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ABSTRACT 

In this study, the energy performance of a solar heated building was 
investigated. The solar air heater was tested for thermal efficiency. To analyre 

the energy use characteristics of the investigated building. DO€-2 1 E 

simulations were conducted using locally-measured meteorological data. The 

base case simulation mode1 was calibrated by comparing the calculated 

energy use values mth the actual utility bills. Theoretical analysis of the 

modified solar air heater was perfomied to assess the potential to improve 

performance. 

The resuîts show that significant energy savnigs cm be adiieved by 

separating a central system into a few systems sewing smaller groups of 
zones. Simulated results showeà that total elemcity use was reduced by 

about 17000 kWh/year and naairal gas use by about 340 GJEyear. 

The results show that the solar system contributes only 50 GJSear. The 

existing sohr coliectors work with an efficiency of less than 17 percent. By 

changing parameters such as the depth of aie air fiow channel in the 

collectors. the flow rate of the workir~g fiuid and the shape of the solar 

collecter. the eficiency of the solar colleaor could be increased to about 38 

percent. 
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1.1 Overview 

A drmatk inaease R the prgœ of eneigy as a result of the 1973 oil embargo 

demand has f o r c d  people to oiink about energy consenration. As a result of 

this situation. energy conservation in the sense of energy efficieny and ths 

use of renewaôie enefgy is vael. 

It has been estimateci Mat mughly one-third of the national annual 

coipumpüon of primary energy is used for building s e ~ c e s  in the US and 

Canada [Il. Energy conwrnption and the effïciency of energy use in buildings 

depend on design and the canservation megies that have been talcen to 

save energy. 

Cornponents sudi as buiiding matenais. orientetion. shape, peicentage of 

giazing erea HVAC system. vedlation, and iïghting density are higMy 

dependent on the design of the buiiding. These componenls play an importent 

role in buiiding energy use. In generaî, three basic Sya8m determine aie 

efficiency of enefgy use in ôuildings [2]: 

energized systems, such as those required for heating, coding, liihting, 

ventilation. business equ~ment operation, etc. 
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Sdar heaîing of ôuildingl wilh eii as a woddng fluid has ben uwd for a long 

time in tha USA and oîtw cwntrb. The feasiôilii of sdar W n g  is a 
functh of several things such as initiai cat, htailath co6t, h e a i  hid 

cost, Md geographic a d  atmosphen'c oonditions. Bec~ucre of high insCalI8tion 

are bw. Sdar heating 8- might be feasible in northm dimatee Iike 

In thi W. a drurch with a wWn wall acting as an active flat plate d a r  

colktor and a paitiaon wall acting curr an ener~y storage sukyetem was 

selecteâ for peiformanca evaluation. Figure 1.1 shows an exterior view of aie 

building with south-facing cdledoro for active collection of soiar energy. 

Figue 1 .1 Exterior view of the south-tooing tacade 



human systems, such as wntenanœ, operation, and energy 

management. 

Each of these systems con be maditid for significant savings of emrgy. 

Befom designing energy strategies for commercial buildings, a dear pichire of 

the most signincant componenk of energy uülization should be developed 

based on annual energy use patterns. Methods of consenration shoutd then 

be applied to get desired en- savinm. For cold dimate region$, he&üng is 

the largest annual energy consumpbjon component fdlbwed by-veenliletion, 

lighting, and coding 131. In tmns of annual energy expendiire, electiicity b 

the major mergy cost for kddings in oitiee like Calgary, because of the 

relativeiy low cost of nBfLiral gas. 

One of the umys to improve the energy performance of buildings in colâ 

dimates is to employ solar heating systems tht cou# reduœ fotcil fuel 

requirements for ksfing. m a l l y ,  the earth reœives solar energy et a rate 

of 5.6 x 1 O '' JSeaf which is equivafent to about 30,000 times the cmergy 

used at the present thie [4]. ütilization of this huge amoul of mewab18 

energy repuires knowkdge of the nature of sdar insolation, the factors that 

influence its intensity and systems mat utilize such energy. 

In most cases, whther air or water is the working fluiâ, simple flat plate 

collectons with selecüve and na9etecüve absorber plates are used, becausa 

of their relatively low cost of construction compared with other types of 
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This solar h e m  systern consis& priman'iy of s d u  coiledor panels, a 
masonry wail for thermal -rage, a bat  exchanger for water pieheebng. a 

Circulation fan, ducüng. and a oontrol system to operate the system properly* 

Al mechmial and structurai camponents am can- via a duct netwoik 

A detailed descripion of the building is given in Chapter 3. 

Solar radiation on the collectw surface passes to the absoiber surface; 

consequently the absorber suiface becornes heateâ. The absoiber's surface 

temperature &pends on the radidon levei on the surface and the optical and 
thermal properties of the dk tors .  As a resutt of hea tramfer t)BtWeen the 

abeorber plate and arwlated air. air leaving the collecter peit of the systern 

shouid be hotter than at the inlet After preSieating domestic hot water (DHW) 

via the air-to-water heat exchanger, the air gives up the remaining heat 

gained to the thermal storage wall. 

The main disadvantaga d this type of systern is that signifiant temperature 

-ngs are needed in aie building to p d d e  maximum exploitation of the 

solar heating. Higher temperature swings in the building could affect occupant 

cornfort. Hawever, the -ni is a god aiternative to systems wAh active 

discharge storage [6]. 

This research had the folluwing objecüves: 

to evduate the performance of the buiiding-integrad solar air heating 

system in tenns of energy gain. 

to evaluate the solar hegSing option relative to other energy conservation 

strategies. 



The major steps for this study were as foibus: 

obtain u&ilÿ meter data (Le.. natural gas and elacity consumpi) for 

the ôuiiding for one year (1 995). 

prepue-an houify 1995 wmther file for Calgary; this was required for 

energy use simulation and for calculaon of wlar heat cdlection. 

detemine the amount of annual heat collection fram the sdar air heater. 

prepare a DO€-2 simuletion mode1 of the investigated building and 

calibrate it wïth fhe meterd and weather data for 1995. 

evaiuate possible retrofb for the investigateû building by computer 

simulation. 

determine performance of retrofiüng the SOIN collecter. 

6eyond this chapter, Chapter 2 contains a litemure review of Wi factors 

that govem building energy use and sdar air heaier perfomianœ, and on aie 

performance and validation of the DO€-2 simulatiion program. Chapter 3 

preænEs teatures of the building. envelope constructions, opemüng 

wnâiiom, and the HVAClDHW equipment, end wmmary of Calgary weether 

files for 1995. Chepter 4 preaents efficiency calculations for the solar air 

heater and the solsr system's ennuai heat ~~ccurnulation. C h m r  5 presents 

the calibrelion of the simulation mode1 based on the building energy use data 

and condudes wi!h DOE-2 simulation resub. Chapter 6 amtains results of 

computer simulation of possible retrofits of the buiîding in ternis of energy 

consenration and theoretical cvirilysis of the solar systm in tem of changing 

parameters such air gap end fiow rate from the exisb9ng design. Chapter 7 
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condudes the research with condusions and some recommendations for 

fukrre work 



Many papers have been minen an energy consewaüon in Mce, schwl, and 

hotel buildings, but it is very herd to fiRn out about energy conaewation in 

church buildings. Because of their funclion, religious buildings differ from the 

&ers in tem of energy requirements. Fadoni such as ocaipancy 

schdules. daiiy activîty and faciliües provided in the church cwld lead O 

differences from uther buildings. Obn, architecturai design and facilii use 

change the energy use characteristics of buildings and consequendy, 

conservaon methods. 

In this Iitemiure review, papm deding with major building components that 

affect building energy consumption are discussed fkst Second. papers 

related to peifmance fadois end economic feasibility of solar heating 

systems are considered. third, r-ch that has been done on the 

performance of DOE-2 and its sensitmty to us8r decisions am d~s~uswd. 

There are rnany cornponenls thet affect energy consumpüon in buildings. 

These are briefly d*kussed below: 

2.2.1 Bu i ldk igemn~ 

An architect's abil i  to pmperly develop the funclionel and esthetic bacUres 

of a building is very important in controlling heang end coding requiments, 

as well as correspanding initiai and operating costs. Geographic I d o n ,  



variation of outside temperature and wïnd and solar intensities are influeMial 

factas in buiiding envelope dmign. The uttirnate ohoice of the bwiding 

configuraüon shwld be determineci besed on bath design and energy issues 

Pl- 

Heat loss from the envdope depends on many faet#s, other thsn dimate 

cond'iom, such as structure, windw b wallratio (WWR), U-vaiw 0.e.. wdl, 

roof, Roor, and windaw), geometricai shape. orientalion. and Othem. Out of 

these characterWcs. WWR $ one of the rnost significant factors affecting 

energy demand. Hence, il shwld be detmi'ned through economk analysis 

for the speOmed qeoqaphic kcation r,8]. 

The ventilation rate is one of the basic factors mat affects annuai energy use, 

equiprnent siring and first mst of HVAC systems. Foi offices. the old 

ASHRAE Standad 62-81 recomm8CIC1ed 2.3 I&@elson n r i t h ~ ~ m  and 

9.4 k@erson with smokers [9]. ASHRAE Standad 62-89 does not distinguish 

the presence of sinoking and simply recomrnends a minimum of 9.4 lWperson 

[t O]. This new standard for ouloide air rate. based on indoor air qualii, 

remains a subject of debine. ihe outdoor ventilation air tequiremenlrs 

s p d M  by ASHRAE mwed rate to meet oxygen replacement tequiremen& 

and contrd cubon dioade concentraWm which, for normal acüviües, are 

about 0.6 and 1.8 Wpeson respectiveîy [Il]. 

According to Eto and Meyer [12], the changes in the ventilation rate nom the 

former standard mnild inaease chiller and boiler site up to 20 and 10 percent 

reapectivety. The largest increasw in M e r  cap* ocarr in colder dimates 

and the smallest in milder ones. The lagest inamses in ohiller capacity are 

found in dimates with the greatest cooling requiremem HVAC first co6ts 
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inaease by h s  than US $O.= m2. Annuai energy use for heating wouid 

inamse by up to 8 percent and annuai energy use for d i n g  by y, to 14 

Pr- 

One way to reduce the venbjlelon cuet or 1% cyde cost of HVAC system is 

airough heat recwery deviœs. Waste heat recovery devices such as run- 

round heat exchangm, heat pipes, anâ rotay air-to-air regenerathre heot 

exChangen (heat wheels) are widdy used in HVAC systems. 

2.2.3 Ughtlng 

Lighting systms are designed to cfeate safe and pleasing visuel working 

envimnments. üghting systems m a large portion of a buiiâing's energy. 

LigMng may represent 23 percent or more of the total energy consumption in 

commercial buildings and it ha$ an impact on the energy consumption of the 

HVAC m m  [2]. The Iighting syskm has a greater impact on the annuai 

cooling energy used in w m  dimates than in coicl dimates. 

Efficient lighting systems not oniy decrease electrical energy wsts but aiso 

demase the opemhg cmt of air-cond'ining in hot dimates. For example, 

amrûing to Shavit and Richard [13] an indiWuai dimmabk eleclronic ballast 

system cou# save 64,5, and 12 percent for the liihting, fan and chiller 

systems reqedvely. 

One of the major loads in cornmerciai buiidings is infibation of outside air 

through cracks around dwm and windonis, and when exteor doors are used. 

According ?O the C2ûûû program [14], this is one of the major factors that 
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reduces the energy efficiency of buildings. Energy losses from infiltration can 

be substanüaily reâwied through improved sealing of the air Row pcilhs. 

HVAC systems dfler according to the precb location of the heatÎng and 

coding coik in the air streem and according O th8 manner in which SyaSrns 

meet vwng space loads in each zone. Energy conservation standards are 
partkuîmiy diffcuit to d8veIop for HVAC systenw. The factors that affect the 

en- pmfomiance of HVAC systsmrr are difficuît to descni. Some of Ihe 

ment ~ n e r a l  remmendations for HVAC systems for heobng dominated 

dimates are [i 51: - 

the dimination of simultaneous hepting and coding of supply air for a 
single condiioned space (a major objective of efforts M improve the 

efficiency d HVAC oystoms). 

use of automatic off-hour conhd (time dock). 

large centrai systems should have ornons to isolate zones or smail groups 

of zones during unoceupied pdods. 

insuletion thickness. 

minimum leaûœge of air diaribution system to avoid energy lasses. 

use of byaoms with an ecmomizer cyde. 

use d heet recwety systems. 



use of direct digitai cmtrd systems for better energy management 

use of vafiable opeed pumping system (can save considerable pumping 

energy, espeddly in large diaiaution systems). 

use of renewable energy sources if economicelly justified. 

In sbidying the inHuence of these on en- consumption, cornputer 

modeling of buildings cm help gready. In addition, simulation makes it 

possible to indiiually evaluate the impact of each perameter on energy use. 

Winter [t 61 concluded thet. wen though solar radiation, wind speed, ombient 

temperature and the building heating I d  vary conünuously; steady-state 

rnodek are adequate for etHimathg performance of conventional Rat pl* 

cdlectors if hourîy metooralogical data are m. In other words, transient 

Mects can be igmed for oalculation of the cdledor perfomiance. 

According to Df le  and Bedonan [6]. the foildng assumptîons can be mode 

steadyatatecwlitim. 

unifom flaw of the fluid in the collectors 

no absorption of solar energy by collecter coveis 



one dimerisiorial heat flaw 

Duffie and Bedcman [6] Mlfd that performance of a sdar colledor amy 

diffem from thPt of an individual collecter. ît could drop to haH the efliciency 

predicted for a single cdlector because of the folom*ng- reasbns: 

increases in heat and pressure losses from array connections. 

flow maldistribution among the collectors. 

large thmal capcitance or amwnt of heat atmxôd by the body of the 

collectors. 

air leakage from the cdlecbm (at gspo in sealurt) 

In the case of sdar air he8ters, flow rate and the geometric construction of the 

collecter strongly influence the effidenoy. This is expressed by the convBCtiVe 
heat tramfer COBffiaent ( hc). Biondi et al. [17j reported that, assuming 



facto= such as inlet temperature, environment pavameters and matenak of 

c o ~ c t i o n  to be constant, the performance d a colkaor is sdely 

defemined by two factors: the s p e c i i  air fiow rate or mass fiow raîe per un& 

area of sdei cdlector end the geornetry of the sdar air heater. Qraphs 

produced for diirent values of geometric coenlcent and specific R o w  rate 

show that both these parametefs have eqwl infiuence on the arllector 

performance. More detail on ai& subject is given in Chapter 6. 

Beoause of the pressure diiemce betwwn collector air streams and the 

atmosphere, most conventional cdlectors expwbnce l e m e ,  which 

significanüy affecb performance. Two situations may occur: significant 

quarttities of air may leak into or out of the collectors. In the former case, air 

leaking into the collector must be heated from the outdoor temperature to the 

outlet temperature of the callector, which iequires more energy than hea!ing 

of the reciiwlation air. In the latter case, less air passes through the cdlector. 

This reduces the performance of the colkbr, because effiaency of aie 

collector is highly dependent on the mass flow raie in the dector. Close and 

Yusoff [18] repo- that air leakage &ou# be acaunted for in collectw 

efficiency measuemmts wen if a constant leakage rate m m  be assumed, 

otherwise the leaked air dl appear as an extra load on the collector. 

Optimum tilt angle of a flat-plate colledor is one of the factors that affects 

sdar system pertonnance. There is a range of Oh angles that gives near- 

maximum solar heat gain duting a mole year of appl ion.  The optimum tilt 

angk for a colledor is a function of the latih.de and the seasonai application 
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(Le., for spaa h88fing or water hBgfing). For year round application. different 

invogtioatos propose varying üit angles to obtein maximum coileotor 

Basd on hi$ anaiysir. the o@mum üit angle for Calgary, with a letitude of 

51 O, approxjmate deamese index ( KT) of 0.5 and ground reflBCtBnce of 0.7 

for January. Fekuery, Novernber, and December lies between 70° - 80° for 

space heating. 

Girag 1201 mportd that ambient dust could d e c m  performance of solar 

collectors. Energy absorbeâ by the colledor is not only a funcüon d the 

opticai and thermal propetth of the colledor, but a h  a fundion of many 
factors such as ambient diR concentretkn, indinaübn angle of oie cotlector, 

expo6ure time without fain. and type of mer plate. He mentioned thaX the 

tramniteence couid be reduced by 1 percent in a moderateiy dean 

aûnosphwe. 

A suvey conducted by Roger et. ai. [21] in 1 977-1 978 addressed the 

economic feasibility of sdar water and spaœ hWng for skrgkfarnily 

rmidences and multi-family apartment buildings in four US ciües: Boaon, 

Washington, Grand Judon, and Los Angelee. In Ws study. economic 

criteria such as payback period. yeeis to recc~very of dom payment, and 

yeais to net positive cash flow were used. The cost cornpetitiveneas of oolar 



and space hedng systems are not economidly feasible in any of the four 

The building energy simulation pmgtarn DO52 was chosen to analyre the 

building that uas investigated in the study reported hem. 11 conputes houriy 

heating and coding loads. It has the capacity to simulate dynamîc heaüng 

and cooling lOBds, mount of air supply, equipment suhg. and m m i c  

evaluation for the selected time period. aensralty, il is uwd as a preliminary 

design tad to calculate energy consumption for different option6 in a n w  

buiIding. Recently. it has a b  been used as a simuletion tod to enaiyre aie 

economic impac! d difrent reWit options. This is one of the few cornputer 

programs recommendod by ASHRAE for building energy anaiys's [la. This 

section addresses publication on the pwfomance, validation, a d  input 

Energy cafculations were cenisd out for a variety of howe types such as 
ranch. split-level, WOIsfOry detsdred. and townhouse in ten different US 

locations using DO€-2. From simulation resuh, Kusuda p] reportai th&, 
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DOE-2 au# be a goad altemebive to the energy uialysis procedures such as 
aie degreeday and aie ASHRAE TC 4.7 bin method for building energy 

calculation. 

For singkstoy rasidences. al1 aie heating loads cakulated using veriebls 

base degresday fdl maiin 10 percent d those computed by DE-2,  while 50 

percent fdl within 5 percent. For two-otory residencer. dl heating loads fell 

m i n  20 percent and coding kedP fell within 15 percent ex- for one of the 

locations audied. 

Almoet dl points obtained with TC 4.7 fell well wiaiin 15 percent of the DO€-2 
resuk. Bath cornparbons show that the DO€-2 simulation pmgram cou# be 

The DO€-2 Verifi-on Project cmducted by Diamond and Hunn [a used 

DOE-2 to mode1 seven existiq ammerciai buildings. These buildings 

induded a restaurant, a single-fi#K office building, a retail store, a hospitel, a 

muMoor office building, a school. and a sdar-hea!ed and-cooled buiiding. 

Each building woe simulated by contractom, except the sdar building and the 
schad, whioh were done by Lawrence Berkeley Leborabry (LBL). S imuW 

resuk were compared to uülity data for mmonthiy and annuel periods. 

Sirnulalion resub showed that DOE2 is highly sensiüve to the data entered 

by the user. Highei devia!iom in monaily reeub rdotive O annual r e w L  

may be due to a c W  building parameters differing from standard sdiedules 

for occupanhs. lighb. equipment, DHW anâ long terni weriher data. Annuai 

resuits for these buiidings show that the standard dM&üon between 

simuleted and meterd values for ggshiel dl, electricity and total energy 



consumpüon was 11.9, and 8 percent reepeolively. Tk aboolute diirence 

bennreen predicted and m886ured monthiy data rangd fiom 14 to 45 percent 

for giP/lud oil, 13 to 37 percent for eleotrlaty. and 15 to 33 percent for total 

ener~y use. In spite d laige deviations for a fsw inôiividuai months. statisticel 

cornund) standard âeviations of 26.19, and 17 percent for gadfuel oil, 

elecMdty. and total energy consumption respeclnrdy. 

To determine the effects of user judgments regarding interpmtaüon of input 

data on the simuletion resulls, Diuronâ et aL 1241 assigneci six experienceâ 

DOE-2 usen to make DOE-2 mode$ of foui commerdal kiildings. These 

buildings induded the singlMoor office building, muMkot office building, 

retail store, and restaurant. Initiolly, les0 detaled input data was given for the 

assigned buiidkigs. This was supplemented in stages so thpt three levels of 

i n c ~ ~ n g l y  refined input data were usd. These mwe: (1) uicontrolled input 

(2) refined input and (3) input comtrained by the Standard Evaluation 

Technique (SET) defineâ for the Building Energy Performanc~ Standards 

(BEPS) proposed by the U.S. Department of Energy (DOE). Fur uricontidleâ 

input, the buildings end their opmation were desaibod as they would be to a 

consultant conducting an enegy audit Ascrumptions concming missing 

information end arnbiiuities were Ieft to the contradors. For the renned input 

leveî, missing data wwe suppliedB groes ambiguities in data were diminateci. 

and analyst's questions regarding the buildings were artswered. For the 

Standard Evaluation Technique, fixed parameters were used such as: 
weather d m  standard building operathg condiRiom. and selWed fixeddata 

input values. 



18 

The resulls of aie experlment were presented in tem of monthly aandud 

dewon among muiiipie mers for the thne sels of input specmcetron. The 

reducaian of scitter in the manlhly totel energy prediction was about 40 

percent when information supplied to analysts impwed from uncontiolled do 

refined. Simibrly, scatterhg was further reduœd about 30 percent when 

information impmwd from the refined to SET input In aââition. resub ako 

show gieater vm*Btions in fuel enecpy than in electrical eriergy consumption. 

The study i n d i i d  tht scatter in reeub can k reduced significantly by 

having en independent observer check aie input for enors and by eliminathg 

gross ambiguiües in the input 



The Sandstone Valley Ecumenicel Centre wos ûuilt in 1987. It is located at 

1100 Berkshire Boukvud, N.W., CslgPry, Albata. The W i n g  lie6 at 51 

nath Isbibide, 1 l4* west longitude, a d  1.1 00 metm elevation. The three- 

sbry structure. induding basement, has a floor ana of apploximately 

3,300 m2. A plan of egch floor is giwn at the end of oris cheptsr. The building 

is not shaded by ne- structures or treea. The building coiisbt~ of two 

sanctuaries, a chapel, a firme Iwnge, a lobby, a gymnasiumihall wAh 

cornmerciai kitchen facilitiles, a recreation centre, a nursery, and 
administrative offices. To reduce opecning cos& and for sodal rearons, the 

building fadities are shared by Cathdic and Lutheran congregatiom 

as s h m  in figure 3.1, consias prhwily d d a r  cdkaoi panels, a thmal 

mass masmy wdl, a heat exchmgw for W e r  prewng,  a circulation fan, 

a cmûol system, ancl du-. All mechenid ad structural componem am 
connected in a cl- loop. 

The absorbei's surfam temperature depends on aie radiation incident on the 

surface and on the optical and themiai propetth of the cdlectors. As a m u k  
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of heat transfer betwem tk absorber plates and uiadated air, air leaves the 

collodor are8 nnth a higher tempsr8ûire lhen cd the iniet. UsefLlf heat gain 

h m  the syrtem is pssibls oniy vrhen aie incident ndiati 6 suffident !O 

exceed logseg in the cdlector. 

Figure 3.1 Schemaüc diagram of active charge-passive discharge sobr 

heating m m  
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H e a d  air fiom aie .bsaiknra surfeces ie a~culated ôy a fan via a duct 

nelwork. The fan delivem 700 Ih .t stibit prsesure d 0.5 Wa (2 in W). The 

calculaîd ait (kw per unit area of soiw panel is given in Chaptsr four. Aftw 

preheaüng domestic hotutater via the a i r - M e r  heat exchanger, the air 

gives up the remeining bat aaximukrad in aie cdlectors h the themiel 

&orage wall. 

The themai storege wall behiveen the gymnasium and recreaüon 

centre. This themal storage structwal wall rilso functioiw as a piknary 

structural support, a fire sepfator and a sound attenuator Mween aie 
gymnasium and adjacent spaces. The area of the themal storage is tmce that 

of the solar collecter, the ratio the desiiners deterrnined to be most efficient 

[5]. It has an area of approximately 200 m2. 

The system ums degigned to deliver heet when the collectors reach 35 OC and 

to shut off 3 OC bekw this set point. Overheating protedon is accomplished 

mth matorized inlet and ex- dampers. If aie temperature of the solar 

h e u  air rises to 60 OC, these dampels open to the admoqhere such that 

the wwheateâ air may be purgeâ. Two automatic dampers Iocateâ cibave 

and belw the d e r  panels ad to prevent excessive rise in temperature of the 

saler panels in case of power faihne. 

A disünguishing feeture of the buiiding k the south-faang glas$-dad wdl, 

which is designed to act as the colklor of the d r u  system. Wail CO-on 
is shown in figure 3.2. 



Metal absorber 

Insulution 

stud wall 

(Nat to scaie) 

Fq. 3.2 Cu-n wall solar collectors 

The collectors vary in size and shape as dictatecl by the drape of the facade. 
Figure 3.1 shws cdlector shapes. 

The solw cdbcbrs are glued with a single pane of dear 6 mm tempered 

float glass and the aborber plates am 20 aA gshrenized shmt steel painted 

with flst biack high temperature paint 



Major exterior wJI and roof constnidkns. exduding intdor finish, of the 

buüding aie given in Appendbt Al. 

Exterior winduuus are fixed and ciear doubie-glazed unb ex- the window 

just below solar cdledor A (see figure. 3.1). Thî is triple-glazed with an 

approximate area d 7 m2. Olazing U-values and shadîng wefficients were 
taken fmm the DOE-2 window Iibrary PSI. VaCies are shown in the TaMe 3.1 

7 

Exterio r Qlass-type-a& Heat tranfer coeff. Shadiq coeff. 

Table 3.1 Olating pro~erties 

Near the midae of the building's knge$t mis, a skyiight admb naturcil Iiht. it 

has area of approximatdy 14 m2. A heat transfer coefficient or U-Wue of 

As mentiontad earîier. f88fLIlies that significantty influence energy oonwmption 

are highly important for enerpy use simulation. These values wen cdleded at 

the site. from architectural dmmings, or based on typical conditions. A brief 



Ventildon is very importent in maintaining dequate indooi eir qualii. 

Ventilgtion h a proœss that introduces the ouiside air of fmsh air into the 

occupisd spacm. L quantity has sul#tsinti91 dlect on building energy 

consunption. 

In thi audy, the ventila!ion rab was assumed to folbu ASHRAE standard 

62-81 ôecause the building was canaiucted before ASHRAE standard 62- 

1989. There are airee air haKaing unb. 

AHU-i : CathoIic and Lutheran s a n c t w h ,  loôby, mezzanine dass r m s .  

main vestiiule, and mezzanine core zone ( 4.7 Md'person or 10 cfmlpenron). 

AHUQ: gymnmiumlhell(7.1 Udperson or 15 chnlpemn). 

To minimite ventilation heating load for AHU-3 r nin-uound heat exchanger 

is uwâ to tecover some heat from the exhaua ait. 

The quamity of outâoor air is controlled based on the outdoor sir temperature 

by a ventilation p i l lon selector. The higher the outdoor tempefatun, the 

more outdoor air b introduced in to the spaces. Th$ contid WOU# be set at 

its minimum position during winter. 



L$MIng systms are designed to meet architectural and visuel requirements 

of the spaœs. ln m e t  of the spaœs, a combination of f lwr86~~nt end 

inamdescent lighling was found. The simuwon program d b  only one type 

of lighting sysîem for a space. Thur, the dominant IigM fimre in terms of 

lighting power was chosen for simulation. 

In most of the spaoes. a ligtiting pawer derisity of about 15 wlm2 was found 

except in one office room (recently uwd as a moming dass room) which has 

5.5 w/rn2. These data show that aie IigMing system seems efficient in tem 
of power density. 

For this building, as per ASHRAE 1261 rec~mmend~ons, infiltration was taken 

to be that of a tigM building envelope (200 an3k m2). According to Parker and 
McQugton [27J, the amouit of infiltration for vestibules is 81 00 an3& m2; mis 
indudes infibation for walb, doot crack, and infiltration due to trafic. 

Schedules were based on severai vis* and infornation available from the 

building operators and the administration. Hawevw, they might nut be 

accurate far dl cessons or every y-. Becwse of the range of facilities 

provjded in this kiiiding, it was mcessay to maiœ diffemt schedules for 

different parts d the building. The ooarpancy fraction was essumed to be 

100 percent w k n  ocwpied. but in ree l i i  it mgM be diierent Occupancy 

schedules for dominant Spa- are demonstrated in figures 3.3 to 3.4. 





Tin, (Sun.) 

Figure 3.4 Occupany schedules for Catholic and Lutheran sanctuaries 



Heat gain fmm people was selected for NgM WOllqng conditions and set to 

120 W @ m m  ( 420 Bbr/hrIpelsdn) except for the gymnasiumlhail aS 375 

Based on monitoring of temperahne h one d the sanctuarks for one week 

the m m  temperehire for winter wsrr kund to be 20 O C .  

Ten percent of lighting was asamed to be in use in areas such as 
admhistratÏon and mezzanine flw dass room during unoccupied periods 

and at nigM tirne. 

3.5.1 AHU unitni and exhaust fana 

The buiiding HVAC system is deeined for winter hoaling. During the summer 

season, free cooling of the buading is md. The building HVAC system 

consists of three cOnstanf-vdume air systems with radiath (hot water) 

herrt*ng eiound the kiikling perimeter. Four exhpuot fans are prwd8d for the 

washrooms (main fkor). lotdren hood (gymnasiurn/hall). dyer 

(gymnasiummall), and washrooms (mezzanine floor). The capacity and 

specifimtions of AHU unb and exhaust fans are given in Appendix A2. 

The plant equiprnent indudes hivo nahirai gas-fired boilers rated at 316 kW 

each. These boilenr have two firing stages. Naturai gas flw rates in each 
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stage and conespondhg efficimcks are givm in Appendix A2. am flow 

rates and efficiencies iiniere determinad on site [29]. 

single stage firing type. Measund gas flow reter and efficiencies (291 are 
given in Appendii M. Each DWH has a heating capacity of 1,270 IRr. 

Mansour PSI reported that hot water consumption ir negliible relative to the 

design value. This is because faciliiieo such as gymnssium showen anâ the 

kitchen were not used as plannecl. This was venfied during several vis& to 

the site. 

9.6 Theml mtng d îhe buiiâln~ 

It is well kKmn that the perimeter area adjacent to the exterior well and 

windowb is mart affected by temperature âifferences behneen the outside and 

the inside of the envebpe. Factors such as heat lars or gain through the 

these primeter areas. On the other M, themai condÎÎom of the core zone 

of any building are detemiined by intemal heat gains. For simultsneour 

contrd d both peheter and core wne thermal a m d i  during the heating 

season, cooling as well as heating may be required. 

Because the major intemal heat gain (smctuaries) is for short periods anâ the 

building is designeci only for heaüng, thermal zonhg of the building was done- 

according to the funcüon of the space ignoring the fact rnenüoned above. 



3.6.2 Tlwmirlionlng 

Zones in each floor and Mt associate places are as foltows: 

Basement: 5 zones 

Main floor: 6 zones 
1- nuroery, 2- administration, 3- chepel, 4- craholic sancbiryy, 5- lutheran 

Mezzanine: 7 zo- 

1- office, 2- corridor, 3- core, and WIR, 4- luttieran/~oIic mezzanine m m .  

5- mechmical (uncwüi) ,  and 7- play room. 

Altogether there are thrw vestiôules, one in the bssement and hno on the 

main floor. During severai visi$ to the building, it was noticed that only one 

vestibule is commonly used. In the simulation mode, only one vestibule is 

used for the building energy analysis. The ?est of the vesübules are treated as 
envekpe for infibation. In Fiums 3.5 to 3.7, at the enâ of the chaptar, floar 
plans show the zoning of the building. 

in tems of dimatic condiion, Wgary's high altitude and dry end faiiiy clean 

atm06phere with 2,200 houmi'year bright sunshim indicatm a good poteMial 

for sder energy [29]. To inaease accu- in simulation and dadation of 

solar gain from the solar air hester. an hwrly weather file was prepared for 

1995. Data recorded et The University of Calgary, Alberta, were useci. By 

re-formatting the recordet! ch& a WYEC (Weather Year for Energy 
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Catculaüons) format weaaier file was prepared. This WVH; fommt weather 

file CO- of 8760 recds, one for each hour of the year. Each r8cord has 

11 6 charactem. Details of the WYEC f m a t  are available from the 

Amioqheric Environment Service of Envirmmmt Canada in Domisvi  

Ontario. 

The DOE-2 simulation program needs an houify W88ther file to shuiate 

building energy use. TaMe 3.5 presenB a brbf monlhly summary of the 1995 

weather file. Howwer, for more rep-e energy ainwmption 

for-ng or building energy analysis, it is bttw to have a file 

I ~onthiy average daily radiation 

1 on horizontal surface 

Mainly Average daily 1 Heating Degree 

Month 

Jan. - 

Feb. 
Mar. 

4x 
May 
Jun. 

Jul. - 

. 

- -  - -  - - - 

Table 3.5 Calgary weather summary for 1995 

- -- - - - - - - - 

-2 

4.9 

5.6 
13.4 

15.9 

20.7 

21 .O 

19.4 

19.4 

15.3 

Oct. 9.0 

Nov. 4.6 

Dec. 3.7 









S û L A R S m M  PERFORMANCE 

This chepter detaik the tdng pIOC8dure and the iesults foi the exist*hig solar 

heab'ng system. t deecribes how the efficiency and themial performance 

factors were measured and oslculatd. Secondly, the useful monthly sdar 

enwgy reœived from the sdar heab0ng system for 1996 is calculated using 

the daily utilizabili meaiod. 

GIeneraIIy, thermal perfomanœ tdng of solar collectors ïs conductd to 

detemine three permeters: 1) the iristantaneos efficiency of the cdlector, 

2) the effeds d angle d inddenœ of incident radiion, and 3) the heet 

capadty of the colledm in tems of the  connent In mis study, the colledor 

was oniy testd for instmlmeous effiaency because the other hivo factors 

were not relevant to this study. 

The thmal performance of any sokr system varies depending on 

parameters such as opaüng temperature. flw rites. solar insolation, 

ofierWon. tilt, tims of day, wind condiion, outdoor temperature, cleamess 

index. and geometry of the roCar cdlector. Despite the tniibient effect of ail 

adequate foi est*mathg sdar cdlector performance 11 61. The -ng 

procedure used in this project allaus the determination of the fundamental 

diaracterisb'ce of a collecfor. The temperature measuring points foi tBai*ng of 

the dosed-loop solar system are shown in figure 4.1. 



run 

rnea 
mea 

mw 

mee 



Assuming steadyatate conditions. the WI gain by the ceolar collecter may 

be expressed by 

Equation (2) gives the expression for absorption of energy by the collecter 

and bsses to the sunw~ngs .  Under steedy-state conditions, cdlector 
thermal performance may aiso be men as [6] 
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Assuming constsnt weeshor cond'ions and M e  doMferenœ in angle of 
incidence, the performance of a sdar h d n g  system cari be characterizd by 

Evaluaüons of etfioienoy are made based on symmmcaI pain, paMng data 

sets for before and after solar nwn to minimire the effect of heat capacity of 
the solar coll8Cf016. Data are everaged for 30 minute periods. Instantanews 

effiaenàes are determined from equation (4) and platled as a function of 

( Ti - T. ) / 6. Aperture ares (i-a, tOtsl cover a m  W the are8 of m e r  

suppoits) is used to de4emiine the efficienq of the collecter. 

The intercept with the Y-axis, or efficiency ( ~ i )  coordinate, rspregents the 

FR(-)" value for the testa solai collecter and FRU~ is gjven by the dope of 

the greph. Mathemaüdly FRUL cm be dwlated as 

FR& = - siope (graphically) 

where ql, q2 - obtained eftïcimcy before a d  after solar noon 

Ti18 T.1 - inkt and ambient temperabire of culiector for fimt pair (DC) 

Te - Te - inkt and ambient tempenature of cdlector for secMld pair ( O C )  

al, % - lnstentaneous soiar radiation (w/m2) 

Data from the collecter testing are plmed a~ qi W. (T, - Tm) I Gh. then the 

following fornulas are used to convert the format 



whûm Tu = (TH + Td)R 

T., - average of inlet and wtlet temperature (OC) 

4.3.2.1 Salat Ume 

Most sun-angle relationships are b a d  on du time, wNGh doss nut 

coincide with locai time. To convert local time into sdar time, Wo conm*on 

factors were used (61: 

for the differenœ in kngihide between the local longitude and the 

meridian on which the local time is based. 

the equstkn of tirne, which takes into account the ened of the rotation of 

the mrth on the obsewer's meridian 

whefe L. - standard meridian for the kcal üme zone 

~- l~ ibideofthekci i t ion 

E - equabjon of time in minute and expressed as 

E = 229.2 ( 0.000075 + 0.001868 cos 6 - 0.032077 sin 8 

- 0.014615 car 28 - 0.04089 sin 28)  

and B=(n-1)360/365 n=dayoftheyearlans365 
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The standard meridian ( ) for w s  dime zone is 105'W ( Mountain) 

and the longitude ( L) is 1 14OW. 

The mass flw rate in a round duct is given by 

where~ïsarea(n?) 

p is decwity ab given pressure and ternperetue (kglm7 

V is average vekcity (mis) 

According to the iâerrl-stete gas Iaw for air, the density of air is given by 

p = P / R T  

wtiere p is the density of the air at given pressure and temperahne 

P is absolute pressure (Pa) 

T is absolute temperature ( O C )  

R gas constant for the air (JliaOK) 

In mis formula, the density of the air (p) L taken as independent of aie 

veI- and gauge pressure. The gauge pressure developed by the fluid flw 

is negligible compareci to the baromeüic pressure. 

The flow is corniderd to be incornpmsibk, because of the veiy low Mach 

number PO]. The Mach number b aie ratio of the veloaty Ruid in the pipe to 

the velacÿ of sound. 



A hot wire anemometer was used to measure vdodty in the ducB. Afkr 

measuring the velocity at the center of the round dud. the kgarithmic-law of 

velocity diaribublon was applied to celailate average vebity in the duct el]. 

Where u is the friction vdocity (M) 
k, 6 - are constant and for turbulent flou values are O 4 1  and 5 

respedively 

y - is the distance from the outer surface to the center (m) 

v - is oie kinernatic viocosity (m2k) 

The friction velocity is given by 

System monitoring bqan in September 1996. Data were cdlecteâ for 

Septomber and ûctober. Out of this data, only a fw days data-were drosen 

for fvlher anaiysis, becauw only data for ckar days couid be used. 

ASHRAE Standard S-77 [û2] was followed in selecang weather cond'iom for 

determinhg the sdar air heater performance. The standard p r w e s  that the 
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tesüng shoukâ be done for dear days to minimize the effect of diffuse 

radiation on the solar cdlectuf. In tem gf mdiion. the standard specifies 

that tes& should be conducted for perieriods during wfrich the 15minute 

integrated average sdar raâiatkn is at leest 630 w/m2. 

In this awly, south-facing vertical irradiation. wind speed, outsk 

temperature, and bivometiic pressure were recorded at The Univeisity of 

Calgary. The data are recorded every minute- 

Electronic instruments (thmistor type) were used to mad the temperature of 

the woridng fluid in the duct netwark of the wlar system. Eledronic 

mimloggers (StowAway-XT) were programmed with Logbook software to 

measure tempetadure every minute. This instrument can store epprmimately 

8000 values for approximady 5.5 days (for one minute rneasurement 

intervals). These daka can be upl041C)ed h m  aie instrument to the cornputer 

using Lagbook software. The maximum total emx of these instruments -8s 

from 0.3 to 0.5 OC of full sale. 

The centre velocity of the inlet and outlet of ?he solar collecter was measured 

with a Waliac Thermo-Ammorneter, model No. aaA 23s. Rie centre 

velocities in outlet and inlet duc& were measured three or four timm in wery 

recording period (the sohr system circulation fan hes a constant speed, so 

very little change in velocity shouM occur). This instrument was cdibrated in 

1986 and the calibraiion certifiate shows the maximum instrument enor to 
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~ ~ a . 3 3 % t o t 2 % ( b w r a n g e ) o r o t 2 . ~ % ( h i g h r a n g e ) o f M I  

sde.  A few years ago, the anmnomeWI was ckdIod in the wind Wnd rrt 

the Department of Mechenid Engineering of the University of Calgary. 

Because of C m M  acce6s to th. wlar systern duct networlc, Bfficiency and 

values such as FR(ra)", FRUL were bpsed on measuremenîs for solar panels 

B, C, and D (see figure 3.1). Thme panels reprewnt appmximately 46 

percent d the taal dlector aiee 

The werall cdledor effidency is probaôly lees than the one based on panels 

B. C, end D. because solar pane15 E anâ F (see figure 3.1) are trlangular. 

This configuration reduœs the contact period of the workin~ nuid with the 

absorber plate. In other words. these confÎÎurations resutt in a shorter fiaw 

path for the worlong fluid than the rectangular panels. In this study, th$ effect 

could nut be caiculated, because the duc& to aie60 panels were inaccessible. 

To eliminate enors due to the thermal constant d the solar collectw, only 

radiation values higher than or equal to 6W w/m2 wwe used for cPlculation 

ofdliciency. ~dotpshow~theeff- incyrppearsto riseinthe 
aftemoon ewn though the irradiation is very lm, because of the thermal 

constant of the wlar collecter. 

Tables 4.1 a and 4.1 b contein test resub for O*akr 3,8, D,l8,  and 20. 

1996. Thirty minute average values d aie parameters and their oorresponding 

effiaency values are shown in these tables. 



O r a p h s d ~ v s .  (Tu-T.) I Q r â n d q i ~ ~ .  fi-&) /&are pt868Hfed in figures 

4.2 and 4-3 iespedively. E.ch graph repsenb i n d ~ d u d  F&& and FR& 

for a given tesüng dey. Comparing thew graphs, FRUL and FR(u)I)~ mrnain 

dmost constant in dirent  wmther cond'ins.The F& value of ûct. 20 is 

an exception. Celculation of monthly utilkaMe sofar enerOy for 1995 was 

basd awrage values of FR(ux)~ and FRUL obWned fmrn the tdtnig. 





Table 4. l b. Solar data arwrlysis 

(Ti - fJlOr 
0.0231 
0.01 89 
0.01 63 
0.01 41 
0,0128 
0.01 32, 
0.0136 
0.01 40 
o.or 4 
0.01 62 
0.01 83 

J 

Wind speed 
ml6 

2.4 
2,1 
2.8 
4.3 

' S. 1. 
5.7 
S.! 
5.7 
8.0 
6.4 
5.4 

L 

October 18 
time 

951 

tl 

5.0 
8.4 
9.7 

10.5 
10.9 
11.1 
10.5 
11.1 
9.8 
8.2 

7. 
O C  

5.0 
6.6 
7.8 
9.0 

10.0 
9.9 
9.7 
9.9 
10.3 
9.9 
9.9 

mi 

kg/$ 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

or 
wtm2 

632 
686 
787 
850 
902 
927 
928 
926 
901 
858 
793 

Qu 
Wh 

5. 1 
9.0 

12. 1 
14.1 
15.5 
16.1 
15.3 
16. t 
13.0 
11.0 

TC, 
O C  

27.7 

0.20 

Ti 
O C  

20.8 

7.d 5.8 

2t .4 
21.6 
21.8. 
21.9 
22.7 
22.3 
22.5 
22.7 
22.8 
22.8 

10:21, 33.9 
10:51' 
11 :21 
11:5t 
1 2:21 
12:51 
1 3:21 
1351 
14:21 
t 4:51 

38.5 
41.8 
44.1 
45.3 
44.2 
45.7 
42.4 
3û.3 
92.5 



Figure 4.2 shows graphe of q us. (Tr - Ta ) 1 GT bamd on meraga fiuid 

t0mperahil'û. FR(ux)~ snd FRUL h8d VdWS of 0.24 and 6.03 w/m2 for 3 

and 0.22 and 4.96 w/m2 for ûct. 9. 

O 0.00 1 0.002 0.003 0.004 

(Tn, - T.) 1 Qr 

Figure 4.2 Characteristic efficiency cuwes for the air hedng flat-plate 
coiledot plotted as fundion of Tm. 



Figure 4.3 shows graphs of Q w. (Ti - Ta) / based on inlet fluîd and 

arnbient tempeiatum. Fn('~11)n and FRUL had valws of 0.2 and 5.43 w/m2 for 

0& 18 and 0.4 and 14.90 wh2 for Od 20. The value of FR& for 20 is 
nat induded in the average value. 

Figure 4.3 Characteristic efficiericy curves for the air heating Rat-plate 
collectof plotted as funCaion of fi. 

The average values of F ~ ( m ) n  and FRUL were 0.28 and 5.4 wlm2 

In this study. monthîy average daiiy solar radiation was used to the 

heaf delbered by the solar air heater. To determine flate-plate collecter 
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utilizability, a methoci pioposed by Klein [33] was used. This method is called 

the daily )chut msthod. The u ü l i l e  sdar energy is defineâ as the fraction 

of incident sdar radiation cornrerteâ to useful bat. 

The calculation a- are: 

determine %. the momhly average daily radiadion per unit usa on the 

collectc~ surface. 

determine Rn, the ratio of the radiadion on the tilted surface to t k t  on the 

horizontel surfaœ at sdar noon on the average day of the month. 

calculate utnizability coefficient T and manShly tutai energy collection by 

Monthly average deily extratenaal radiation ( &, MJ/rn2) for each month of 
the year is: 

Table 4.2 Average daily extratemestriai radiation 

* 

MonMy average daily radiation on the horizontai surface ( B. MJmiZ) for 

1995 meteorological data was: 

NovDec 
7.1 9.7 

Table 4.3 Daily radiation on horizontal suIfae 

Jan 
8.5 

Jun 
41 5 

D e c ,  
3.7 

Feb 
13.8 

Nov 
4.6 

Jan 
4.9 

SepIOa 
25.0 1 16.1 

M a r &  
22.0 

3ul 
39.9 33.8 

Oct 
9.0 

Apr 
15.9 

Feb 
5.6 

31.1 

Mar 
13.4 

May 
38.3 

May 
20.7 

Jul IAug 
19.4 1 19.5 

Jun 
21.0 

Sep 
15.3 



The monthly average deamess index Rr ( R I Ro ) foi Calgary was: 

Table 4.4 Cleamess index 

L 

CalcuWon of the sunset hour angle (m) is ghm by expression: 

6 changes with mean day of the month and it is given by expression: 

& = 23.45 sin (360 x (284+n) 1365) 

where n - mean dey of the month. 

S6 
O d N o v  

-47 
,Jan 
.se 

Celarlation of aie beam and d i i  camponmts of the monthly radiation foi 
the mean day d the month is given by 

Dec 
-52 

for ar, s 81 . 4 O  and 0.3 S gr 5 0.8 

for m > 8 1 - 4 O  and 0.3 a gr 5 0.8 

Feb 
A .4t 

Ma I A u  
-61 1 -51 

May 
.54 

Jul )Am 
-49 1 -58 

Jun 
-51 

Sep 
-61 



Pe - â i i e  reflectanm of ground 

B - slaped surface mgk (degree) 

The avemgo ratio of the total radiolion on a tited plane to that on the 
horizontai i6 ghren by 

The ratio d the average daily beam radiation on the tilted surface b thet on a 

horizontai surface for the month is & and it is given by 

R =  R b l l  Ra 



when ad. - sumet hour angk for the tiited surface of the mean 

day of tlre month 

dg - min [ces-'(-tan 4 tan 6 ) 

where min means the smaller of the Wo items in the brackets 

RI, - werage daily beam radiation on horizontal surface (Jh?) 
TaMe 4.6 presecils resutk of the calculationr. 

Jan. 4.9 0.32 O.= 
Feb. 5.6 0.49 0.51 
Mat. 1 3.4 0.29 0.71 

AP~- 15.9 0.38 0.62 

May 20.7 0.35 O.= 
Jun. 1 21.01 0.391 0.61 

Jul. 1 19.41 0.401 0.W 

Table 4.6 Irradiati*on on the tilted surface of the solar colledor baæd on 

1995 weather data for Caigary 



The of radiation on the tiked surface to that on a horizontal surface at 

noon for an average day of the month (R,,) is crlailated based on the 

indiiual cornponents of sdar fadietion (Le., bem. d i i ,  and grand- 

reflected). Mathematicaliy il is exprecsed as: 

where rm is the ratio of radiation at noon to the dely tutai radiation 

kn - the ratio of b m  radiation the SNd SU*- to thaS on a 

horizontal surface at noon. For surfaces facing di- t o w d  the equator: 

kJ, = ( ~ 0 8  (+B) cos 6 + sin (ep) sin in)/(cos + cos 6 + sin + sin 6) 

The critical radiation level is defined as aie inadiance at which the bat last 

due to cmvBCfiOn, conduetion and radiation hrmi the sdar cdlector is quai- 

to the heat produced by the collector. In other worâs, only radiation above thb 

intensity (radion IeveJ at tilted surfa-) will produce useful energy for space 

or m e r  heang. The aiacaî radiation level is defined as: 



where &, - m-e inlet t«iiperaaire for the month (OC) 

Tu- avewe ambimt temperature for the math (OC) 

The ratio of the critical radiation to the radion at noon foi the average day 

during the momh (on which the total radiation for the day is the same as the 

average for the month), &, is given by 

where coefficients a, b and c are calail8ted as 

a = 2.943 - 9.271 & + 4331 Kt2 
b = - 4.345 + 8.853 Rt - 3.6a  R? 
c = - 0.170 - 0.306 RT + 2.936 Rt2 

The total useful monthiy energy output of a collecter can be determinecl using 

the fdlowing expression: 



Calculetions were based on 1995 weWer m n â i i .  The paramelem thet 
are needed to determine the useM heat wtput of a0 eder coliector are 

s h m  bekw. A summary d the calailatd values $ given in tables 4.7 

and 4.8. 

Slope of the cdlector - 900 

&(anln = 0.264 (average value of FR(m),, from the collecter tesüng) 

FRUL = 5.40 w/m2c (merage valm of FRU~  fmm the collector tesbhg) 

(a~). = 0.93*0.9*0.78 = 0.65 (normal transmbce-absorptance product 

rnuitiply by coefficient of angle of incidence for verücal position of the 

collector) 

FR = 0.264E0.65 + 0.408 

Cdiector area = 95 m2 

Nov. 0.7 0.28 0.18 0.20 473 0.88 0.21 
Dec. 0.7 0.28 0.20 0.21 2.78 583 0.97 0.75 

- -  - - -  - -  

Table 4.7 Calculalion parameters for rolar air heater anaiysis 



Table 4.2.3.2 Useful sdar heat gain for 1995 

Accorôing to Mansou 1291, solar gain is about 85 C3J per amual. In aiis study, 

annuai heat gain from solar colledor was found less than the previous study. 

Major repsons of ôeviation in resub are given below: 
different velues for marthly incident radiion 

high kat l a ~ i  from collectors 

low flou rate of worlDng fluid 

low convBdiVe bat tramfer between WOl(gng fluid end absorber plate due 

to excessive sir gap dimension 

shapes of the coilectors 

r 

Month 
Jan. 
Feb. - 

Mar. 
m- 
May 
Jun 
Jul. 

sep- 
Oet. 
Nov. 
D ~ c .  

M a y  QiPaa, 

123 
47 

138 
146 
21 7 
242 
276 
31 2 
300 
182 
70 
59 

y ' -  

m t e m p  

To, C 
-6.0 
-5.0 
-2.2 
3.1 
9.5 

14.1 
15.4 
13.5.. 
11.8 
5.3 

-4.2 
-9.8 

Degree Day 

OC 
774 
671- 
653 
466 
292 
148 
1 07 
155 
269 
432 
665 
861 

Q- 
total 
a 

12 
4 

13 
14 
21 
23 
26 
30 
28 
17 
7 
6 

201 

Qwph 
I 

G13 I 

3 
1 
3 
4 
5 
5 
6 
7 
7 
5 
2 
2 



CûUPliI'ER SIMULATK)N MûûU OF THE CHURCH 

This chaptw deteils aie application of the Dû€-2 àtnding energy simulation 

program [34] to the modeling of the church. It describes the program anâ its 

capabilm. An enerOy use analpis based on aie Dû€-2 simutation mode1 for 

the building is presented. 

The use of building energy cuwlysis amputer pmgiamo is beooming a 
standard procedure for 8dl*maîing energy use in buildings. This is done to 

identify ways to design buildings or to modii  existing buildings to be more 

energy efficient. 

The DOE-2 program is an extrmely large and cornplex cornputer program 

and it requires specisl knowkdge on the part d users. It simulates the 

the M c ,  HVAC systems, and pknt equipment To oôtain a cornpieteiy 

correct modd WOU# require intiniW detpil, which WOU# be impossible. 

Therefore, a level of abirtracaon must be selecteâ that is adqua& for 

dibration of the rnodel. 

DO€-2 is capable of deteiled simufab'ons of energy conwmption in buildings. 

It comprises one translation program and four simulation wbprograme. The 

translation program b called Building D- Language (BDL) pr0~8ss0r. 

lt translates user input into simulation Cod.. The WE-2 simulation 
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subpmgrame are called LOADS, SYSTEMS, PLANT, and ECûfUûMICS. A 

Dû52 program flow chart îs shown in figure 5.1. 

BûL PROCESSOR 1 

+ 
* w 'I D 

LOADS SYSTEMS PLANT ECONOMICS 
, L 

REPORTS REPORTS REPORTS REPORTS 

Figure 5.1 DO€-2 program flow chart 

The LOADS program calculates peak loads and hwily spoce heatng and 

cooling bads based on the indm air temperature set for simulation. ResuHs 

of the LOADS program are a function of ambisnt w88fher cmdiüons, 
occupancy, lighting, infiltration of outside air. orientation of the buiwng, 
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building shape, building miteriafs, and m~l leneour  intmail l m .  The 

LOAOS program doecr not cornpute kd due ta ventilation of kdangs. 

HVAC system (0-g., fam, economùws, humidifiers) based on the reruk 

from the LOADS program and additional useidefined inrtnrdions regerding 

HVAC systetns. ventilation quantity, eququipment apedon m u l e s  and 
temperature end humiâîî ætgoints. 

The PLANT program simulate6 the opfation of the primary HVAC 

equipments (e.g., biler, chillem, electfical generaIÎo11 equipment, speQfied 

solar heating and coding m m )  bawd on the r e w b  reœked from the 

SYSTEMS program and rdaoonal merdefined imtwtiom. The program 

calculates the en- ooncumption by the equipment on an hou* basis. 

The ECONOMICS analysis program calculates life-cycie cost of building 

components, and equiprnents baseâ on capital cosb and the rdility rate 

structure defined by the user. In addition, it is capable of generating statisücs 

for eoonomic cornparison of alternative app108Ldles. 

The fdkwing We types of data were cdlected for the DOE-2 simulation: 

* Data Obtained fiom the comtmcüon documents end building plans, 

induding building dimensions and meterial characteristics of walls, 

windows, roofs, and floors. Data on HVAC, lighting. and hot mer systems 

and equipment were obtained from mechanical and electrid plans. 



Data abteined by perforrning a visual inspection and interviews with facilii 

Data Obbined from standavds such as ventilation rates, intiltration rates 

etc. 

The main purpose of the celibration of the DOS2 mode1 was to m a b  a 

reference rnodel that could be useâ as a ôase case for waluation of 1-r 
retrofitting options. The rWofMng options am detaild in Chapter 6. 

To determine the accuracy of the simuIolion modal for predicüng Mure 

energy consumption (i.0.. aftw retrofitting), it was essential to compare the 

resuits of simuladion wilh building uti'lïy dds. In using a building simuliition 

model. bath technical and ocaipent behaviom rdated to building energy 
consumption are veiy important Obn, occupant behaviors are diflicult to 

saidy end to m a ,  and this mîd malce the simulation resutts diiemnt Irom 

the actual. 
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Caîibiation of the buiiding model for andysis was done according to th0 flow 

chaR shown in figure 52. Input deta wem -ned as der- m e .  
Hamver, alteralion in busding apeioaon or other factors thet relate to mergy 

consumpîbn cou# affect the simulation resub. 

A completei DO€-2.1 E mode1 for the invesügaWd building is plerremed in 

Appedii m. 



DO€-2 Simulation 
Repo* 

F i  5.2 Flow chm of data andySis 



200 C m m  temperabire for winter. 

Fne coding during runmer dap. 

Air leakage accwding to ASHRAE Standad for tigM building construction. 

HBBt tramfer 10 the ground through barrment wcill and basement floor at 

constant U-value. These values were taken from the ASHRAE Handbook 

of Fundamentab, 1981. 

Energy losses from duc& and pipes are negliiible. 

Ventilatîon rate according to ASHRAE SEendard 62-81. 

Weather data for 1995. the year for which gas and eleacity use data 

were obtained. 

Summarized parameters set for the building simulation îs given in table 5.1. 

Ar- = 3,300 m2 
No. of floofs = 3 floacs 
Window U-values: 
single glated - 6.2 wlrn2c 
double glazed - 2.7 w/rn2c 
trîple glued = 1.8 w/rn2c 
Underg. wall U-value = 0.21 w/rn2c 
Floor U-value - 0.1 3 w/& 

Lighting densiîy - 15 w/m2 
Room Imperahire - 20 OC 
Sp. relative humidity - min. 20 % 

Ocaipancy heat gain: 

Constant vakme system 
Perimeter radiation heating 
Ventilation: 
AHU4 - 4.7 -mon 
AHU-2 and AHUO = 7.1 UWperson 

Table 5.1 Summary of building parameters 



The resuhs onalysis ir based on the caiibrated mode1 of the buiiding. The 

energy conwmption pmdicîions for gas and ekctiidty were compcved with 

This report gives a k.akdawn of heang peak loads. according to the source 

of aie load. for the building. It shaws the amount of heat that mmt be added to 

the building per hou to maintsin the air temperature set with the 

TEMPERAWRE keyword in SPACE-CO)JDiTiONS. Simulatecl values are for 
-ces thet have been treatd as condiüoned W. The program exdudes 

loeds from uncondioned spaces sudr as oie mechanid room and plenums. 

In aâdiion. aie program calculates building peak lads without ventilation. 

Building peak heating load components based on 1995 weather da!a are 

presented in the table 5.2. 



Table 5.2 SimukW building peak heatÎng load components 

The following paragraph desaibee pmticulais tha! have ben  used in the 

building peak I d  cornponem (for hefding only) : 

Wall conduction - heat loss due to conduaion through exterkr 

walls 

Rad condudion - &et kss due to condudon lhrough roof areas 
Window g b f n n  cond - heat lobs due to UMT heat gain thmugh ail 

exterior w i n d m  (glass plus frames). It a b  

indudee solaf eneroy absorbed bywindaws and 
frames and condudrd into the space. 

Window 91956 bdw - heat gain csused by direct anô diffuse sdar 

radiation transmitted by the window glas$. 

Door conduction - heat loss due to condudion thmugh exterior 

doors in the spaœ. 
Underground sulace c d  - k a t  las due to the oanduotion through 

basement floors and the waNs below grade. 

~ P i M t S t o s ~ a œ  - h W  gain due to aie ocwpan& in the spaœs. 

Light to space - heat gain due to the lighting of the spaces. 



Equiprnont to spœ - heat gain due to the equipment in the spiices. 

InfiWon - h a  108s due to the penetratim of OUÉside sir. 

Poeilive and negriiue signs in table 5.2 s h w  nihethrr hrat is entering (+) or 
kavhg (-) thta space tmm conesponding oompormEs of the building. 

Total bad pet unit area (exduding ouBide air ventnation kad for the building) 

is epproximBtdy 30 wh2 (9.5 BTUh mg. 

Table 5.3 presents annuai building energy use according to energy type (e-g.. 

eiearicÿ anâ nehiral 98s) and category of use ( a m  lighting. equipment, 

heating, and ventilation). This repoft (generatd by DO€-2.1 E) is for 1995. It 

exdudes the snergy gain from the solar system. 

REPORT - BEPS 
WEATHER F I E  - CALS-WYEC 

1 ENERQY TVPE 1 EleclncÏty. kWh 1 Natural gas, 

TOTAL ELECTRlCrrV 144,484 UWh 48  MN^ / m2 
TOTAL NATURAî GAS 2.1 18 GJ 0.7 ai / m2 

A R U  LIWTS 
, MISC EQUlPMT 
SPACE HEAT 
PUMPS & MISC 
VENT FANS 
DOHOT WATER 

TOTAL 

Table 5.3 Simulateci building energy summary for 1995 

64476 
5568 
14654 
5861 
53925 

O. 

O. 
0. 

1814 
O. 
0. 

303 
144484 1 2118 



Mef deeaption of mtegoriea of use in BEPS: 

AREA LlGIHTS - ~lecasdty amgimption associatd WM üghting. 
MlSC EQUIPMT - ekcaicity consumptbn essoàated with e l d c  

equipment. 

SPACE HEAT - elWrkRy consumption of equipment whae 

primary purpore is heaüng and naturel gas 
cwisumption to maintain tk temperature set by uwrs. 

PUMPS & MiSc - elecaicity consumpüon of pumps and misceilaneous 

equipment 

VENT FANS - electricity consum~on by HVAC h d n g  and exhaust 
fans. 

DOMHOT WATER - natural gas wmumptïon d aie hot wetei heater- 

Figures 5.3 and 5.4 illustrate rnonthly simulated and metered data for 1995 

nabiral gas and electn'cal energy consumption. The main puipose of these 

illusttafions is to show the accuracy of the simulation model. See Append'x A3 

for complete infornation on the Dû€-2.1 E input data the type of cornparison 

helps to evaluate the quality of the base casa used in assessing retrOrR 

oplioni. 



Jan Feb Mar Apf May Jui Ji1 Aug Sep Oet Nw Dec 

Figure 5.3 Simulated and meterd natufal gas conwrnption for 1995 



Jan Feb Mar Apr May Jm JJ AUQ Sep Od Nov Dec 

Figure 5.4 Simulated and meterd elecûical energy consumption for 1995 

MontMy d 8 ~ 1 ' ~ o n s  betwean predidad and rneasumd data for eleclnccil 

energy are smaller than for nahirai gas. The absolute diimce between 

predicted and measured dete for Wividual rnonths ranged fiorn 10 to 46 

percent for naturel gas, and fmm 3 to 15 perœnt for eleclricity, ex- June, 

July, and August because these months are mt considered for spaœ hdng 

in the simulation. Despite the large diirenœe for e few individual months. 

annuel resultp show deviretiom of 18 and 9 percent for natural gaa and 

electricàty respecüvely. 

Cornparisons on a monthly bas& show significantly higher dwiaüons than the 

annual cornparisons and it is ~robably due to fdMng ieascm: 



In these simulation resub. the solar oontribuüon to building and hot water 

heating is rot Ridudeci. Assurning dl heat gain fiom the solar system converts 

into energy to hea the building and water, the annual enor of the simulation 

reduces from 13 to 11 percent for nehirai ger consumption. 



The eliminebon paramdrîcs technique îs usd  to determine the sïgnificent 

building energy systems parameters and their interaction. It is genodly used 
during building design. Howwer. the techniqw can also be <ged to eveluate 

major mtrofit options. To ampare effecb3 on energy use of building 

the base case. If the energy use changes s i g n i f i ,  then the parameter 

ocmpmts were waluated using diminadion paiametii. Thme parameten 
were selected bssed on the simulation of energy use by the building (see 

Chapter 5). Fiure 6.1 shows annual ekc0ici consumpüon kr the base 

building and for base buiiding with ead~ d the variables diminaW. Similady. 

figure 6.2 shom resutts for natural gas consunption. 



Figure 6.1 Simuleted annuai d a c i t y  conumption for the krilding, 

Figure 6.2 S i m u W  mnwl naturai gas mumption for the building, 
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Elimination parammcs r e w b  show thlt e k t r i d  enwgy amwmption 

romains almost conotart üghüng and venti?ebion fans are the major I d  for 

significanüy reduced with venlilption eliminded. 

Viewing the resullP of oie elimimtion pammetrh amlysii. it cen be 

conduded îhat venülab'on fans are th@ majar loed for eledricity and h-ng of 
ventilation air is major use of natural gas. 

In the foIIowing subsecaions. iesults of retrofit simulations are presemed for 

comparlson of energy savings. Enegy -ngs fmm retrofit measUres are 

compared with the basdine energy use. This section focused on hwo retrofit 

measures end illustretes their -al to conserve energy. 

This is a measure which is commody recommended for buildings in cdd 

dirnatar. ôriginally, the building had R-1 1 wail insulanion d fberglass batts. 

To decrease the hmt 106s fnwn the conduclion thro-h well. d l  insulaüon 
was doubled. SimukW energy me $ presented in table 6.1. 



TOTAL ELECTRlCrrY 143576 kWh 47.7 kWh / m2 
TOTAL NATURAL-nAs 2û31OJ 0.67ai/m2 

ENERGY TYPE 1 Ela-, W h  1 Naturd W. 
r 

Catepoivofuse 

Table 6.1 Simulated building annual energy use summary Mer thermal 

insulation retrofit 

O. 
O. 

1728 
O. 
o. 
303 
2031 

r 

AREA LlGIHlS 
MlSC EQUlPMT 
SPACE HEAT 
PUMPS & MISC 
VENT FANS 
DOHOT WATER 

Figures 6.3 and 6.4 show the annual declrical and hdng energy 

consurnption of the modified design compared to the base case building. 

64476 
551 O 
14009 
5627 
53954 

O. 

Figure 6.3 Simulated annual eîeclrioity consumpüon: base case envelope and 
envelope with double insulation 

TOTAL 1 143576 



Figure 6.4 Snnuleted annual naArml gas consumpoon: base case envekpe 
and envelope with double insulation 

Electricai conwnnptïon remained alrnost the same, while n9bital gas 

consumption mis reduced by 4 perœnt. 

This retrofit iâea WOU# not be economicaily fessible because of tlre 

insignificant savirtg in total energy use. 

As mentioned eoulier, spaces in the building hove varying ocaipany, 

especiaiiy in the Cathdic and Luthem sanctueries (see Ch- 8). Both 

these sanctuaries are useâ very liW compareci with the other spacss on the 

same airhandling system (a single constent vdume fan). About 24 perœnt of 

the ama of the buiiding is usod for the U w a n  and Catholic sanctuaries. 

Therefore, separate zoning of t b  sanotueries mlâ reduœ fan -on and 

allaw reducüions in heating of these spaus dwing undccupied periodc. The 

elimination parametfiCs audies show that ventilation fans consumed a large 

portion of total elactrïdty use. These considerations show that a separate 
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HVAC systetn for the Catholic and Luthem oanctuaries migM give good 

resub in taal enecgy swings. Figure 6.5 shom the existing and retrofifi 

option of HVAC systm for the invWgaM WiIdÏng. 

Retroftt Os the HVAC system bas ben amiderd onîy for air-handling unît 1 

(AHU-UNIT l), which Confiob tk zones shomi in figure 6.5. In the e-ng 

systm, dl zonerr s h m  in th. figure are contmlled by a air-hanâlingunl 

(AHWUNIT 1). In the retrofit rnodel, these zones are sepated; zmes MZ4 

and MZ5 (senctuarb) am conbdled by an individual air-handling unit. These 

changes weie impkmented in the simulation moâd. Wied changes in the 

DO€-2 modd are given in Aqpenâibc M. 

Other AHU-UNlfs or HVAC heating systeme foi the spaœs (MU-UNIT 2 and 
MU-UNIT 3) remaineci the m e .  

EXJSTINO MODEL RETROFIT MODEL 

HVAC SYSTEM 

vh!/ HVAC SY. 

Figure 6.5 Retiofit HVAC sys!em mode1 



MZ4 - Main floor zone no. 4 ( C M i  sanctuary) 

MZS - Main Roof zone no. 5 (Luthem senchiary) 

MZ6 - Mein floor zone no. 6 (Lobby) 

ME221 - Mezzanine fkoi zone no. 1 (OHb) 

MEZCZ - Mezzanine floor cae zone (Srnice zone) 

MEZCL1a MEZCU - Mezzanine Roor rone no. 4 (Class rooms) 

Resuits of the retrofit are illurnreted in figure 8.6 for dmd energy 

consmption. 

Figure 6.6 Annuai ~~ consumption for aie base case and oystem 

retrofit building 

Cornparhg the m u a l  eledhî ecmrgy us8 mth the base cese rnodel, îhe 

larga saving was fwnd in vernilath (VENT FANS) fdlawed by space 

heaüng (SPACE HEAT). T b  reductiom in elecliicel energy consumption, as 

comparecl to the base case are 32 percent end 5 percent for VEM FANS 

and SPACE HEAT respeCareiy. Huwever. in PUMPS & MlSC cefegory, 

elearical consumption inaeamd by 15 percent fm the base case building. 





NOTE: Simulation resulls mnild diiffer if aie solar eneqy gains from the 

coliector were consiâereâ. The soîar bat gain from the collecter (about 
50 Wear) is not induded hem to simpli cornparison. 

This -on details resrons for poor petformance of the sdar systern. it 

descrbs pmcadures thet wwld hep to imprwe sdar system prrfmanœ. 

To detmined the performance of the solar cdlector, the procedure 

as: 

Choioe of materials (properbjrs of meieiiol: a, t, and e) 

Ambient condDions (Tm v, , and &) 

Geometry of CdIBCfOT: length, height, and aiickiess of cdkcwr 

Flow rate: m (or O) 

inlet temperature of H n g  fluid. Ti 

Characteristics of the working fluid: C, A, p, and p 
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-y's relation cîefind by Biondi et. ai. (1 7] for the convecüue hePt transfer 

coefficient inside an asymm.liial hrmd mctangular smoofh duct and for 

fully devdoped turbulent flow is: 

where.rnassfluwrptepeiunlare8 a = m / A  Per m2) 

geometric coefficient of col- K- L I @O.? (m023 
A - air thermal conducaiity (W/m°C) 

1 - air dynamic viscosity(Pa x s) 

b - convective heat transfer coeîficient (w/m20C) 

L - length of the cdlector (m) 
b - thid<neos of air Row chanml (m) 

D. - (2 x b) quivalent diameter of the dud (m) 

If A and p in equatin (1) am treaied as constant, h, depends only on the 

product QK. Thus, the efficiency of the rolar air heater is a funclion of these 

two parameten, if arnbient cundiins uid material properties are considered 

constant 

The follwing calculation to detemiine the performance of the sdsr collecter 

is based on: 

the recommended value for masrr fiow rate of air in rectangular duc$ (i.e.. 

0.013 kgEs per m2) m. 

reducüon of the fiaw pelh to approximately one third of L original value, 

(l.0.. 20 mm). H0w8verr opthun thiokiesr of air Ikw channd is 

recornmended to determine to oôtain higher value of heat transfi 

co8fticient and at the same time low power to drive required flow rate. 



each coleolw dimension is srwmedas s h m  in figure 6.8. 

Figue 6.8 Assumed cdlector dimension 

it is very important to estimate heat lests fran the cdlaor pkite. It is related 

to cdlector pertormame factors such as hecb rmolrel factor FR, flow factor F 

and efficiency of the cdledor q. ln this parliarlar case, heat loet from the back 

and the edge was ignored. because the temperaîure differenœ between the 

plate and building interior (the nv side of the solar odlector is expoced to 

roan tomper8ture) is n a  gr-, espdelly when the back of the coI18Ctor is 

insulateâ. 

Heat lort due to the temperature diierencs and other factors such as wind, 

rneûwial emittsnce, numbet of covw plates and tilt angle were formulateâ by 

Klein [36]. the folluwing modd can be used to calculate Dp hert 1- (Ud 

within M.3 w/rn2c for general Operaang range of flat plrite cdlectw 16). 



n - number of giass coven, 

f - (1 + 0.089 h. - 0.1 16 h, +)(l + 0.07866 n) 

C -  520 (1 -0.000051 $7, B * 700 M g 0 0  tilt 

e - 0.430 (1 - 1 WKm& 

p - c o i t ~ a i i t  (drgm) 

q, - emittanœ of plate 

e, - emittence of the glass 

T. - ambient temperature (19 
Tm,, - mean plate temperature (K) 

& - wind heet transfer COBfficient (wfm2 OC) 

The major proMem in sohiing this eqmüon is the absorber plate temperature. 

which is a funcbjon of factors such as the colkdor design. the incident solai 

radiaüon, entering fluid temperature and ambient temperature. For design 

purposes, th. plate temperature is talIen as conrrtent, whereas in pracüce t 

changes with the length of the plste. 

The radiation weffiaent beniveen the Iwo duct surfaces, assumhg mean 

radiant temperature quai to mean fluid temperature, ie estim.ted as: 



where, O - Stefan-Bolhmann carstrvit 

f - main fiuid temperature (K) 

el, - plrte erniüance 

To determine fluw o h m a ~ ~ i 6 t i ~ ,  the ReynoIds number at an assumed 
average flua ternperpture is given by: 

where, Ut - top heat los$ coefficient (w/m2 OC) 



The collecter flow factor is a funaïon of a dimensionbss colleetor 
0 

F = ~ P / & u ~ F [ ~  - O ~ ( - A . U ~ W ~ C ~ ) I  

where, - specific heat of air (J/logOC) 

The heat removal factor is a fundon of the fluid flow rate and the absorber 

plate design (thidmesr, material properties). It is ne- independent d solar 

radiation intensity Pnd ambient and colledor plate temperature. 

Maaiematically it is eqreswâ as: 

wtiere, ir - incident radiation (W/mz) 



Theoretidly mean plate tempeme is expleswd as: 

Tap Ti (Qu A) 1 (FR Ut) (1 FR) ( O C )  

An iteration piocess is necessary if initial temperature estimates am found to 

d i i  fnwn the values obtained from the above equations. 

Effîciency of the air heater can be calculated as: 

An initial mem fluid temperature of 33 OC (3a K) and mean plate 

temperabire of 50 OC (323 K) were assurnecl for caiculatïon. Ambient 

temperature and radiation on the t ibd surface were teken frorn W e  4.1 (see 

Chapter 4) to ahw performance ccwnpai$ons. All air propeidies are basd on 

A sunmary of calailatecl parameters is prarided in the first row of table 62.  

To waluate sosumed initiai plate temperature. itefations were perfonned. 

Resub of the iterafion proceas also presented in the second row of table 6.2. 
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Tabie 6.2 shows that parametam do not change mich with a few ckgrees 

diierence in plate temperaaim- Cdculated parameters given in tabie 6.2 are 
based on a raâiatikr vaim of 600 w&. 

Table 6.2 Parameters to detemine effidency of the sdar collecter (basd on 

incident radiation of 600 w/m2) 

Similar calculetions were perbmed for incident radiation of 900 w1m2 to 

For c o m ~  puipases, pertomimce d the exiaing sdar odledw (am 
Chmer 4) and hodifi* solar collecter are pmented in tabie 6.3 for two 

diffefent leveb of solar radiation. 

Table 6.3 Effiuency of the sdar cdlectors (exiaing and retrofin) 
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Reeulls shwthattk efficiemy isdetemiined bythe major faelors rnentioned 

a&ve. Using th& type of retrofit, tk eoki cdledor perfmnuiœ oould be 

increasmd from the exisb'ng condilions by 5 to 2.4 times foi low and high 

incident radiation respeclively. In addition. ncuk shaw that these factors are 

more sensiare O sdar Cdlector output 9t lm radiab0on ievels. 



This study ha$ fulîiiled the major oôjBCtiVes of the research which were: 1) to 

evaiuate the perfmanœ of the building-inbgraded solar air Matin9 systern 

in a church building. and 2) to evalute ather mrgy amsmation altematives 

relative to the soiar he8üng option. A 1Stemture review of WC fadors thaS 

govem building energy use, of factors that 8ffect the pedomanœ d solar air 

heaters, and on the perfofmance and vaiidab'on of the DOE-2 building energy 

simuletion program was conduaed. 

To inamse accufacy in simulation and evaluation of the sohr air heating 

systm, an hou* weather file was prepared for Calgary for 1995. 

To detemine the fundemental characteriaias ( such as FRUb FR(=)) d the 

solar air heater, L thermal BfliCiency was detemineci by testhg. Thereafter, 

(ia, buii&ig and domertic hut w-r) of the sdar air hea!afe Ti?e daily 

utilirahiMy method proposed by Klein p] was raed to dadate solar 

The DOE-2 building energy simulation program ums used to analyze energy 

use in the ûuilding. Sirnulrilion resub were compared with 1995 utiii  data 

obtained from aie building adrninbstmüon. The DOE-2 model mis caîibratd.to 

aeate a base case to which enegy cormmiw retrofits cou# be compared. 
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Based on th. calibrased simulation modd, âwo retroRt options (Le.. inmase in 

by Duffie aiid Becknan [6] and B i M i  et. al. [lq wiw, uwâ. 

The totd contribution of the solar air heater was found to be about 

50 wyeaf. 

Tests revded that the eficiency of the solai system at laurer levels of 

radiation, foi example 600 w/m2, was only about 7 percent and for high 

radiation leveis, for example 900 w/m2, about 17 percent. Major reasons for 

poor performance of the soiar air heabw uider casting cond'ions are as 
fdlows: 

The acaial flan rate of the woddng fluid is bwer thsn the design value. 

Riere must be sane air leaks w obslniclions in the solsr air flou 

channds, whiai was confimed by the rneasured inlet and outkt air 
vdociües in the duct network 

The air fiow channel behind the absorber plate was too ckep. 

The specinc flw rate h much lower than reoanmended values. 
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lmpmpr operation d the cocitid system (during invastQafion period; aie 

d a r  aii circuWng fan was found ~ n i n g  in the evening at 730 PM, when 

ouiskk rradirlkri wes almost zero). 

Shapa of the solar collectm 

Long ducling nehnrork (meronry wail forthemal storage is far from the 

The analysii of rettofi opüons plovided a better understanding of energy use 

and revealed a large potentiel for energy consmation in buildings like the 

Sandstone Valley Ecumenicai Centre. 

Commonly recommended measuies such es an inaease in wail insuiation 

may not be economically atliactiva Simulaîad resuits shanred that inaeasing 

waîl insuletion by dome, did not affect elecûicity consumption and reduced 

natLlral gas consumption by only 4 percent 

ühhsim of the large central qsbm into a few systems s M n g  with more 

diieise operating. pennig 1- -ngs in totil eneqy use. SimuIâted results 

byapproximatdy 12perœntanâ nminl~asusewsrr about 16percentfrom 

the base case. The m a l  reduction for nrrbid gas mur about 340 OJQear 

anâfore(BCbi~ebaut17WôkWhEyear. 

From these results it can be seen that th& option wouîâ provide a lawei rate 

of energy consumpion for the investigated building. 
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SolaroOlectorparameterssuch asdrgap and specificfiawnteofthe 

working flrld s@nifiantly influenceci per(om,anas. Waileted resub showed 

thst demeashg th. air gap by onethird and providing recommended flow rate 

of 1 1 IFs WOU# inamse the performance of tho sder cdkctor by 5 #mes 
under lw lwels d radiath and 2.7 times under hiih Iwels of radDion. 

Solar air heab'ng system might n4 be feasible for places like Calgmy where 

na!urd gas is relativdy cheap. Hawever, bette? design of the cdlectoni and 

other assodated features d the solar air heang system WOU# permit thermal 

onergy at a much laver cost than the exisüng systems. 

Ventilation repfe88nts a major building hMng lopd in a coîd dimate. 

When designing buiidings eneigy syswrns. buiiding components and HVAC 

systems shotdd be analyzed with simuletion Wols like DOE-2 to identify 

energy saving options. 

7.4 Recmmenditkn for îutum work 

Due to cornplex factors of energy use and ürnited analysis toob were used to 

accomplish the defined taski, fdbwîng Mure worlQ will help to impiove the 

obtained resuits to this study. 
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wall construcüon @el- the groud kvd); 25ô mm conmete founâation 

wsll, fir SWS of 38x1 40 mm @ 408 mm O.C.D., 89 mm (3.5 hi.) insuletion 

batt, pdyethelene vap# banier, and 25.9 mm drywall with interior finish. 

wall construdion (above ground kvel); 90 mm brick 25 mm sir space, 

building paper, 12 mm plywood, Cr stude of 3-40 mm @ 4ô6 mm 

O.C.D., 89 mm (35 in.) insuletion balt, fir stuâs of 38x140 mm @ 406 mm 

O.C.D., 89 mm (3.5 in.) insuletkn baü, vspor banier, and 15.9 mm drywall 

with interior finish. 

wall anstrudion (above ground levei); 90 mm b r i e  25 mm air space, 

building papw, 12mm plymrod, fir stuh of 38x140 mm @ 406 mm O.C.D., 

89 mm (3.5 in.) bat! insulaüon, vapor benier, 15.9 mm drywaîl with intener 

finish. Srna uurctuary waib have extra brick comrudon of 90 mm facing 

inside the buMing and these am up to the valena. 

wall construction (sdar pana) : singleglazeâ temperd glaso. air gap, 

sheet metal aborbar plate, air gap (air flow chemel), 38 mm rigid 
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fiberglass insulatim, fir SWS of 38x140 mm @ 406 mm O.C.D., 89 mm 

(3.5 in.) ôatt insuletion, and 15.9 mm drywell. 

roof consmiction ( .rnctwy): conmete rad tiles, 1- mm mioden rtrap 

in parallei and in peipedcular diredm @ max 345 and 300 mm 

mqwcüveiy, 350 mm mnregular œmented Iap, 16 mm plywood sheathg. 

178 mm (7 in.) insrnllion W. vqor  mer, 12.7 mm board. air 

space for ducthg, and 12.7 mm venger plywood ceiling. 

roof construction (QYmmall and administration): caraete roof tileb, 19x38 

mm wooden sûap in parallel and in perpendicular direclion @ m w  345 

and 300 mm respdvely. mn~rsnular 350 mm cemented lap. 16 mm 

plywood sheathing. 178 mm (7 in.) b&tt imulation. vepwr basrier, and 

15.9 mm gypsum baard. 



CapmSty and cpecification of AHU unb: 

Ciimate Changer P I  - 
#21 press. 

Ciirnate Changer Low 2250 

Climats Changer 1 Lar 1 2ûûû 

Cspacity and specification of M U  (air hBVlCjIing unit) 

Capa- and speatication of exhaust fans: 

, MH-2 GREENHECK OSQ-95-Q 250 0.02 1/15 

MH-3 aREENHECK CSP-15 50 0.0s 1/i50 

; MH-4 30 0.02 

CapacitV anâ speaficalion d Exhaust fans 



L 

L 

Boiler 

No. 
L 

1 

2 

Capacity and spedfiaüon of Domestic WPter Heater (DWH): 

DWH capacity and specifimon 

Heater 

No. 
L 

DWH 1 

DWH 2 

I 1 I I 1 1 

MFG. 

~upemat 

Supemot 

S N  

~~5891703  

DA5891700 

Capacity 

9s 

95 

flw rate 

(m3/hr) 

8.83 

9.42 

Thermal 

Effidency 
1 

74.6 

73.4 



INPUT LOADS .. 
TITLE UNE1 *SANOSTON€ VAUEY ECUMENICAL CENTRE* 

UNE-2 'ALBERTA, CALGARY* 
UNE3 *OVERAU BUtLûlNG ENERGY SIMULATION* .. 

ABQRT ERRORS .. 
DIAGNOSTIC WARNINGS .. 
RUN-P€RIOD JAN 1 1995 THRU DEC 31 1995 .. 
LOADG-REWRT S U M M A R Y - 0  .. 

GROSS-AREA-32615 ., 
ALT-HOUDAYS-JAN 1 APR 14 MAY 22 JUL 1 AlJG 7 SEP 4 OCT 1 

NOV 11 OEC 25 DEC 26 .- 

DRYWALbMAT THt0.0417 COIJD-û.0925 DEN- SH-0.28 .. 
St/rDRYWALL 

RINSUGMAT lH10.583 CONDd.025 DEN- S -Ha2  .. 
$TlNSUUTK)N BATT 

WALL-lYPE1 -LAYERS 
MAT-(BKû5.AK1 ,BW3.PW03.INû2.BPû3.DRYWAU) 

1-F-b0.68 .. SW1 
WALL-TYPE2 - LAVERS 
MAT- (BKOS.ALZ1 mBPû3.PWCU.INû2.BP(#.BK05) 

1-F-R-0.68 .- $SANCTüARYS W U  UPTO VALANCE 
WU-TYPE1 OIILAYERS 
MAT=@Kû5,AL21 .BP~,PWM.INOZIN(#.BP03.DRYWW) 

1-F-h0.68 .. SRECCENTRE'S WALLS 



WALLSrCONS M . 3 2  .. $GENERAL 
WALU = CONS lb27 .. $NûNEXiSllNG PARllTîûN 
WW-MPW =MYERS MATm(BK02) .- 
WALL-TYPE8 =LAYERS MAT=@KOl .ALI 1 .GW1) .. 
WALL7tCONS LAYERSWALL-TYPE7 ABS.88 -- 
WALL8tCONS IAYERSWALL-WPE8 ABSt.88 .. 

FLOOR-TYPE1 =CONS b0.023 .. $UNDERGROUND 
FLOOR-TYPE2 = CONS U4.2 .. $MAIN AND MEZZANINE 

$ROOF OF THE BUILDING OTHER THAN 
SANCTUARY 
ROOF2LCONS U=1.05 .. $SKVUGHT ROOF 
RûûF-TVPE3dAYERS 
MAT=(CC32,AU3.BP01 ,PWWlRINSU~BW31GP01 .PW03) 1-F-Rs0.68 .. 





SCHOOL-1 =DSCH (1 ,6)(0),1)(1)(11,24)(0) .. 
SCHOOLlOCC2rDSCH (1,8)(0)(9,11)(1)(12,24)(0) .. 
S C H O O C ~ D S C H  (1,24)(0) .. 
SCHOOL4C&W-SCH (MON,FRI) SCHOOLlOCC1 

(SUN) SCHOOL-OCC2 
(SAT) -- 
(HOL)==- 

SCHOOL-bSCH THRU DEC 3l  

(1,7)(.1)(8,1 7)(.9,-9, -9, .9,.5,.!%.5,.8, .8,.9) 
(1 8.P)(Om8)(2W4)(.l ) .. 
(1,13)(.1)(14,18)(04)(19824)(.1) .. 
(1 *8)(.1)(9,1~0.4)(16.24)(-1) .. 
(1,241 (O) -- 
(MONfRI) AD-Lll (SAT) AD-LT2 (SUN) 
A û U ' 3  (HOL) ADLT4 .. 
THRU DEC 31 AD-LT .. 



(1.8](O)(s,13)(.8..7..7 ,-7.3 
(1 4.1 8)(O)(l S.2i)(.8..7,.7)(22t24)(0) .. 
(1.24))@) O- 

(MON.FRI) NURLTl (WH) NUR-LT2 .. 
THRU DEC 31 NUR-LT .. 

$--EQUIPMENT SCHEDULE-$ 

ADM-EQUIfl -PSCH (1.7)(0)(8,17)(-1.3..9,.5,.8..8,.8.-9,.8,.5) 
(1 8,l ) ( O . ( ) ( O )  .. 

ADM-EQUIP2-OISCH (1 24) (0) -- 
ADM-EQUIPIWISCH (MON,FRI) ADM-EWIP1 

(WEH) ADM-MUIP2 .. 
ADM-KXJIP-SCWH THRU DEC 31 ADM-EQUIP .. 
$--1NFlLTRAfK)N SCHEDULE--$ 

INF-SCCbSCH THRU DEC 31 (AU)(1,4)(1)(5.19)(0)(20,24)(1) -. 
$--INFILTRATK)NcVESTIBULE--$ 

INF-VESt - W H  (1 ,S)(0)(~,~(0AB.0b~)(8.9)(-8m-6)(~ 0.1 1 )(-a) 
(12.14) (.5..8,.5)(15,16) (-3) 
(1 7.18) (.4..8)(19,24) (O) .. 

INF-VES2tDcSCH (1,12)(0)(13,14)(0.5)(15,24)(0) .. 
INF-VES3tD-SCH (1,9)(0)(10.1 3)(0.8)(1 4,24)(0) .. 



INF -VESklESCH (1.24)(0) -- 
INF-VESW-SCH (WN,FRI) HF-VES1 (SAT) INFMS2 

(SUN) INF-VES3 (HOL) INF-VESI .. 
INF-VES-SCWH THRU DEC 31 INFVES .. 
-PACE CûNDlllONS--$ 

UKE OFFICE 
NUMBEMF-PEOPLE36 
PEOPLE-SCHEDULE-ADM-OCGSCH 
UGHTlNGSCHEDULEt ADMICTISCH 
UGHTING-W/SQFT-1.4 
E'QUIPMENT-W/SQFT=l5 
EQUlP-SCHEDULF-ADM-EQUIP-SCH .- 

$ADMINISTRATION 
UKE OFFICE 

NUMBERIOF-PEOPLEt30 
PEOPLE-SCHEDULF-SCH 
LlGHTIWWmm-1.4 
UGHllNG-fYPE-INCANO 
FLWR-WEffiUT40.0 .. 

mVMR(ALL 
UKE OFFICE 
NUMBERIOF-PEOPLElsl 00 
PEOPLE-SCHEDULEs VSANCT-OCGSCH 
ffiHTINGKW-4.2 
UG)ITnNO-TYPbINCAND 
UGH71MCHEDUCE-USANCt-LT-SCH .. 

$LUMERAN SANC'ARY 



ffiHliNG-KW-û.9 .. 
$BASEMENTCOR€ (COAIOOR) ZONE 

TEMPERAlURE=(72) 
ZONEITYPE=OONDlllONED 



MSWS-C UKE OFFICE 
UGHTINGW/SQFT=t 
PEOPLE-SCHEDULE= ED/CL-OCGSCH 
AREAPERSmb150 t- 

$MAIN RWR STAJRCASE 

LOBBY-S-C UKE ADMINIST 
TEMPEAATURG(70) 
UGrnNG-WrnFTltl.3 
UGHflWfYPE-INCAND 

KNIIPMENFWISQFTIO .- 
$MAIN LO0BY 

MRC2l-S-C ARWERSON-2SO 
U O H f l ~ - 2 5 6  
UGHnNG-SCHEDULE= EDCLOCGSCH 
UGHTINGlYPEtlNCANO 
DAYUOHTINGNO 
Z,TVP~NDITK)NED 
TEMPERATUR&(iO) 
INF-CFWSQFT-0.0 .. 

$MEZZANINE WRE ZONE1 
MECHANICAbSC ZIP(P6UNCONDITK)NED 

ffiHTINGW/SQFr-1 
UGHTlNGTVP6lNCAND 
INF-MElWbAIR-CHANGE 
INF-CFMISQFT-û.02 
DAWGrnNG-NO 

~SHANICAL PLUS MEZ STORE 
PLAYROOM-SC 2-WP6CONDITK)NED 

TEMPERATURE-(70) 



INF-SCHEDULEt INF-SCH 
INFICFMISQFLû.039 
DAYUGrnf f iNo 

#~E&ANINE KOOR PLAYROOM 
RECCWTER=SC UKE NURSERY 

NUMBERIOF-PEOPL617 
PEOPLE-SCHEDUWHOOLeocC.SCH 
ffiHTImW/SOFT=1.5 
UGHTING-SCHEDUL&SCmLT-SCH 
ffiHflNG.TVPE-StlçnUOR 
INF-SCHEDULE-INF-SCH .. 

$---SPACEFK: SPACE DRAIL--$ 
$--BASEMENT---$ 
%BASEMENT RZONE1-8 

CONSIFLOOR-TYPEl 
AR- .. 
CONS-wu 
f i 1 8 0  HEIGHT-8.2 WIDTH42 .. 
CONSWALLI 
f i 1 8 0  HEIGHTII 1 -5 WIDTH-26 .. 
GTrGL-WPE1 
HEiGHT-4.92 WIDTHtG.56 .. 
CONS-WALL3 
AtrQû HUGHT-û.2 WIDTH-8û.7 .. 
CONS-WALLI 
-90 HElGHT-11.5 WIDTH-62 ., 
UKE BZl WIN1 .. 
C O N S - W U  
AZ-O HEIGHT-8.2 WDTH=52 .. 
CONS-wu 
A& O HEIGHT=i 1 .S WIDTH-55.77 .. 
UKE BZl WIN1 .. 



BZ2rSPACE S-GBCZ-1 VOCUME=18249 AREArl 91 8 .- 
BZ2bU-F coNsIFLmR-TVPE1 

ARb1918 .. 
Bt2WUNG2-U-W CONSIWAU3 

HffiHT-4.75 WIDTH=14 .- 
8DW1 =€-W CONSlcwALL10 

HEIGHf4.6 WIDW14 AZ-O .. 
622IWI-1-W LIKE ml lW1 N M - f O  AREAt1027 .. 
Bz21W2-1-W CONSWALLS NEXT'824 AREAt225.74 .. 
BZ21W3-1-W AR-1 918 NEXT-TO M21 

CONS-WALL5 TlLT-0 .. $CElUNG 

$-BASEMENT FL ZONE 3 4  
SREC CENlER--$ 

BZ3-SPACE 

623FL1= U-F 
BZ3WUffi1 su-w 
8Z3W1 SE-W 

mwNG2-U-w 

BZ3W2-E-W 

-IN1 -WI 

BZIIWUNG3-U-W 

BZ3w3-E-w 

623WINZWl 

m W 4 - E W  

BmW1 ml-w 

B291W2-1-w 



BZ4rSPACE SC= BCZ4-1 
AR- VOLUMb2W .. 

BZ4FLi- U-F CONSIFLOOR-TYPE1 
ARI3-585 .. 

BZ4WUNG1 =U-W WNWALî.3 AREAd32.25 .- 
Bz4IW1 ml-W CONSWALLS AREAdû.3 NEXT-TOBZ2 . 
BZ41W2-1-W CONSWALJ.6 NEXir-TO BZ2 A R M . 2  .. 
BZ4lW3-1-W CONS-WAU.5 AR- NWTOMZ6 

BVESI -SP ACE S-GeVESl-1 
A R M 7  VOLüME=271.6 
DAVUGHnNG-NO .- 

BVESWI 4 - W  CONSWALL1 HEffiHT-9.8 WIDTH=13 .. 
BVESD1 =DOOR CONSOR HElGHT=7 WIDTHd.9 .. 
BVESFL1= U-F CONS-FtOOR-TYPE1 AREA-97 .- 
BVESWUNG1 su-W CONS-WALL3 

HEIGHT4.8 WI DTH=7.5 -. 
BVESC=I-W WNSWALLS 

NUCf-fO MZ3 Tl1T-û AREA-97 .. 
$CEILIN0 

$--MAIN ROOR ZONE1--$ 

SC-NURSERY 
AREA-1372 VOLUME-10803 .. 
CONÇrFLOOR-TYPE2 
NUCT-TO MEZZI ~ ~ ~ ~ 6 3 9 . 6  nmo .- 

SCEIUNG 
CONSIWALLl 
AZ- O HEIGHT=7.87 WIDTH-22 .. 
GT-GL-TYPEI HEIGHTd.92 WIDTH-6.56 .- 
CONSOR HEEHT-7 WIDTH4.9 .. 
CONSWALL7 NOCT-TO MZ2 AR- .. 

CONÇrWALl.6 NEXir-tO MZGAREA-51.7 .. 
CONSIWAU.5 AR- NaCr-10 BZl .. 



MZ3-SPACE SGCiiAP AREA-371.7 VOLUMEd87û .- 
MZ3W1=E-W CONS=WALLl 

AZ4û HEffikK=13-12 WIOTH=13.12 .- 
MZ3WINldVI LlKE RZlWIN1 HEIGHT-6.56 WI DTH-6.56 .- 
MZ31Wl =kW WNSiWALL7 AR-23 NEXTITO MZ4 .. 
MZ31W=I-W CONSWALL7 AREA=16t -5 NEXT-TO MZ6 .. 
MZ3RLROOF CONSIROOF1 

HEffiHf-25 WIDTH=l3.12TILT=15 ... 
MZ3Fl.1 -U-F WNSFLûûFETVPE2 AREAL371 -7 .. 

MZ4-SPACE ÇCI C/SANCT AREA-4345 VûLUME-74654 .- 
MZ4FL1= U-F CX)NS-FLOOR-TYPEl AR- .- 
MZ4RLROOF CONS-Roof3 HEIGHT4û WIDTH-52 

Mz4w1 -E-w 
MZ4W2=E-W 
M24WIN1 -WI 
Mt4-E-w 
MZ4W4-E-W 
M24WIN2dVl 
MZ4WSE-w 
MZ4WbE-W 
MZ4WhE-W 
M714W&E-w 
M24-E-W 
MZ4W1 OIE-W 
MZ4WIN3-WI 

CONS-WALL2 
CONS-WAM 
UKE BZlWlNl 
CONS=WALL2 
CONÇrWALLI 
UKE BZ1WIN1 
CONS-WALL2 
CONS-WALU 
cQNSIwACL2 
CoNÇrWALLl 
W N S W A U Z  
CONS=WAU1 
LIKE BZlWIN1 



MZ4W11-E-W C û B W A L L 2  -135 HEIGf4Tm2 WDTH+21 .. 
MZ4W12-E-W CONS=WALLl A t 1 3 5  HElGHTd.5 WIDTH-21 .. 
MZ4W13-E-W C O N S I W U  -A&9û HEIGtTT=lQ WIDTH-4 .. 
MZ4W14d-W CûNSIWALl.2 A t 1 3 5  HEiGHTI2 WIDTHI13 .. 
W4W1 SE-W CONS=WALLl f i 1 3 5  HEffiHT=12.5 

WIDtHrl3 .. 
MZ4WINQrWI LlKE BZlWIN1 .- 
W4Wi 6-E-W CONS=WALL2 A&lsO HEIGHTr2 

UKE BZ1WlN1 
CONS-WALU 
OONÇPmm 
nLT=15 .. 
C O N S W U 7  
OONS=WAUS 
CONS=WALll 
LlKE BZlWIN1 
CONSIWALL~ 

WlDTH=IO.S .- 
Mt4WIN7-W UKE RI1 WIN1 HEIGHT4.8 WlDTH4.8 .. 
Mt4W23-E-W CONSWALLl A2-45 WEIGHT-6 WlDTH-8.8 ., 
MZ4WNbWl UKE R71WIN1 HEIGHT-4 WIDTH4.8 .. 
Mt4W2kE-W C O N S W U 1  AZIf8û HElGHTt2.3 

WIDTH44 .. 
M24WN9rWI UKE BZI WIN1 HEIGHT-1 .B WIDTH-6-6 .- 
M224W25E-W CONS-WALL1 AL135 HEIGHT-6 WIDTHEB.8 .. 
MZ4WN1 b W l  UKE BZlWIN1 HEffiW-4 WIDTH-5.8 ., 

SC- MVES2-1 AREAd01.8 VOLUME-1 9g6.4 
DAVUGHtl~NO .. 
OONSWAl i l  AM80 HEIGHTd.8 WIDTH=24.6 .. 
UKE FVlWIN1 HEIGHf-4.9 WIDTH-ô.6 .. 
GT-DRGL-TYPE3 HEffiHT-6.9 WIDTH-11.8 .- 
CONS=WALLl f i 9 0  HEIGHT-9.84 WIDTH19.84 .. 
CONS-WALU A R M . 9  NDCt-10 M M  .. 
CONS=WAlL7 AREAt145.4 hlEXT-TO MZS .. 
CûNSsWALLS AR-1 NEXT-TOMZS .. 



MFLSTR-SPACE ScCI MSTR AREAtll3 VOtOME-2907 .. 
MFLSTRW1 -€-W WNSWAU.1 A& 180 HEIGHT-23.4 WIOT)614 

MFLSTRDI -DOOR CONS- DR HEiGHTlc3.28 WIDTH=9.18 .- 
MFLSTRWIN1 =WI UKE ûZlWIN1 HEIGkK-4.9 WIDTH-6.6 .. 
MFLSTR-E-W 00NSIWAi.U A h  90 HEIGHTr21.33 WIDTH=9.84 

MFLSTRWIN~=WI UK€ BZî WIN1 HEffiHTd.26WIDTH=ô.56 ., 
MFLSTRIW1-1-W CONS-WALL7 A R b 2 1 O  NEXT-fO MVES .. 
MFLSTRIW2=1-W CONSrWALL7 AR-24 NEXT-TO M25 .. 
MFLSrRFblJ-F CONS-FLWR-lYPE1 ARW113 .. 
MFLSTRRF=F#X)F -ROOF1 HEIGHT'l3 WIDTH-9.84 

TILT-15 .. 
$--MAIN FL IONE!&-$ 
$-üSANCTURY4 

: VSANCT ARIZA=- VOLUMEt51449 .. 
lSIFLOORITYPE1 AR&- .. 
b W A U 2  AZ-O HEIGHT=2 WIDTH=24 .. 
IS-WALL1 A Z d  HEIGHT=17 WIDTH=24 ,. 
ISDR HElGHTIf WIDTH-S.9 .* 

b W A U  -90 HEffiHT-2 WIDTH=î3 .. 
b W A l L 1  Att-45HEIGHTL125 WIDTH=24 .. 
BflWIN1 .. 

b W U  f i 9 0  HEIGHT-2 W I D W  .. 
bWALl1  AZ--90 HEIGHf-12 W I O W  .. 
SWALLi  AZ-45 HEIGHb1O.S WIDW-2l .. 
ISrWALll HEffiHT-8.5 WIDTH-8.2 -90 .. 
BZ1 WIN1 HEIGW4.2û WIDTH-ô.56 .. 

bWALL1 -1 35 HEIGHT-1 O S  WIDTH-21.3 .- 
&WALL2 A&-90 HEIGIiTœ2 W I D W  -. 
& W U 1  AZ-90 HEIGHl=12 WIDTHd ., 
S W A U  AZi-13S HEIGHT-2 WIDTH-13 .. 
SWALL1 Atr-135 HEIGHf=t 25 WIDTH=13 .. 
BZiWIN1 .. 

S W A U  AZ--180 HEIGHT=2 WIDTH=IS .. 
S-WALLl -180 HEIGHT-13-7 WiDlH=lS ., 
S=WALL2 -90 HEfûHT=2 WIOTH=7.5 .. 
S-WALL2 -90 HEIGHT-8 WIDTH=7.5 .. 



~~SWINSWI GT-GLIYPEl HEIGHf4.9 WDTHd-6 -- 
MZSIWI SI-W CONStWALL7 ARW71.4 NEXT-TO MZ6 
MtSIW2-1-W CONS-WALL5 AR- NDCT-TO MZ6 ., 
MZSWI 9-E-W CONS=WALLi A2-û HElGHT=23 WIDTH*14 -. 
MZ!jWImW1 L I E  BZiWINi HEIGHT=l .8 WIDTHt6.6 .- 
MZSW20-E-W CONS-WALL1 HEIGHr4.2 WIDTHs1 0.5 

UKE ûZIWIN1 
CONStWALti 
UKE BZl WIN1 
OONS-WALL1 
UKE R71WlN1 
CONÇrcWALLî 
GT4L-WPM 

CONStROoF1 

-LOBBY AREA-4ô37 VOLUME45û27 .. 
CONSWAU2 HEIGHT-9.8 WIDTH=l3AZ=l8O .. 
UKE BZl WIN1 HElGHT4.6 WIDTHd.8 .- 
CûNS=WALU HEIGHT4.4 WID-23 m l 8 0  . 
UKE 8211 WIN1 HEGHTr6.6 WIDTH-22.9 .. 
CONSWALLG AFIEAr738 NEXT-TO MEZÇTFI ., 
CONSWALLS AR- NEXT-TO MRCL1 

nu-0 .- 
CONSROOF1 
HEK3if17=3û W I D W . 5  TlLT=lS .. 

S-G MVES1 AR-1 13 VOLUME-1 1 1 2 
DAYUGHTINGNO .- 
CûNS=WAUI A Z d û  HEK3iHTls.m WIOTH=9.86 -. 
GT-DR GL-WPBHEW-6.9 WIDTHd.53 .- 
C O N S - W U  AR€Am1W NUCT-TO 621 .. 
CONS-WALL7 A R b l û û  NDCT-TO MZ6 .. 
C O N S - W U  AR- NDCT-10 MZS .. 
CONS=WALLS NOCTITO MQCL2 
 TILT^ ~ ~ ~ 1 1 3  .. $CEIUNG 
CONS1FL00FI-lYPE1 AREA=113 .. 



M E 1  -SPACE SlCIOFFICE A R b 1 6 5  VOLUME4621 ., 
ME221 W1-E-W WNSWALLi f i 1 8 0  HUGHTI9.84 WIOlH=14,43 .- 
ME221 W2&-W WNÇtWALL1 -90 HEIGHTlc9.84 WIDW11.15 ,. 
ME221 WINI=WI UKE ûZiWIN1 HEIGHT=4.B WIDTH-656 ., 
ME221 1 W1-1-W WNSIWALLS AREAd71.4 NaCf-tOMEZSTR .- 
ME221 M- l -W CONSWALLS AREA=iGS NEXT-Tû MEfZP1 

n m o  .. 
+UNCONDlllûNED SPACE OF MEMNINE ZONE1 

MEZCZ-SPACE S - G  MEZCZl AREA11880.8 VOLUME=29568 ., 
MEZCtlW1-l-W CONSWALLS A R W 1 6 - 7  NUCT-TO MfZCLl .. 
MEZCZI W2-1-W CONSWALLS ARM16 .7  NEXT-TOMEZCl.2 .. 
MfZCtlW=I-W CUNSWALLS AR- NDCT-TOMEZSTR .. 
MEZCW1 SE-W WNStWAUl  HEffiHTt14.76 WIDTH=21.3 

Az-90 -0 

MEZCWIN1 -WI G-Ta-lYPE2 HElGHTi4.92 WIOTH=19.68 .. 
MQCW2=E-W CONSWALLl HEIGHT-14.76 WIDTH=21.3 

AZrr-90 .. 
MEZCWIN2-WI GTrGL-TYPE2 HffiHl4.92 WIDTH=i 9.68 .. 
MQCW3-E-W CûNSWALLi H€IGHT=l0.7 WIDTH=2&3 

- 0  .. 
MEZCW&E-W CONS-WAUl HEIGHT-13 WIDTHdû.3 

AZ.480 0. 

MEtCWIN3-WI GTrGblYPE1 HEffiHTt3.3 WIDTH-23 .. 
MQCWSE-W CONStWALîl HEffiHT4 WlDlH-43 &O .. 
MRCWIWWI GTrOL-TYPE1 HEIGW4 WlDTH-4.75 .. 
MEZCRF1 -ROOF CONSIROOF1 HEffiHT=#) WIDTH=24.6 

llLT=15 ., 
&MEZZANINE UASS ROOMI ATTHE TOP OF THE C/SANCiURY-$ 

MEZCL1 -SPACE 
MEZCLt W1 -E-W 
MEZCL1 WIN3-Wl 
MEZCL1 W3&-W 
MEZCll W I N H I  
MEZCLl IWl=I-W 
MEZCLllW2-1-W 
MEZCLl L I - W  
M QCL1 Cd-W 

AREA-927.85 VOLUME41323 . 
HEiGHTr9 WIDTH+10 Ah180 .. 

HElGHl-4 WlDTHr4.75 .. 
HEffiHT-9 WIDTH=27.5AhO ., 
HEIGHT-4 WIDTH-475 .. 
AREAt791 NDCT-TO Mt4 .. 
AREAt742.7 NOCT-lQ MEC2 .. 
A R W 7 - 8 5  NEXT-TO MZ6 .. 
A R W 7 . 8 5  NEXT-TO MEZCL1 P 



TILT-O ,, $CEIUffi 
$--üNC0NDIIK)NEû SPACE OF MEZZANINE CLASS -1 

MEZCLI PISPACE ZûNE-TYPGPîENUM A R U - 9 2 7 5  VOLUME429 
RoOFFWEIGHT4 .. 

MEZCLI RFtRWF CONSROOF1 HEIGHT+l 28 WIOTH-69.55 
nmîs .. 

$-MEZZANINE CLASS ROOMZ AT THE TOP OF THE USANClURY-$ 

$--UNCONDITIONED SPACE OF MEZZANINE CLASS RûûM2 

MEZCUPISPACE ZONE-TYPE-PLENUM A R b 1 2 6 6  
VOLUMWI 15 FL00R-WEIGHft5 .. 

MEZCURF-ROOF CONSROOF1 HElGHT=lf WIDTHd9.55 
TlLT=15 .. 

$---MENZANINE STAIRCASE-$ 

$-MECHANICAL RûûM-8 
$-ZONE WHlCH IS NOT CONDITK)NEP-$ 

MECRM-SPACE ÇGMECHANICAL ARW2258 VOLUMEd2224.4 .. 
MEClWl -1-W CONS-WALL5 AR- NUCT-TO 621 ., 
MECIW2rl-W CX)NS=WAll5 AREk29û NOCT-lû PLRM .. 
MECIW3-1-W C O N S W U  AR- NEXT-10 BZ3 .. 
MECIW4-1-W CONSIFLOOR-TYPE2 



MEZRST-SPACE S-GMSTR AR-188 VOLUME4563 .. 
MEZFLSTWI-E-W C O N S W U 1  43r, 0 HEffiHT-8.2 WIDTH=125 -- 
MQFLSllWl 4-W C O N S W U 7  ARbl83  NM-TO MZ2 .- 
MEZRSIlW2-l-W CONSWALL7 A R M  NEXf-fOMECRM .- 
MRFLSTRLRWF CONSIROOF1 HEIGHT=lI WIOTH-14.7 

TiLT-15 .- 
END .. 
OOMPulE LOADS -, 

$---HVAC SYSTEMS SCHEDULES FOR AHU-1 

FANION1 =SCH THRU DEC 31 (W)(1 .*)(O) (5.1 9)(1) (20.24)(0) .. 

$-- HVAC SYSTEMS SCHEDULES FOR MU-2 

FAN-OMtSCH THRU DEC 31 (&L)(1#4)(0) (J.19)(1 ) (20.24)(0) .. 
$--- HVM: S Y m M S  SCHEDULES FOR AHW 

FAN-W3=SCH WRlJ DEC 31 (MON.R#)(1.7)(0) (8.21)(1) (22,24)(0) 
(WEH)(1,24)(0) .- 

HEATSETPT1 &CH THRU DEC 31 (AU)(l.~(6l)(6,lS)(7û) (20,24)(61) .. 
HEATSEVI%SCH THRU DEC 31 (AU)(l,~(6I)(6.l9)(68) (20,24)(61) .. 
HEATS€T'PT3=SCH THRU DEC 31 (MON.fRI)(1.7)(61) (8,22)(6û) 

$BASEBOARD RESET SCHEDULE 



HEATON-SCH THRU MAY 15 (ALL)(1 ,24)(1) 
THRU A f f i  31 (AlL)(1,24)(0) 
M U  M C  31 (AU)(1,24)(1) .. 

SUMMER-VENT=SCH THRU MAY 31 (AlL)(I,24)(0) 
THRU OC1 31 (AU)(1,24)(1) 
THRU DEC 31 (AU)(I .24)(0) .. 

VENTSm=SCH M R U  DEC 31 (AlL)(1,24)(74) .. 



BASEBOARPWTING-5120 .. $ ô W R  

$-SERVICE ZONES; NU-2  

&--SANCTURIES,LOBBY,CLASS ROOMS AND OTHER AREA; AHU-1 

$CBANCfUARY 
MzSZONE LlKEMZ4 ASSIGNEBCFM=Z7~ EXHAUSi-CFM-O 

&RF81912 .. $üSANCTlJARY 
W6dONE UKE MZ5 ASSIGNEO-CFM-223ô &R--41û43 .. 

w e e v  
ME221 =ZONE UKE Mt5 ASSIGNED-CFkI 70 BR--512 .. 

MEZZPl-ZONE 2-1-PLENUM.. $MEfZANINE OFFlCE PLENUM 
MEZCZ=ZONE UKE MEZl  ASSGNEPCFM-848 &RI-179 .. 

$SPACE ABOVE THE LOBBY 
MEZCL1 d a E  UKE ME221 ASSlGNED-CFMo477 & R d 3 8 9  .. 



BVES1 =ZONE 2 -T~Dl l lONED 
DESIGN-HEAT-Tt72 
HEAT-TEMPSCH-HEATSM4 
H-CAP= 68û2 ., CBASEMENT VESTIBULE 

MVESItONE UKE BVES1 WAP= -1 8430 .. 
$MAIN ROOR VESTIBULE 1 

MFLSfRttONE UKE MVES H-CAP= -5802 .. 
$MAIN FLWR STAIRCASE 

MVES2rZONE UKE MVES H-CAP-24232 .. 
$MAIN nOOR VESTlBULE 2 

MEZF=LSTmZONE UKE MVES H-CAP-5802 .. 
$MEZZANINE STAIRCASE 

SSYStEM SUBCOMMAND FûR UNIT HEATERS 

SCONT4-SC MAXSUPPLY-Tm106 .. 
AGSYW-SYST SIYPE-UHT 

F A N - S C H E D U E F M  
H-SCt=l-HEATON 
ses-caW4 
HEAT-SOURCE-HOT-WATER 
ZONE-NAMESI(BVES1. MVES. MFLSTR, MVES2. 

MEZFLSTIMmTR) .- 



$SYSTEM SUBCOMMANDS FOR OTHER SYSTEMS 
HAS NO COOUNO COILSYSTEM NAME IS SZRH BUT SWKHûîJT 

REHEATlffi COlL 

UKE SYSF1 
F-SCH+FANION2 



SYSTEM FOR THE AHU1 



SAGSYSI MUli 
SAGSYS2~u-2 
$ A G S Y s 3 - ~ l M  
$AGSYW.CUH 
END .- 
COMPUTE SYSTEMS .. 
INPUT PLANT ., 

INSTALLED-NUMBERtl -. 
END .. 
COMPUIE PLANT .. 
STOP .. 



CHANGED INF~LTRA~~ON ÇCHEDULE FOR SEPARATE HVAC SYSTEM 

FAN-ON2&CHEDULE THRU DEC 31 (ALiJ(1,4)(0) (5.1 9)(1) (20.24)(0) .. 

$---FOR AHU-5; QSANGTUARY SCHEDULE 



$--HEATSEWT K)R DIFF. SVSTEMS 

HEATSETPTl &CH THRU DEC 31 (U ) (1  .m6l) (6.19)(70) (M,W)(6l) .. 
HEATS€FIB&CH M A U  DEC 31 (W)(1 .S)(6l) (6.1 9)(68) (20.24)(61) .. 

r.24) (61) .. 
J.15) (61) (16,19)(70) (20.24)(61) .. 
?.iH61) (8.11)(70) (1224) (61) .. 
:1.6)(61) (7.9)(70) (1 O.24)(61) .. 

.12)(61) (13.15)(70) (16.24)(61) .. 
'1.7)(61) (8,13)(70) (1 4.24)(81) .. 

GSHEATSElPl1 
TUE) C S - H E A T S r n  
JNED) CSHEATSETPTg 
VU) CISIHEATSEfPT4 
mi) GSHEATSETPT4 
$AT) GSHEATSETPTS 
f UN) CSHEATSETFW 
'HOL) CSHEAtSETPT1 .. 
i DEC 31 G S - H E A T S ~  .. 

$--DAY-RESER-SCH FOR AU SYSTEMS 

OüTSIDE-iO-O .. 
D R S  RESET-SCH THRU DEC 31 (W) DRS1 .. 
$-CWüNG AND HEATlNG SCHEDULE K3R AU SYSTEMS 

COOL-OFF=SCHEDULE THRU DEC 31 (AU)(1.24)(0) .. 



HEATONsSCH THRU MAY 1 5 (ALL)(1,24)(1) 
THRU AUG 31 (W)(1,24)(0) 
THRU DEC31 (ML)(1,24)(1) .. 

SUMMER-VENT&CH THAU MAY 31 (Ali)(1,24)(0) 
THRU OCT 31 ( A M  ,24)(1) 
M R U  DEC 31 (ALL)(1,24)(0) .. 

VENfSETPT-SCH THRU DEC 31 (ALL)(1,24)(74) .. 

+-SERVICE ZONES; AHU-2 



$-LOBBY, CLASS W M S  AND OTHER AREA; AHü-1 

$MEZZANINE OFFICE PLENUM 

$SPACE ABOVE THE LOBBY 
MEZCLl tZONE UKE ME221 ASSlONEûGFMr477 BR--2389 ., 

$ClASSROOM ABOVE CISANCT 
MQCllPItONE UKE MFflP1 -. 

SCiASSROOMl PLENUM 
MEZCL2dONE UKE MRCL1 ASSffiNEû-CFMb477 .. 



MEZCL2RZONE UKE MQCL1 P .. 

BVES1 =ZONE 2-TVPtitC0NDITK)NED 
DH-t=72 
H-1-SChH -€''l'PT4 
H-CAP- .. -€MENT 

VESTIBULE 
MVESrZONE UKE B W 1  H-CAP118430 .. $MAIN FLOOR VESTIBULE 1 
MFUTRdONE UKE MVES H-CAR 4802 .. $MAIN nOOR STAIRCASE 
MVES2tZONE UKE MVES H-CAP= -24232 .. $MAIN ROOR VESTIBULE 2 
MEtFtST=ZONE UKE MVES H-CAP= -58û2 .. $MEZZANINE STAIRCASE 
M ~ i Z O N E  UKE MFLSTR .- 

$SYSTEM SUBCOMMAND FOR UNIT HEA'RS 

SSUBCOMANDS OF SVSTEM-AIR 



UKE SYSF1 
F-SCkFAN-ûN2 .. 

UKE SYSF 1 
F-SCkFAN-ON3 
NI~~CLE-CTRL-STAYaFF .. 



$AGSYSSAHUS (FOR SANCTUARIES) 
END .. 
WMPUTE SVSTEMS .. 
INPüTPLANT .. 
PLANT1 -PLANT-ASSIGNMENT .. 
PLANT-REPORT SUMMARY-(BEPS) .. 
SY-ILER-PLANT-H)UIPMENT TVPGHW-BOILER S E 6 9 9 9  



END .- 
COMPUTEPLANf .* 

STOP .- 




