4 1 20 23
16 <3 - I 200 0 4 23
17 0 -7 1.2 2.2 0 -4 2
18 0 -7 1,2 2.3 o -7 22
19 0 -7 2 2.3 o -7 22
20 0 -8 b0 1.6 0 -8 22
21 0 -8 b 1.6 0 -8B Jeded
22 0 -8 6 1.7 0o -8B 22
23 0 -8 1.2 1.6 0 -8 22
24 0 -8 1.6 1.6 o -8 22
25 0 -B 1.5 1.7 o -8 22
24 0 -8 - 1.7 1.6 0 -8 22
27 0 -8 1.7 1.7 o -8 22
28. 0 -7 1.7 1.6 o -7 21
29 o =7 1.8 1.6 0o -7 21
30 0 -B i.8 1.4 0 -8B 21
31 0 -8 1.7 1.6 ¢ -8 21
32 0 =7 1,7 1 0 -5 21
33 4 -5 "~ 1.7. 1 0 7 21
34 16 -2 1,1 1 0 48 21
34,25 12 -2 1.1 1 1 25 21
34.5 12 -2 1.1 1 1 25 21
34.75 4 -2 1.1 1 1 19 21
15 5 -2 11 0 16 21
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69 0 -11 1002,2 o -1t 24
© 70 0 ~-14 .5 4 0 -14 24
71 0 -16 1.6 1.2 0 ~16 24
72 0 -14 1 1.9 0 -1 2
73 0 -13 1 1.3 0 -13 2
74 0 -11 1,9 1.5 o -11 2
5 0 -11 1.3 1.8 o -11 23
76 0 -11 2 1.9 0o -11 o
77 4] ~-13 1.7 1.6 0 -13 23
78 0 -14 1.9 1.9 0 -16 2
79 0 ~17 2,1 2.3 o -17 ol
80 3 ~17 1.5 3 o -7 2
81 24 ~12 1.1 3.7 1 32 23
81.29 26 =12 1.1 3.7 1 34 2
81.5 30 -12 1.1 3.7 1 3% 23
81.75 33 -12 1.1 3.7 1 38 2
82 35 -11 b 2.4 1 40 2
82,25 7 -11 b 2.4, 1 43 2
82.5 36 ~11 e 2.4 1 42 29
82.75 33 -11 a6 2.4 1 44 25
83 43 -9 0 2.5 1 48 25
83.25 © 44 -9 o 2.5 1 48 06
83.5 ~ 44 -9 o 2.5 1 49 24
83.75 5 -9 0 2.5 1 5 27
84 45 -10 0 b 1 .50 27
84.25 46 -10 0 b 1 51 2
84.5 45 -10 0 & 1 S 2
84.75 45 -10 0 .6 1 S 28
35 44 -9 o 2.2 i 51 29
B85.25 44 -9 o 2.2 1 51 el
85.5 43 -9 0 2.2 1 51 30
85,75 41 =9 0 2.2 1 50 30
86 40 -8 0 1.7 1 50 30
86.25 39 -8 o 1.7 1 49 31
BS. S 246 -8 0 1.7 1 48 31
84,75 35 -8 0, 1.7 1,47 31
© B7 33 -10 (6/ 2,2 1 .45 31
87.25 24 -10 ' 0 2,2 1 39 31
87.5 27 -10 0 2.2 1 41 32
87.75 25 —-10 o 2.2 1 40 2
88 22 -10 o 2.2 1 38 32
88,25 19  -10 o 2.2 1 S 2
88,5 5 -—10 0 2.2 1 33 32
89 8 -9 0 2.9 B¢ 17 32
90 0 -12 0 1.4 0 -12 31
91 - 0 ~17 0 2.1 0 -17 31
92 0 -19 0 1.6 0 -19 31
93 0 -21 0 1.8 o -21 31
94 0 -23 o 2.5 . 0 -23 31
95 0 -04 4 L4 0 -2 30
94 0 -25 5 1.4 0 —05 30
97 0 -26 - .7 %1.7 0o -2 30
23 0 -2 1,3 1.8 0 -25 30
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APPENDIX F
ECONCMICS OF THE LA MACAZA SOLAR HEATING SYSTEM

The construction costn of the solar heating system, the breakeven
costs af the system with eleciric heat and o0il heat, and annual cash flowse

are pregented in this Appendix.

TABLE 1

b
COSTS TN 1975 DOLLARS (INCLUDES 12% + 8% SALES TAXES)

Components  Material Labour Total
"Collector
Wood frame .95 260 355
_ Sheet metal absorber 60 25 B%
Screen absorber. 180 . 100 280
Double glazed sealed units 1720 125 - 2045
Paint 75 150 225
Total Collector: 2990
Storage o
Extra insulation . 165 75 240
Concrete blocks for channels 18% 110 295
Rocks <, 300 120 : 420
Plenum duct : 90 70 160
Total Stnragef . 1115
Distribution
Fan and controls 720 35 755
Ducts 110 220 330
Dampers ngd grills 175 ' 290 465
TOTAL 875 1780 5655

1
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The cont of the site-built collector in about $3,000, or about
36/nq. ft., which is ahout one half the nrice of an equivalent performance
collector purchased from a manufacturer, transported and Anutnlled in 19?5?

Tn order to find the net cont of the solar heating uyntem, wa
must pubtract the cost of the exterior wall whiéh was replaced by the

collector.

(1)

Assume: Cladding of cedar 1" x B" ‘520150/sq. o .
Sheathing of %" plywood 3;‘80
Additional equivalent insulntion
of #lass fibre 1" o 7.10
$31.40/3q. m.
TOTAL WALL COST = $1,570.00
Net additional cost of solar heating system 5655 - 1570 = 34085,
Note that the capacity of the auxiliary heating system is not changed.
Suppose that the solrr heatine system were financed by a morteare at the
May, 19%5 rate of 10% for a pericd of 2% years for 90% of the cost, i.e.,

.

.9 x LORS = $3676 is financed.
i ‘ 33676 .
The annus] mortempe payment is equal’ ta P/A. 1 25 = 3400,

Consider the Brerakeven Cost of the partially sclar heated system

with electricity.
Let X be the cost of electricity (3$/kwhr)
Let f be the frﬁction of heat supplied by the sclar heating systenm
Let H be the heat load of the house (kwhr)

Then the annual cost with solar ia:

* "Solaron" collector costs a customer $15-320/sq. ft. in 1977.

1
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8400 for mortgare + (1 - f)HX for nuxiliary heating _

+ 300 kwhr x Xl/kuhr for the electric consumption of fun

+ 330 .for maintenance of the fan and replacement of filters
- 3430 + X (700 + (1-1)H] -

Anmial cost for all-electric heating ip HX

The brnakeven.qnat of electricity is the value of X vhich.mnkea

the above annual costs equal. Thus:

" HX ~ 3430 + X [300 + (1-1)H]

$430
( fH-300)kwhr

In fectiolh 3.3, we féﬁnd that the aolar heating system supplied
50% of the 11000 kwhr heht requirgment of the rouse for the six mﬁnth ‘
period of October 1976 - March 1977. Asguming that 90% of the 1000 kwhrse
of.heat required dﬁring'the other months of the year can be supplied by
the solar heater, the annual sclar fraction is 59&'If f = .55 and H =
12ﬂﬂnku%r by substitution in the above equation, the breakeven coat of elec-
tricity is p,068 dollars per kilouatthour;

If the changes supgesated in Chapter 5 were made for nrédét of about

$500, the performance of the system could be improved to give about 70% of

the heat requirements. The mortgage would be about $420 and the breakeven

14»50
(.7 x 12000-300)

cost woul%,be = {.055 dollars per kilowatthour.

The 1976 cost of electricity in Montreal vas' $0.038/kwhr for the
first 200 kwhri $0.017/kwhr for the next 400 kwhr, and $0.155 for the

remaining consumption.
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The case of oil heating
A hesting value of 140,000 BTU/U.S, gal., with combustion
-efficiency of 60%, gives 84,000 BTU/gallon. Of this, 50% {8 wasted by

increased infiltration (2), which leaves 42000 BTn/ganon useful, or

1 : '
- C L[]
42000 x 1.055 kw/BTU x 3600 sno/hr 12 kwhr/gal., or 14.4 kwhr/gal'( an)

The cost of home heating o0il in Montreal is now more than
$.50/gal. and will likely rise to $.75/gal. in five years. In such a
cage, fﬁzf - . 052 $/kwnr.  If the solar heating system provided
?0% of tge heat reauired by the Macaza house, the breakeven cost w;s
0.055 $/xwhr. The system.would cémpare favourably{uith 100% oil heating.
Table 2 shows cash flows for the caasﬂéfﬂgﬂ% golar and 40% oil
heating, and a demand of 12000 kwhr/yr. The solar heating system begins
ta have less annual cost th;n the all-oil Byatéﬁ after the Bixéh Yyear.

After the thirteenth year, there is a positive return on the investment

in that, savings make up for the extra cash outflows of the first six years.
TABLE 2

ANNUAL CASH FLOWS FOR HEATING

Solar and 0il Auxiliary

B

Year (1) (2) (3) (W) (5) (5)-(4)

Mortgage Heating Cost Fan -(12+§2!+!}) .Conventional Incremental

0% solar and Cast Total Cost Heatinz cost Cash flow
LT ail 10g§ oil

1975 1 420 168 5.5 . 594 420 -174

1976 2 420 188 6.0 615 470 -1

1977 3 k20 - 208 6.5 635 520 -115
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' TABLE 2 (Cont!d)

(1) (2) (3) (%) (5) - (5)-(4),
Year Mortgage Henting Cost Fan «(1)+{2)+(3) Conventional Incremental
. (0% solar and Cost Total Coat Heatine cost’ Cash flow

Wé 0il ' 10@ o0il

1978 &4 420 & 228 7.0 656 ' © 570 -86

1979 5 420 248 8.0 677 620 - -57
1980 6 420 288 9.0 698 670 -28
1981 7 420 © 308 10.0 . 719 RCE +1
1982 8 k20 . 328 10.5 739 770 S
4aéumntipne:

(l) Cost of. 0il in La Macaza in October i975 was .50/gal (Can)
(2) Cost of oil ingfeaaea at $.05/esl/yr.

(3} Heating demand is 12000 kwhr/yr.
(#) £ of solar Byétém 6&%.

{5) Electricity for fan costs doubles in price each 8 years.

In conclusion, the economics.of tﬁe exiating La Macaza solar heating
gsystem are suitable for an owner/f%;estor who i3 nrepared to wait more than

ten years for a return on_his investment, baaed on the Assumptions of Table 2.
An improved veraion.could be mﬁch.@ore cost effective., Other economic

factors such as taxes, resale’ va]ue,_iﬁterest rates, security of energy
supply and ijnflation will all affect the investment gifuation. However;
these cons1derat1ons are Yeyond thﬁ scope of this work.., There in &

~

computer pfogram which takes account of such factors.
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© Table 3 shows a aample economic analysia which is performed by

the f-chart interactive Propram {3) for a d1fferent ﬁo]ar heating aystem

whose thermal analysis is also given in Table 3.
, /

Table 4 shows the system and economic parameters that were
speci}ied to the program. It is worth noting that this particular Byﬁtgm
includaes part of the hot water heating load, which is a year round load and

thus 1mprovea the economic picture.

The f-chart program calculates present worth of 003ta with and -

‘

-

without the solar heating system and can immediately show the owner/inveator

how he stands. It also includes paremeters for property and income taxes.

4
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TABLE 3
THERMAL AND ECONOMIC ANALYSIS OF A SOLAR HEATING SYSTEM BY
. £-CHART PROGRAM

DT THWN

o1

Fop Y THERMAL ANALYSISYcRE
119E FERCEMT INCIDENT HEATING WATER DEGRCE AMBEIEMT

.

SOLARK SALAR Loall . LDAD DAYS | TEMP
(HMBTUY (MMETU) {MMETUY (F-DAY)" (F)
JnH 24.2 33,99 5,94 0.58 L4, A,
FEDR 30,2 37,31 T 41,02 0.53 1441. 14.
HNAE 46,1 25,10 35,11 0.58 1231. 2%,
nER 54,0 20,72 20,09 0.54 J08. 4l
Ny 29,7 40,31 . %2.51 0.58  Zal. G4,
Junt 100.0 37.74 2,29 0.56 @0, &1
JUuL  100.0 zG. 70 0.4 0.58 4. 63.
AUG 100.0 40,01 - 2.02 0,58 81. &1,
SEF 100.0 37.78 5,09 0.58 ann, 57,
coT 41.8 30,19 14.02 ¢.58 547, ad,
el 24,4 21.94 24,64 0.54 034, 30,
A 18.8 05,43 42.00 0.58 1449, 14.
Y 40,3 432,27 247.92 &84  B7IEE,
FHEECCONDHIC ANALYSIGKMNY
SHFECIFIED COLLECTOR NREN = 840, FT2
INITIAL COST OF SOLAR SYSTEM = ¢ 7905,
THE AHNUAL MORTGAGE FAYMENT FOR 20 YEARS = ¢
EMD FROF  IdC BADKUP INSUR:
INTRST 0OF YR DEFRC TnAX TAY, FUFEL  HMAINT
YR BAID  [ING DEDUCT FALD SAVED £OST  COST
! 549 L9159 0 158 0 063 79
o T &791 0 147 0 1059 83
z 543 6609 Q- 177 0 1145 I
q 5020, | 6413 0 188 0 1242 94
= 513 - 6202 0 199 0 1410 99 -
& . %6 U973 O 211 0 1551 105
7 477 5727 0 D24 0 1704 112
8 458 - 5440 0 N3y 0. 1877 118
2 434 5173 0 w51 0 2054 125
10 413 4882 ‘0 247 0 D07 133
1! 88 45258 0 083 0 2499 141
12 342 4144 0 300 0 2748 150
13 . 333 3772 0~ 0 318 0 3023 189
39 301 3349 o - 337 0 3325 169
15 247 ngos 0 57 0 3658 178
15 231 2460 0 379 0 4003 18¢
17 192 1867 0 401 0 44024 200
14 149 192 0 40 0 A648 010
ey 103 470 o 481 0 5355 005
20 53 0 0 478 0 5091 N3P

THE DISCOUNTED FAYEACEK FERIOD IS(YRD
YES UMTIL CUMULATIVE SAVINGS=MORTHAGE FRIMNCIFLE

FEESENT WORTH OF YEARLY TOTAL COSTS WITH S0LAR =
COOTS W/0 SOLAR =

FEEGENT HOR
FEESENT WOR

TH OF
TH OF

TEARLY
CUMULATIVE

TOTAL

.
3]

oLl 87

VIMGE =

5
>
~— il

-

4

v

COsT

HITH

GOLAR
2718
2048
2156
q DO
208y
2234
2uel
2767
29548
S1LET
33045
3647

I923

4225

A55%
1918
5316
5753
PREH
4757

7333

’
N
725,

SAVHGE

WITH

SOlnk

—1102
=251
=200
-1

1
g

ATy

b an

z

el

8¢
184
209
a0s
939
&£78
34
1011
1205
1419
1£57
1919
2009
2529
13.
145,
NP376.
554648,
4T

WAl

Fl
ShLal
SAIGH

=1000

o

-2
~182
~121
T—450,

X
prd

48
134
203
274
217
A23:
G502
84
L4
73538
9%0
@av

1018
1154
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TABLE 4
VARTABLES FOR f-CHART THERMAI. AND ECONOMTIC ANALYSIS OF A SOLAR

HEATING SYSTEM

CODE VARTIARLE DRESCRIFTION | WALUE UMrTS

NIR SYSTEM=1,LIOUID SYSTEM=2s sttt renressensns 1.00
COLLECTOR NREA. ettt en ettt sevensssenes BA0.00 FTD
FREREIME-TAU-ALFHA PRODUCT (MORMAL INCIDENCE) .. - 0.50 !
FRFRIME=UL FRODUCT . ¢ s vt es e tnrrvvrseavssoneses 0.30 BTU/H-F~-F2
NUMBER OF TRAMNSFARENT COVERS o v v s vrevovveanss 1.00°

COLLECTOR SLOPE . v e st erersortrersasrossssnssns 4H0Q. 00 REGREES
AZIHUTH ANGLE (E.G. S0UTH=0y WEST=%0) .. vvees ¢.00 DECREES
STORNGE CAFNACITY e e v v e et e it v ir s s tonrnoronnoaas £0.00 BTU/F-FT2

EFFECTIVE BUILDIMG UAeee v neennnnorvonsnas 1200.00 DTUSHRF

oW e oGNS LI

1 CONSTANT DAILY BLDG HEAT GEMERATIOM. sevsevsws 100D0.00 ETU/NMAY
1 (EFSILONY (CHINY ZCEFFECTIVE BUTLDTMG B vy, 2,00
1 HOT WATER USAGE e e vt st ee v vravosonensnoonoesns 20.00 CGAL/IAY
1 WATER SET TEMFERATURE v o v v v v v evnevonononoensas 120.00 F
1 HATER MATN TEMPE RATURE « o v et v s et v v vessennsnsns A%5.00 F
1 CITY CALL TNUMBE . o v v e vt et vsnnonsoensonsnnessas 148.00
146 . THERMAL FRINT OUT BY MONTH=1, EBY YEARE~=2...... 1.00
I B ECOMOMIC, AMALYSTS € YES=Ly NO=2 et vs s e ennsns. 1.00

14 USE OPFT#z0, COLLECTOR AREA-1, SFECFI. AREA=D. 2,00
19 SOLAR SYSTEM THERMAL FERFORMANCE DECRALATION. 0.¢ _/YR
24 FERTOD OF THE ECOMIMIC AMALYSIS. e nvnresnens - 20,00 YEARS
2 COLLECTOR AREN DEFPENDEMT SYSTEM COSTS. en e .. £.00 £/TD COLL
o0 CORBTAMNT SOLAR LS S s vttt i v st nnnnonnnne. D828 00 4
03 DOWN FAYMEMT (. OF QRIGINAL IMVESTHENTY vue. ... 10,00 . =
oA AMMUAL TRTEREST ROATE "ON MORTOAGE . 2 v e v v v oo e 2.00 .
o5 TERM OF MORTGAGE v v v v vt nnneuvertoenosecssasons 20,00 YOARS
24 AMNUAL NOMIMAL (HARKET) DISCOURT RATE . ouvue. .. 1,00 _
o EXTRA IMNSUR. yMAINT, IN YEAR 1¢_ OF ORIG.IRNV.) 1.09 _°

) 78 ANMUAL _ INCRENSE IM ARRUE EXPENSES. . v.aos ., 5,00 L
09 FRESEHT COST OF SOLAR BACKUF FUEL €RF)...ov.. . &.353 ¢/HMETU
30 BF RISE’ _/YR=1ySEQUENCE OF UALUES=2. 000w ewen 1.09
31 IF 1 WHAT IS THE AMMUAL RATIE OF BF RISE..... 10.00 _
32 FRESENT COST OF COMVENTIOMNAL FUEL (CF)evvenvn.. 6.3 SHMNOSTU
3 CF RISE’ _/YR=1ySEQUENCE OF VALUES= 2. vy ersenes 1.0C
a IF 1y WHAT 1S THE ANNUAL RATE OF CF RISE,..... 10.00 _
35 ECONOMIC PRINT QUT EBY YEAR=1y CUMULATIVE=2... 1.00
14 EFFECTIVE FEOQERAL-STATE THCOME TAX KATE...... 0.0 _
37 TRUE FROF. TAX RATE FER ¢ OF QRIGINGL INVESY. . DL00
39 AMHMUAL _ INCREASE. IN FROFERTY TAX FOATE v vo. 5.00 .
39 CALC.ET. OF RETUREN ON SOLATS INUTMTLYES=1:M0=D2 S2.00
A0 SALYAGE WALUE (- OF ORIGINAL INVESTHMENT)Y vvws. - 0.0 _ . X

41 _INCUHE FRODMOTING BUILDINGS YES=L1yMD=2, 0 v e s 2.09



APPENDIX G

ERROR ESTIMATION

The estimates of the probable errors in monthly values of
’ B [ .
solar heat collected, incldent solar radiation and solar fractlon were

" Al
based on the following considerations.

Completely randem errors are assumed. Errors which resﬁlt
from computations are determined by standard statistical method532’33.

The probable error in air flow measurement of 207 is discusscd
in Section 3.6 of the text. The error in femperature measurement of 17
can be negiccted by comparison. Thus, the error in the heat collected,
QU, which is the product of air flow and temperature difference is 20%.
After integration, (by Simpson's rule), of the QU valués for a day, the
error in the daily total- heat collected, 0, is found by the root-sum-square
method33. Again, the errox ofllZ in the time'coordinate due to manual
integration was neglected in comparison to the air flow error. For three
trial days oﬁ different weather conditiohs, the p;obable error in Q's
computed in this way were 6.5%, 7.27 and 7:52. Thus, it can be assumed -
that an error of 77 in dﬁily 0 valuaes can be used for all the days of
the month. _

For thosg days when interpolation was used to obtain a Q value
the error in the least squares regression of Figure 8 was 1.37 which can
be neglected rclative to 77.

The probable error in the ﬁoqthly total heat collected was

, . - . 33,
obtained by the root-sum-square combination of daily errors™ in Q.
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fhe value obtained was about 27 for ;ach month. Using the same
method; the probable crror in the heat collected during the 6
month period is 0.8%.

The baseboard heater measurement is accurate to 17, which
can be neglected in comparison to the error in.Q in the calculation
of sblar fraction in Table 8. As discussed Iin Section 3.6, we can
assume errors in the solarimeter readings of 57.

After integration of the readings for thelsame three
trial days, the probable ervor in the daily total vdrtical incident

) p
radiation is 1.75%Z. .
.The values of monthly p;obable grrors shown in Table 7
wore calculated on the assumption that the error in every daily

VSOL was 1.75%.





