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ABSTRACT 

This paper presents eight ventilation control strategies 
and their annual energy and indoor air quality simulation 
results for an academic building. The results show that with­
out tempering at the terminal boxes, no ventilation strategy 
could satisfy the outdoor air requirements when the thermal 
loads are low, and the fu:ed outdoor air percentage method is 
the worst one. From an economic perspective, strategies using 
optimization techniques minimize the operation energy 
demand and consumption. Supply air temperature and pri­
mary airflow rate are the two proper optimizable parameters 
on the air side of heating, ventilating, and air-conditioning 
(HVAC) systems. 

INTRODUCTION 

Indoor air quality has become a concern in the building 
engineering community and great effort has been devoted by 
researchers and engineers to this issue in recent years. Many 
publications discuss either determining the outdoor air (OA) 
quantity for a space or per person (ASHRAE 1989) or control 
equipment, instrumentation, and algorithms to ensure the 
required OA quantities (Elovitz 1995; Levenhagen 1992; 
Mumma and Wong 1990). Nevertheless, the literature does not 
contain information on the possible control strategies that might 
be employed to systematically vary the OA quantities applied to 
a single building. The multiple spaces equation (Equation 6-1) of 
ASHRAE Standard 62-1989 relates the zonal and systematic 
OA requirements. The equation expresses the relationship of the 
OA flow rate and the primary airflow rate since the OA is usually 
delivered by the primary airflow. However, the original equation 
limits the applications to systems without secondary (local) 
recirculation air. In addition, the original equation is based upon 
volumetric flow rates. Hence the actual mass flow rates of OA 
are dependent upon air density or temperature and relative 
hwnidity. The density of air for summer or winter design days 

can be around ± 18% that of air at standard indoor design condi­
tions. As a result, a volume-based OA ventilation standard can 
result in either excessive energy utilization in the winter or 
underventilation in the summer. Therefore, the ventilation rates 
from the Standard 62 table were converted to mass flow rates at 
standard indoor design conditions, as well as all other flow rates 
in this research. 

To take into account the benefit oflocal recirculation in fan­
powered variable-air-volume (VA V) systems, Ke and Mumma 
( 1996) generalized the multiple spaces equation: 

Y= __ X_ 
1 +X-F 

(l) 

Nomenclature 

F 

s 

x 

y 

z 

Moc= 

Mon= 

Mo;= 

Moy= 

Mpc= 

(Z + S · X)/(J + S), fraction of total OA in primary 
supply air to satisfy critical zone; 

Mp/Msc, ratio of air drawn from the plenum to the 
primary air in the critical zone; 

MojMs"' the uncorrected ratio ofOA to the total 
primary supply; 

Moy! Ms"' the corrected ratio of OA to the total primary 
supply; 

Mo/ Msc, the ratio ofrequired OA to primary air into the 
critical zone; 

OA flow rate the critical zone needs; 

f. Mo;, sum of the OA flow rates each zone needs; 
i= I 

the OA flow rate zone i needs; 

total OA flow rate corrected to account forrecirculation; 

airflow rate recirculated from plenum directly to the 
critical zone i; 

primary airflow rate supplied to the critical zone; 

Ms; = primary air entering zone i; 

Msn = f Ms;. total primary airflow rate. 
i= I 
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Design Airflow Rates in ControtStrategies~:1;2, 7, and 8 o:> 

' Ct'I. ·-· Floor Ground 
.. 

I OARatio 0.69276 

Outdoor Air Primary,Air 

lbm/h 10645 15366 
2 

gm/s 1341 1936 . 
lbm/h 9373 \59'49 

7 and g o:~ 

·- -·· gm/s •• - . 1181 ·- ' 201Q 
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As the OA flow rate, Mo;, for each room is determined 
according to Standard 62, the systematic tou~J OA flow ra~~. 
Moy, can be calculated from Equation 1. Applying Eq~atiori 1 
ensures each space will have adequate unused OA with 'a mini­
mum Moy. 

Bused on the above generalized r;nultiplc spaces equation 
(GMSE), this paper first describes eii!ht control strategies for 
OA1flow rates in HV Aq, system_s, '.f.Re!ma_ll;l. components of the 
HV AC system of ~-.1~xisting library,_build,Wg ~ere . .m.odeled. · 
'J:l.iffit all eight col)trol strategies. iw.cJ the rsy~tem mod~I-.,..v~re 
pro~ed to perfo® annual s_~µlations<. for H~isburg,., 
P~Wi•~ylvania. Finally; :comparison,s were mad~ amongdiffere~t 
strategies. 

' ' '.I . . ., ' • J -

VSN.TILA TION CONTROL STRAT.EGIES 
r ,.. • l" "' ' • ' . ' 

· ~eveiij .c<!ntrol methods are psep, by HVAC e,ngi!ieers. .to 
determine 'the quantitY, of miniitlW'1"' OA dra'.wr! into k air-
h_~~~r,~i:-u,r{ft ~:'};Jil~L~Th.ese metho~i"~ay o<in~1 n!'f)2~t1~-~:, 
ven~l~tipn r~1~~1J'e!P,~~ts .. T,o a~e~p~ 1 to achlev,g, ve,nt'.l~~~r . 
re~µ,~ments with rpmunum epergy, eight control strate~1es, for 
~~y~ste~JR.~~~ b«?e~ p~~P.~s~d. Th~y "3r>'. qe grouR;~ info 
two categoriClS· with and ~~t?put locaj tempenng1 capac~t1es for 
tl,le,frrst,and \~t fouq_~--ift~g_1e~. resp,~fhve ly. ,A brief de~cripti_P,n 
of eWJlt °C()mmqii., e~ntrpi s!fa~eofo~ follows. .,: • .. 

) ' ... • ., ~ , u . ..... 

;, ~~.l J•_ ,r ~; ~: 1Ei• : :i ... 
1. Fixed Minimum Outdoor Air Percentage 

This c~~tro'f~gg~'~Mi~~t sfMuh~r- iemp~~g'e1h~tJ?s a c. 
fix.edi:atio; ,,Yvalue; of OA directly frO'm ·the:outside to the total 
prim:liryrsapply arr dcepl wheh 'the' ecoriom"ize-f:mode .·js; 1acti:'! 
vate'd,. iihich us·ually dta. s.mote QA-flow than the-mmooliln up: 
toi 100%.'.-This' strategy• is' C'0rrtinorH'y achieved: by ~rfixe'a 'fuini-· 
mum position ~A< datrt-y>et: titetatnre) has"' repottedrthat <this 
scheme results in OA deficiency durin~ . <?ff~QeS~!.1, c~~~ll~gr.s 
(Mumma and Wong 1990). The fixed mirimlurit <j,erc ntage used 
in the simulations was s~J;c~~? to_ 1lt;~r ?' v~\ue d~tepn~e?=-by. 
the GMSE at 15:00 on J~ly 2l (T~bl~· l). ilfl ' as1&~trt~dt'O'ffe 
tha :lwur of peak cooling• load with the peak primary1lirflow ~te . 

Fi:om Equatiorii 1, the peakMo11 (sum ofzona:J OA ~equirements) 
alone carinot. determin~ the< m8"irililln Y; neither can the peak 
Msn (sum· of primary airflow rate's). Howe:ver, using the latter is 
a conventional ·~roceduretto determine1the design percentage_ 

2 

. - . . . .. 
~ · 

. Fir.st I 
Second,_, 

fl' i'. ,{ .":;J J 0.27186 ., I f,' 0.40521 ·\ 11 

d~td'oo~ Air PflWi'aty Ait ' · '' outdoor Air 
· (I") 

Primary A!r 
_, 

7524 27677 14035 34636 .. 
,; ,948 ~. 34:87 ~1• 1' '' i -, , 1768 4364 

1497 
_ I,,, .... ~ .. 

?.1314 
"f"!t'i:' i 1205('''. i 34749 -

I ~, , ,, .. ' .. 
~45 3442 I .;>, ~-- l.~18 (\ ( " "J i' ' 4378 . 

·: -.;,'·,_ ~ r r;, ...- r i ,,~,·-:-· 

2. Fixed Min_inn.1m. Outdoor Airflow Rate_..,, n ,0 . , ·, 

to Buil_dir;igs With.out R~gard for Distrib1,tti9,ri .. { 

This control strategy without summer terriperiiig niaintA"ms­
a constant induced OA flow ·rate independe11r of the primary 
airflow rates as lofig asthe •s)istein is not in the ecottolil'izer modei 
These roced &i1ow1tsfllsted in Table I; were tlt:Lt:hniilt:U by using 
the GMSE at 18100 on July 21 . They are e'l11alti.ith'P. rirort11r.t n£ 

Y1funes th~1otaJ -primiiry airflow rates at that hOW', Iris possible;­
Mwever, for, the· .fixed minimum Iioti to be me\! ifithe printary­
supply airflow rate falls below the-fixedlhmimilm OA 1setting: 
Furthermore, the fixed minimum OA settings at 15:00 on July 21 
might not be the lovJest throrlghout an 'ebl ire·yeai- for the sfune' 
reason stated in strategy 1. n·' 1 r• :s:m·.; ; 1 •3: 

- . , ~ • c- r •1 . .. • r :1 1 - , · 1 ~ 

3 . . Hourly Ml~lmum 9'ut~?or .~~r iron:- th~ G~SE 
This control strategy with0ut;summer.tempering utilizes the 

GMSE to cori:eotthe miniinum r.equired OA quantity continu­
ally as l0ng as the system; is not in the economizer· mode. That is, 
the' lininimuril '. ([)A flow ~rate settillg 1is reset according to the 
primary airflow'Tate dynamically .. Similaf. to the prbblcem ,in 
centrol 2, the primary airflow rates,<which'are determinedby the 
thermal loads; cannot be adjusted withouHempering. Therefore,. 
a zone mightrbe underveritilated if its pF.imary airflow111te.is1less 
than the required OA flow rate. '·ii: ''' 

4. GMSE with SupplyriAir iTemper:atu~e RS&et ~~.' \ . 

_, ,1 This!control stra~gy wittio1.1t ;sµmmer·t~mpering is, .~jmilar 
to: GontroU ~ex:cept ~~t · it a\so allovvs. :Supply~)~lr ti;imperature 
(SAT) 1ps~L1 ~n1t: SAT~.ii; iitcl'tiCIS,ed LQ the- ~ighest aUo~~ple 
bo~d.eP by e~ther du.!;t;w-()rk capaQ.ify,or spa_ce:b,umidi~dwj~irJ.g 

th,e ·SAT,, increa?_es11!he chil!er':s: ,<;Qfeffici~nt ·Oti perfooo~ce 
(CQP);anq increases:lbe hours_.of,o~J:ating i.Q fr~ qooling( ecgn-: 
om.~!'.r) mode ~~and_,Mumrna n9971;>), -Eveey; time the ;SAT 
chan..g_efi; :tbe . l.n~l;llll t_.QA '.:is• recal~ulatect~cording Jo, the 
GMSE,Similarto0straiegies.2-~a.nd Jo tb.e flow nt!e of QA entering 
the1!i:ystems capnqt.exceed th1;1ot Qf t,h,e tQt.al:priI:nary aWflow rate, 

··vc · ··,,·~ ·.: ·~ . ,:!~-~·:· :; . 1 ,_ . .• :• ... ~-:~ - :v ·.- ,;1 ,,·;1> ·,, ·1,"'. 

5.: Gl'J\SE;_ ~ith_. ~:r!m,i,lry-Air1;\ovr 9Bt!_~za~i..9n _._ :: , .. , . , 
:1li Itmay,be obsewed in·.Equation ·Vthatby"towering-the crit•· 

ical zbne'S,.:F1Value;the system OA~quantity• can,be reduced. K.e 
andMumO(la {l'.997a) proved· that the1critioal zone's F:value can 
be lowered by increasing. tae primaryfairflci~· rate to the critical' 



zone. This control trades off the reduced OA load on the chiller . ... : :. ~· r 
with fan, tempering, and zone cooling. ,erietgyp irtetea!ltis : . : . '·· 
(Mumma and Bolin 1994). This..conflict creates an ideal oppor- ~ 

~nity for optifil'ization, or em~rgy minimization:~i.Ilce:1he ~~je~~ . 
tive of optimization is to minimize the total energy consumption, 
tne'ohiective function shour~>·mclude af . ~ea.~, tlfe m~ .etiei;g}t ·~ · 

• .,. ~ 1 )' F ~ . 1Tfi11 r .. Til~""C'. 
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items: eooling ( ehiller), heaang,-bumidifieatien,-tempering,and --' -
f~. ' ' -.. ~·".:·. -;., 

The objective function follows Ke andMu~a· s algorithm 
(1'997a) to redf~tribute. the-prunfily aiiflow rafo (Ms;) q;:· the­
GMSE by usingitemperlng. The goal is tctreducetheenergyused 
to. .. ~ondition the_QA as _~ell as .. the ov~all energy used Tu.the 
system. Another benefit of using tempering is to satisfy the venti­
lation requirements completely all·Tue tirt:ie:tWHen the tll.emia{ 
loads are 1'6l:l;low to require suffotie~t pffrii'ai)l'°'ai'ffi6w=fates to 
carry ~HU<it!:.Q:fu~e VAY b.Pitminimums are reset to deliver 
more primftl)'tJ ciir~;so thllt th~.,vamilation requirem~mts are 
(!.chieved. Me.im,while, temperin~H:>frtb~•ptiqiacy air is~\lsed .tQ, 

p_r~vent ov~woling. The 9ptimwn i!> ·acltievi:1d,whep. the tcu111] 
~Qwer dem$1..dhAS been minimized, with (ll'JWit®ut tetnpering, 
anp1the ventilati~njust satisfied. Since the OA r~Ql.Jil:~m"'nts;Sfld 
themu~l loads ~bange dyn~i~ally, the opti!inizhig,algovithm, 
must el\ticutecgntinu.~\y wifht~. I/' · · ; ., r• : ; J'..:i: 

. ; ._ 1 , .... <.~11lJ ;\ · .... : ·· · j : · ~. . 1rL ·, - :. ;:l 
6.,GMSE with Coinbi11e~tRfimary Airflow ; : ~~· 
and SAT Reset Optimization " . , ,1 

Ke~~~~-~ Q.,99!1>J ~ho,~e? ~at. increasw~ ~e s;. T to 
the highWr'aHowable ·~alue 'm'fi!ftt ·globally 1~bnsume Ht~re<· 
energy than nO';re~et;;butmroptimiZed SAT sa:ves energy under 
mariyiconditions.' Therefor~, :in addition· to; manipulating thi' 
primary airflowTate:in control 5; this·stmtegy. also allows SAT 
reset. Un.like :convemiomil ~Aff reset·controls,, ·which ·ritise1he 
SATfltti its:bounded limits,.C.g,~boritrol-4,.this:strategy increases 
th.el ~Aifiunly~when~the· system energy consumption will be> 
reducetftdr minimized• Con5equently ;_ ithis·strategy was expected 
to-harebenefits of both optimized variables; the:priniacy airflow 
rate and SAT. • f. ii;; . 

7. GMSE witfl ~ot11Air :Limits (F.+Limi1"' d .. . 

·:;: 1 iStankei~rmrpresi!ntec!i aZ•lirJt.it method t6'aetennlli.e the 
@~~flow r1ite a:fdesign 'coriditionHor sizmg smaller AHU~cbils 
in~ ~ut~6lfVA\l:~ystemswith.I~l reheai This fi:ietlioO:ensufes ·. 
verifikitiori-slififiei~n'cyif the·~set OA' capadtyis large enli>u'gh. :I 
As1Sh0wri ih Figure11, ail AHUsMii1a·-0petate'tiIHire soHcf curvei; 
of below.: If the:th~rtnal foad~ba!ed operatiooal£P©mi Is af lifor : 
anypOint abdVetheJiorizonilil lifiebfthe fixe'd;tippei G>A :JunitjC• 
thi~ control strategy w·ill HiC>ve«ir.towiird,a'p'omt· ~Bid Figt:trMj 
on me fixed upper '-OA ,lifuit ilifie'. l!iy' :_increasing:itlfei 'jlrifuary · 
airtlow'raf~· oftlie'cilitiGar st}ace aJfd temperihg: : J'f.the'therm~l · 

load~based op~~ti?~al P,9~t i.s }~·~.~ ~~~~:. ~-~ ~~~ ~~:9~;:; 
rate IS less 1fufu%~ OA" flow lnn1f.'tl1e'•pro\1ary ~tft'low rate' !SW 

reset tcrequaHhe,required 0A flow.rate, i.e.,.thersystem1opetates 
on th.~ ,,= b lirle:tSin~e the .Z. value dominates :the.required QA 
fl(J)w~ratdn the.-multiple~ spaceS:; equation, it is.,the appropriatei 
variable use when;determining· the.:design QA, flow ratesrfor·i 

Figure I 
~· 
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· / 
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A. -

- Fixe<I OutdoofAirT:irriit 
.-1 

,, j . ;.~ : 

.; 

'}t. or Z-lirlzit method ·1 

shut~offVAV systems. H&wever; ·it is iTNalid for fan-powered 
VA \'-'systems. Tcinil~len\.etitStanke's ddncept in the GMSE, the 
paraiti.eter Fmustbe used ttYdeWtrnine the OA flow rates insteafii 
of0."Wh1!ther Z otc•P: is us@"d; the final goal of Stanke' s cdhcept 
is to Iim~t the OA flow rates. 11\'e. concept is :ifuplemented irl Ffhis 
strategy. . " 

This control is basically a much improved version of control 
2 since it allows th'elSj-sterft.fo operate below the OA flow flmlt 
B7c'!,use ~e OA quantitx. ,r~quired ~t the desi

1
gn ~onditions 

greatly exceeds that require'a at othertim·es1 i::ontrol2 _u~ses exces­
sivif.~~~~gy. ~~ i~~~ition _th~).Hu empl9yilig cqntrbi 2 mustbe 
eqJipped'\vitb .. ver}t large"heating and cooling coils to nhlldl~ ille 

Jar~~ .9~~titi~s of'OA i~~ere ).~no.t~mpi{~<~: 'f11~s~ . it rii~~t~t 
a g cid l~ea ·to limi!.the OA. t'lo..y .i;aJ~s w!thiil prescri~d lini1ts: 
'f!le I~{~ w~~1 

selected ·~? ·i>tl~.$~;8P,tiinun;i ·~~tuh at d~i.~ .. 
ho~· i_:e-.; lli'e QA flow rat~s .of c'onrr~J .5 :~! 15:tlo of July 2J~' ?.S . 
list~cfin Table 1. If the re 1.ilred OA'1{s iilg))er than 'lh~ limit~'l~' 
primary airflow rate musXe iif~afed ~a~edJimbuted appio:. · 
priately to in_d~:e the pr~per qu~t\i.~~f 8~;. ,,. , :; •s;d '.1 

8!~ G~:~n~ :fil~t~qrnit ~'~~i:Q~f,i'!li~~~: ~AT R:eset:, 
i _ . · Tb:is 09ntrPhi,s:similai:.w ~ontmt 71-1;1)\:~pt· tb.a.t it al&0i allows" 

oplim~ed!:SAT~t.a;s discij$~d in control·6. Thisi~tr0Lsnat~ ·1 
egy ~aj: •thei·sam~rtiNed,01~.Jimits: ~"CQn.t;n;>J; 71kTablit l~. 'Th.e; 
sAr~itl'l~J~iJJ~ . .variab.~' U\th~'. t>l:rit:.c~i..ve.~9'tmnQt,tbe.opttmi ... : 
~jQn;~ IIliIJWti~e, theJO~Jr .!fflefgy ~P.ffiptiQ.fl. ·10i.!i%Xj ,i:LJ[n 

~f.~~~l~tM9~~1,~~;;;~ ~. - :i', j·;;~ii .; i !.~:~ .• :i· ~;f!:~ ~/.~ 1~ ~:'~ :-~~:'i .:.~ 
o~,~r' ik~l~n~. ~>f \~~ .. t~~f.~iidi~~{ <~·.·. 1,:: '. ' '.}·~" 11.'.: ;,;.~~:~ i;; 

. ),,I , • _..jj . • ~l•_...l ( _ _ , ., 1 •. !~ ,. ...· tl,I,,: , , ,.._• • . ,I .' { ' • j J• • ._,, • • .> .,.•,, ) 

;::,"ifhe 'test hlbilding, is a , coHege;libJ>ary . locate.~ ;inns011Jth11 

certtr.ahPennsy lvania, w hi.oh has lB,26.0n 14;6 5 0.,.and J:4~6'l·O . 
ft2 ~.i,, 128, t;35fl;i and 1;359l;mh•wr the:ground,, lfirat, ·and 
second: 'floors1: respectively. · The building':s .HVAC '.~stem 

consist'Sl of thre,!l .:conventional variable;;air"'~lume (V1AV) 

3: 



TABLE\2 . 
Comparison' of Total.Energy Consumption of Different-Camtro~ Strategies ,, 

\..~;· ' Ratios to the Maximum Total ' . ' , ', :'! i: .. 
Control 

.. 
·- Total MBtu/h (kW) %Max 

, ~ ! . GndFI. . .. ; lstFI. . 2nd Fl . l ~ • . .,, 
- - ·- -

1 o:k947' 0.2966 - ' 0.3765 ·'. 58.85 (17.25) 86.78 
~ ·-· _,__ = -- -

2 0:2354 0.3039 - 0:4607- 67.82 
:-· 

(!~ . 88} ·: i 100.00 - - ' -- - -
3 0.1990 ·0.2965 ' 0.4102 ' ·'61.42 ' _ (18.0_9) :90.57 -· - -- - -
4 ' 0.1972 -;.; ·: -0.3~-~ 

-
0.42'89 

-
65.25 (19 .. L2J _96.21 I '· ,. .. - -- - ... 

5 .. 0:1i814i - 0.2950 0.3~80 
( 

j 8.62 ,,-·. (Itl:SJ_ 
. 

86.44 - ... -- ---- ·- - -- -- -
6 

-
0.1779 . 0.2847 0.35~$. 55,5.Q .. - : (16 .. :?if. . 81.83 ti -- - - --

7 0.1978'i '.;'. 0)035 : I 0:4_0'~§ - 6).57 ,r·· 
(18.05) ·_::_9.Q.72. - -- -- - -- - - --

. 0.2932 : . ~ 
0.3756 -- -

.. 'I 
(17.16) . - 86,32 - 8 - OJ-2_4!. - - - 58.54 - ... . 

- . . ~ ( ~ .(' . ' ~ • c, : : . ' { ' . Jt\ ~ l 

subsystems serving the three tloors. The -YAV b~xes used -
~ ~ . 
ll(lechanical Components Modeling 
°? ., ' . ~ :!I t . 

thro.ughout the building are g:ries-type .. fan-pow~red Y4X 
(SFPV AV) boxes. : • 

---. , ' -'fo perform the 5W1Uljrtion5 afld optimiZatiQUS, CaCh70fi:IUi' : 
comoonents that influimce the obiecti¥e eouation.-i-,e .. coolinP-

Tne air-na~cjiing anci cooiing capacities of 1rie-_.1hree (chil-ler), hea~ing and_terhpe_Dl1g, __ Juirhigifi_ic~tio11;,_. ·~d fan_ ener:. 
AHUs are 7,640,-lt;700, and 12,980 d,'rn ... (J,605, 5,52. 1; ap:d ·· -

' ' . . ' . ' gies, must be represented by a computer modelt 'if.he fan perfor-
6, 125 Lis) at 27~8, 42.5,:.and 52.LtCins, .. respectfvely. The - a Id i. - d d · --1 -- ··I b ·a · 
VAV AHU h · bl d ar· .. h k. --d . mance wac; mo e e · vY a secon -or er po ynomia ase on 

s ave vana e-spee 1vesw1t trac mg amp- · · •, · . • 
-·- - . ·· - . - - - - manufacturers cut sheets-;- Components (such as water pwnps 

ers and controls as reqmred to measure and.adJusUhe OA and -r - . d ...... -t ) th t A • • - • -}- t h' · 
· . ult. ·fl + 

5
. di·n· 1.· Th --Au~ 1 _ .... · an __ c®.A.1.1'.lg __ o.wers _:_a _ .. x~nene'.(l .m> s1gmn¢&i c ange.s rn 

recrrc a 10n air .ow ra,e accor g y. e """'-'s are . d d·~ 1 · · . . ::· . . · : .· ·. · energy consumption --un er iui;ienu contro strategies are 
equipped with temperature-based -- a1r..s1de. economizers ---1 .. d d . .:::· - th · -·T --~-· ·Th··-.. ·- ·b·-.- · fun. ·•. ·-- · 

b·1 f h di" .-- .. . -1· ooo/ OA" 1'1.. d ·d ·' exc u e uom e sunu1at1ons. e. 0 ~ective . ct1on IS, the cana e o an mg u:p to-· ,o -. -ne out oor es1gn . ·· .. , , ·.. · . . 
.c .. _-:- ·· - · · - - ···· - - --·· · · · ----· eqmvalent hourly electnc1ty ·demand:-To set up the objective . 

cpnd1t1ons were 95°F (3'5fC) dry-pulb (DB) and , 76°F . . · · ~ . . ; · • . . . ,,. .•: , 
(24-."4"C) wet-bulb (WJDJ ot cpolufg !1!1-d oor( - I TS~<;)Jor function, aU.no~electr1caLener~:~o~sumpt1on, ~~ch .as .steam 

h 
· Th . d.> ct " J I · a· . 750F r"4 40G) heat for the heatrng and tempannb ¢Oiis and hum1d1fiers, had to . . eatmg. e m oor esum con 1t1ons were · \"~ , . - - - ---·- ---, · - - ·- · . . . 

" . . 
0 

. . b .; 0 0 0 
, _. , _ be converted to the cost ~qu1valen] of ~lectnc1t¥. (;\r;;qordrng,t9 a 

and5.0YoRH for.coolmgand70F(21.l C)and35.Yo'.:Rlifor _ i..-- ·- 1 1 ·t•· .. -11- (PSFEFI 9.95) tli-- cs·- .c-- 1 tn·-ty ·--a . · . -- -- ' ._.-:·. ,-- - - prrysica p an -g repo . · . , _ e ·COS Ot e ec Cl an 
heatmg. · 1 

' · $1622 d$3 4"'/MMB · I As · 11 - -
1 

dd" · ··---
48 

SFPVAV b ......... (l
2 1 

, ... d 
21 

b..... .. . ·-· - gas.were . . . an . J . tu; r spective y. swmng a 
n a it1on, oxes , ~.an oxes on . h ti th · fr" h -- · "' 'fh . · .. · .. ·. . . -. . · · ; eat or · e system 1s om gas, t e conversion iactor o eat to 

the ground; first; and second 41.oors, respectively) are used· m · - . . · . . - -. - -· - -
the b.\iilding. The_bo~flow.ni.tes rahge frQm 140 to 1,980 cfm. electnc1ty used rn this reseaich was 0.21. , 

(66 to 934 Lis).- The SFPVAV boxes have ~~?ns!ant~speed :. : RESULTS' OF SIMUlATIONt; ___ -~ 
faiis" opera:tiiig ' contfouous_ly to circulate plenum air with l ' !' . , . 

primary air to the zones; in-fhis building the ceiling·space;of- ·· · _ .. .. Jn this- paper it -is assumed -that the OA controls operated 
each floor is used as a retilm air plenum. __ . _-_ '_ ... . . . . _ .... ~ift.:l perf~_ct acc;l}Ii:lcy: '!flcl resp_qnse Jor_ alJ !!iglit strat.c;:gies,j"e., 

. , _ :l: . _ ,- : ¢..e assigne_d 0A flow rates were draWI} without.cteficiency. The 
Hou~!Y Envelop~-load .Ca lcOlat~on~- . -.- .: .. -- -resT.ifiS ofllie hourfy floor-by-floor oriiputer'-sifuufafed control 

- Th- fh··-- .. ~ 1-· '>I ror · - h --· · ·-- ··-·a th b · F. - · - systems.fortbclt:SLl>uikliu~<1re:s~n~illt:ll-inTable 2. To make . . e enna , f}p,u 1 ~ea~ f~fl}.'. ~ftrVe as e ~m \Or, ) l .,. . . . . •JI' ' i '"" ·...:i · · • , . , ' ., . . 
mosf_ofthesimulatj~h-and ~ptl~izatfop work in this-r~searcil :- '.i!il ?b$<;tJ.v..e cwnp,,ar1:!~~· ~~IJt !;i4~u_11er~· bas6:-d_gn occupied 

pi:oi~~ _l~ : imp_?_c.i~.!!C?~~~(y._!~~-er!e~gy.:_c§r:i~-~pt Q -·~~~1 rh~:;!.~-!-e!!_o~~J~,81~ ~!yr1 ~~:e.t= ~e. av:'.ag~::°f corr~ta~ ~~·-filo.~ 
quantity oj primacy air delivered, which ts the vehii:!'le for -, · r~es, Mot.\'. Jl}!l ave~g:e cqrrecred.Oi\ fl~w rat~s were averaged 
prov1dingTO~\totlje zo.nes,,;ThiS-proj~ct ,used the ~uHding - ·;?~enhe ~0Uf~ of~~ OA operation -a n~~er that was 
Loads--Aoalysi -and- System -Therffiouynamics -(B-I:AST. - Arffete~t.~f~r.ea..ch oontrolappro.ach. From Table 3;.l:he obserYa-
1993)·pr.ograiftWftli_:weattietilata of.Harrishurg,.P..ennsylYa-_' '··· ~9ns ~sc_ussed bel_ow·c~ be_~~~uc~d·:: · 
nla, to peifonn the hourly -load caltulations '. BLAST was . ,: «· '. : ' '; :' ' , -·~ · -: : ... , :. 
used t~ gene rate)he zonalp~~1µ.pa~cy; temp~ra~ur~~-' sensible : ~~ . T?tal p~;i~~.ry Air Mass Flow Rates, -~s- · . -_i . - -

and latent load~, outdoor drY,~?.ulb temperature anqh).1midity · · -- · ·. The ~\.'.eni.ge-val9e~ -of the first three-cont(_OlJ, are-idenrp::al 
ratio, and retun'Lplenum' temperatures for the systen\' simu". because no tempering and no SAT reset was-ti5ed:~the primary 
lations. The ceiling spaces were treated as •individual ·zones aajl~-~ rates for thos~. ca§es ~_erc:i qe~e~imi4 by'th(! _th_ermal 
in the BLASJ wocteiing so that the plenum tempe,ratures loads only: CCilmparing control 4 withcontrol 3 (witp and without 
were available~ SAT reset, respectively), SAT reseCresults in ·nigher primary 

4 BN-97~1-3 ,. 
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TABLEl3« 
,~J.aAnnuanimtrly SimulatiOn:SummatxtEngliMl Units)j')· 

Average Ms, lbm/h Average Moy, lbm/h - ' I: r;' Alllirage Qoa, MBtu/h 

Ct' I Gnd.FI. lstFI. 
.,, _,, , "'' '. 

2nd Fl. Gnd. Fl. 1st Fl. .. 2nd Fl. J · find. Fl. 1st EL ,) 2nd Fl. Ct'I 

11212.0 19204.7 17781.2 . > 8706.9 6~14:6 7803.7 .j, ( r 15.854 24.493 

2 ·i)J212.0 19204.7 17781.2 , . ·10424.2 ' 7659 . .Q ( 12777.6 ·. ; '' 17.300 23.647 26.614 2 
'""~·~-·--· 

3 11212.0 17781.2 . · . . 8652.6 ' 6U4.9 10457.0 .J4.942 21.944 23.479 3 

4 ,11785.3 25903.4 28864.2 ; 8706.1 6~~.0.J ' 9272.2 ::': : 8.318 8.740 10.422 4 
-

5 11579.6 l?'t?8.2 18458.8 :: I: ;7607.7 5634, ... 8 9143.0 . ·. 8.678 13.491 5 
-· 
6 12004.7 204B.2 21743.8 ,' - · ;:7624.9 7793 .2 . .. '8.162 10.554 6 

- ···- .. 
7 (1 ' ' ! 1541.3 19496.5 17864.7 . 7724.8 9971.7 8.502 IQ.939, 13.705 7 

-
. 7.963 20643.4 21326.3 '.' -7724.4 8945.7 

-- - -
9,,Z.i~ . 10.719 8 

AverageFbhp, hp .-A. verage]~cc, MBtulh Average QhC, MBt u/h 

Ct'l Gnd. Fl. • . 1st Fl. ' 2iufFi. ·' G.id: Vt' 'i'st Fl. , 2n.d . ..-I. · . · Go'il. Fl. lit Fl. 2nd Fl. Ct'l 

~·· 1 '' o'.irr~r '(.4.s3'~; "t.i5)1 · 44:023~ · · 11.190 81.146 5.147 o.ooo 0.829 1 ·1 

• I 1 I ' + o l I .Jt , •,,I • j • j • \.! 

J> .· ' • 0181182 · ·,1 1.4538·" ' ·• ,. ii_15137:..c·, i·~43:qo4 ·11 70.471 .• , · 8Q.i34, . ·. 7.0~6. 0.5.f3 , U>.084 3 • . 

4._ 0.:8'48('(; I 3:i492 J
2 3..0984' :! >[i\1.779. ; '· 6~.349 . . , 0;1')7.28j'.,1; ;/h3Q4v: 0.615 ' I 20.337 4\1 /' 

5 ':.,_ r 0,~409. ::~; 1 ;4~J fl "Jq,5v ·":' 4~-9~g_: ·. , ,70.585 ;_, ~- 1~.6:33!:· ·6!436 . 0.000 1.941 5i;> 

6 219' 49 6 6 4 6 71 . ·9 - : 6' ;! ' ,, 6° .. . ~ -,;;-018588 . .:; J.!!7 .. "' ~ -:::11 .. 5 T4t.:717 • . '..> 4. I •.. · 6 ,733 - ' " 0.43 h O.OP9. 4.099 . . , ,, 

3 

4 

5 

I: 

Bt,J-97-1~S: 

I' ·' I J'"". -

.. , 
19.792 

22.872 13 .413 20.585 27.574 7 

.. r. 
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TABLE 3a~/; (Continued) 
Annual Hc;>urly $irnulation S1,nnm~ry (English Units) 

.. -
Average Ts, °F Remarks ( .. 

Ct'I Gnd. Fl. I st Fl. 2nd FI. Descriptions , I 
···:;. - '! Ct'I .. u 

-
I 5~.00 53.00 53.00 Fixed,Outdoor Air .percentage : .,, .. ( 1 

·- - - - --- ~ - - - -
2 53 .00 53.00 53_µ> . Fixed Outdoor Airflow,Rale i ' 2 

- - - - .. - ... 
3 53.00 53.00 53.00 Generalj?;ed Mu[ljple-Spii,c~~ Equation (GMSE~ " . : i •• f ! ~ • 3 

. - -· ·- . - - - - -· ·-
4 54.27 58.6~ . 62 . 9~, ,: Gl\fSE, with SAT. Reset ·. •t' . ! ) .! , ; 4 .. ~ .. -· ·~- · ·. i 
5 53.:oo 53.0p. 53.00. GMSE:with Optimized Primary Airflo\\'. Rate. . · . .1 . 5 

54.if 
- . .... --· .. 

6 5~.97. 57.43 GMSE with Optimiz~ Primary A_irflow Rate ~d SAT 6 

53.0Q, 
-- ... -·-

7 53.QO 53.00 ' GMSE with Outdoor Airflow Limit (F-Limit) ,, 1., 7 

53.97 58.28- ... GMSE with F-Limit and Optimjzed SAT 
-

8 54.18 
" 

8 

TABLE 3b 
-"'n~ual Ho_:Urly Sirnulation ,Summary (SI Uni~) -

Average Ms, gm/s J ' ,, 
1 Average Qoa, kW .. -~ 

- -

Ct'l , Gnd. Fl. 1st Fl. 2nd Fl:.: God.Fl. lstFI. 2nd Fl. Gnd. Fl. 1st Fl. 2nd Fl. Ct'I 

l ~. 14lf.72 2419.80 . ..1~40.43 i o91m 871.25 . - -~: .4 983.26 " . - 4.64:6f. ··-· 6:6429 7.1785 

2 1412.72 24!9.80 2240.43 6.93.QL 7,.s_ooo 
3_ 1412.72 2419.80 2240.43 1090.23 ·, •· ~'I8 '.N~7 _., 1317.58 . ~ 4.319J ... 6.4~.l~- _ _ 6:8_8i2 :f. 

1096'.97 '!· 787~52 ' . ! 168.30 3263.82 3636189 -- 2.~§19 3.(J546 1484.95 2.4378 4 

5 1459.04 2426.54 2325.81 958.57 2.5433 _3.9541 5 

6 - 1512.59 2572.07 2739.72 960:74 . 7_09.9~; (' '.2~ _1.94 - 2,3921 __ 2.6~57 • 3.0931 . 6. 

1454.20 97!f32 - '118.3~ __1256.44 2.4919 ! 3.2.!)6( 4~Ql68 _7 

8 1508.66 2601.07 2687.l }!' 97328__ 728)4 ~ 127.16'' f.3338 2.7o82 3.J4J.9_ - - 8_ 

? .. Average F_:~hp, hp_ __ · · A-Vera_ge Qcc, kW ' .. 

Ct'I Gnd. Fl. 1st Fl. 2nd Fl. Gnd. Fl. 1st Fl. 2nd Fl. God.Fl. 1st Fl. 2nd Fl. Ct'I 

0.8182 1.4538 l.1537 12.9023 20.8647 23.7825 1.5085 0.0000 0.2428 
~, I 

.5.8375 ,.2. 
,:; ,j 

l.4538 
<- • 

.• ' ). ,., ~ * ' .... \ • ) 

2 .. 0.818,2 
. 

l3}4f7 )l.1558 ., 24.4!,14 ~.1768 o.i9so i 

12,(\339 r;W.6538 . ; 2·3.4856 .2.9554.1 , .. . 3 j 

·~t8.2735 1. r :i9.7202 ' 1Y2.1408 :i.> • ' 0':1801' ' 15:9605 4 ... 

20.6874' 13.3449 0:127.6 &oooo ' • 'o.569'o , 5 
I . .... ... • •• i ..,j -· .... - .. •M 

0.8588 l.7259 1.4956 ; trf-f266 ., JS,.8794, .-c?.QA37]; .. /nP-.1276-~ , 9rPQOO, ,,.J;2912 ,, .. 6 ,,1• 6 

7 0.8464 l.5007 l.1632 12.8010 20.7342 23.42i72T ·i.J:J/2786 •' 0:0284 ' I 2.'B167' '7· 

8 o.8666,,cG n't-432.: • il:4i1~1; . ! ·rn4·1~11 .;;.fif.9181 20.5137 I.2795 o.0298 4.0401 8 
i ,,, 

. . 
-P'lin ,,,c,,~ l'Fl1 • 1 1 W lf)..;1 'r) 211,~ fJ .. x;-. -~ nd'. Fl. .1, )~tFI.,. . . : .:2n~. FI. , r •t.v_nd. ~1. ~.l~t;;FI. • 2~d Fl. . Ct'I 
1 I: .. ::;: 1.0178: • -N7992 '.; . ·0:8143 ; ;, 10:0222 ' 0>1361 i. 6.5171 l 5f~9!z;' L i1 5.1$954 '. '(4843 er -- . ·1 · ' 

r i ' ' 1.'7627 :;1:8989 ' 2.5546 ·!' o:c\222· ·' 0.1361 ,. ·:· 6:'5-h1 ' "<t.67scf: ' , 6~ 0J'o4 '. '· :9'.1513 ,j . ·2. . ' J I - .. 
3.9:;55," ::; i 5~~~43,:! ! 8;1.526 1.5826 3 -~ 

" 
0.0222 0.1361 . . 6.5.771 ' ' ~ . 3 • . ' 

,, 4:. l.1908 { . f:9805 . 1.5361 ' 0.0159 0.0777 I '2JS.937. •: 3J9204 : ·6'.6768 ., 'l: 8.5260 ,· . 4 r 

I ~··1 • • .. , : ~ .. ..... :.1 J 0 It.I : 'f'; J, I 

6 



TASLE:3bJ·~ (Continued) 
· "lAnnual'Hourly•SimUlatiori 19timr1'ary (S11Units) 

5 0.7650 - 1.8129 7.4290 3.6057 5.86~f 7.7127 5 1.0896· 0.6156 0.2245 .. 

6 0.7§37 __ _ Q~298_ 0.6037 _ - 0.22.95 -· 5~8007 3.5356 .5.6579 __ ! 7.07R .. 

7 0.9989 ·- 1.9060 1.4823 3.9311_ 6.0331- .. 8.08[6 7 

8 0.9977 5.8281 7.46~ 8 

. ____ ' ' Max. Zonal [C021, ppm 

Ct' I Gnd. Fl. 1st FI. 2nd Fl. Gnd. FI. 1st Ft - 2ndFl!•, Grid. Fl. 1~. Fl. . 2nct FL Ct' I 

1. _ ~ n~~ _ 432.Q5_ 14'.S8.95 13'l9.19 2l3S.21 . _ . .1 

.2 - 321.61 413.65 j~§.20 ~c9i2.46 r : .~m.93 576.67 '.' 
-

1222.04 11~9.87 1255.68 . 2 

.J~4.0J _ _ 442.93 l84.08 68_4.89 . _:~_618.21 634.55 -_122'2.04 . _ _1fl60.oo _1255.68 3 

4 393.29 477.19 489.lQ 678]5 I _'. 607.73 636.41 I ri2..i2 1000.00 
' > 

1003.2L 4 

5 422.35 447.15 435.47 711.98 621.82 667.89 1000.00 1000.00 974.39 5 

6 428.52 448.72 485.13 707.26 i..6I5J3!,~ ." . 681.29 1000.00 1000.00 974.39 6 

7 403.37 444.23 1000.77 978.14 7 

8 409.86 445.73 441.05 690.73 ' . '" 409.66 ti" :ov 647.39 1000.00 1000.7_7.;, <.978.14 8 
-

Average Ts, °C .i> ' ' - Remar~n ! ·. :, j ..• 
>--~~~~~~~~~~~"""'"~~~~~~~~~~~~~~~~~~~~~~~~---lJ 

1st ~1. · · i~1f F'1. -- l>escrip~iiiis-· -Gn.d. Fl. ' • •• • • I ~ j Ct' I 
- ., · -

l U.6]" ~- h.p7 Fixed Qt,ijdoor Air;Percentage 1 iJ .. 
r · 

2 11.67 
... 

' }\,lfi7 Fixed Outdoor Ai~QW Rate • 2 . ~ . ... - - - - - ·- .. ·- - -
3 1);67 . Generalizt1d Multjple-Spaces !;:qulWion (GM~~):,; · 

.. - -- - .. --.,.. 
4 12.3.7 14.82 : 17.20 OM_l:)E with SATReset . ~ " i 4: 

.. --
tJMSE with Opti1J1ized P~i*1ary·-Airflow Rlll:e ·; t 5 11.67 11.67 \ 1, _ ?- ... 

... . . -· -·· -- ----
6 : 12.~2 14.13 GMSE wi'h Optimized~Primary A!rflow Rate illl4.:SAT li'.c 

.. .. -
p.67 . 11.~7 . . . 11.67 _ GMSEwith OutdpqpAirflqw L!mit{F-Lirnit) ;· .. i 7 

- -··-•- n 

8 12.20 .• 'i. -~i'3~ .,_._ 14.60 GMSE with F-LiJniJ {ll)ij-,Q.ptjmized SAT 8 

;.)~I":_ ·' • :<; ·.. i ' ;_. I : ~'. ~, " ..., ' C. , !1• j 

airflow rates.~irni!arpattems appear when controls 6 and 8· FU"e.· ·· ~mn-O.~:flovv rate. I~ch·cases ~~ ,syste~ w:ould be Jlllace-fi in 
compared with..'5..:and 7, respectively. Control 5, ~hicnhas:no the.minimum OAimode.~andsumni~-iZooaGcordiligly. Basically, 
SAT reset, has: a higher average than c'ontrol 3 because if mini~ ' ~6ntrol 2-h.~ the higliest _ OA flo~ '!:~t.~.? amQ11g:'.__tl1~ ~ig!it _strate­
mizes the tOtaj~energy-(;o~sump~on-by .i!i°cr~asqig P9m~· --~ :: _g'k~ beca~~j~ has fixeciminimurp 00'\ settings.; Cpntr~l 5 has a . 
airflow rates lcf reduce -o_Jt .. J_o. acK Control Talso has ·higher - ·10.wer-av.erage thrun:aiitiOI' 3 because if· riily,Uiijzes'tbe l9tal-

. f:Pt.·, \nl· 'I 1,.JI ,;. .-... · :.· r ) I • • •• , er . . ~ .. 1 ' ·. ~) " 
primary- -airllow- :rates-, thaJi:-OOnt:rol 2 · beoous&:control: 7 us-es- ..: ··energy .'censumption· bY-incr'easrn~ primary·-alrliow- rates ·to ·· 
~ll!P~r!PgJ<?.'.ir.!~re~~ tQ.e ''t!iinlaa~ajrfl.Qw rntes_ai .rie~~~c{J!f'-_·_ ;;· i~.®.~~.o.A - o.a.(;lsl_'. ::?~ ··- -~-2·:·_· ·_ ... __ :.:_:_:~:: __ . __ ~ · 
deliverthe req~iwdOJ,\whentbethennai :JQadSiar~tow;.' ! .. u:: 1;;-,'~': :..~,~L • ~i\i;, , i:,1.1,;_: : -
- ; _ _ _.... .. --- - .. - --- .,__._. _ .. ·-·· - -~- - ·- ····-1--- ··-···--·- ... -- _L _ ... _. - .- ··--·- --- .. ·--·---,.~ --- - .. ·-··· ·-~·---·-·-···- -~--~----·---~ 

. 1r·"\ ~-, . '' .· • ·" -: .• , -£•::.J:.. i ,r:;•·Cpoling1<i:oilOutctoll>rAirloads,Qoa.::.:;'·:; i ~1. i 

Totar correcle~p;~~~~9iq(~!~-I\'!"~~~ rlovfRates;·_~fi.¥.;~; ~,\: · .. ·,-·:~·Th, ~--;-0 .. --- 1·=-~C--:~ ~;- ~!~=· .~:.~,1r· ~~':.-:~~~:. ···-----
1
·-;-d---d-· h -- ; 

_ -·-- ··----· __ . . __ : - - - --- ·· ·--- ___ ::-- -- ··-. e. A. V4US·1HU<Cate ~ ener~-m;t;U~ to ceo ru:1. e u-

· · --·~J]~ item i!i2'~l;>l~? li~J!!\t'._@Il~t~~_g~~ _Qfa$Jlia~s>A: ',., filJ.9jf)'._9t\~tg'.t?.~ :~liW.~-of.;~~~-aii: · f.~~~~~co~iS ~e ·j 
flowrates entei.fug~ple AHJ]s ~themil}im,~un OA IIJ,9<fe, .whjch ' · :9Jt. Accc:inlW.gly, the¥. ~.e,-iindice~ ,of-w,e total .0.A. entering.the 
meanflhe-OA:tse.q·ual tQ 6f1ess tliaii."tllflutici.un(feiqTiitecrco· ---~ ~svste1ms wh"•nthe cfii1ler· fs on.As exp·ecfe , aa"irnz i:emperllU?. 

,. ~ f . l t - ' , • 1, . '"( I -I,, ' t. , ~ l - -

aemply· w.ith.'t.he·~MSE. Dependmg-on:·thecontrol strategy,-a ·'.and primicy air.flow-optimizatiorr~eontrol-5) resu
1

lts in much-· 
sy~tem mightbe ~m .. th~-~<::_otjoIIJ,iz~r mod.¢ front a temp~ra_tW~ ·> :lower OA loads than.a..'Schem~withl!Jtoptirnizafion_( contr.ol 3)._ , 
standpoint butcbe unable t(tdeliver the required minimum OA - . In addition, the SAT reset reduces< the OA "ldadS because it · 
flow rate; i.e., thetofafprimaiy airilow rate Is less than the mini- mcreases the potential for free coolmg. 
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ing comes from the AHUs. This is why control 4 has lower 
tempering energy than control 3, control 6 lower energy than Fan power presented here refers to that of the AHUs. The 
control 5, and control 8 lowerenergythan control 7. In addition, SFPV AV box fans are 1!:5Sumed to draw constant power regard-

Fan Power, Fbhp 

less of controls and are not included in the numbers. AHU fan the difference is more significant on the second (top) floor than 
· fun t" fth t tal dr th t on others because its roof exposure causes the heating require-power is a c ion o e o pressure op across e sys ems - • b .h h"gh · · 

. ment to e muc 1 er. and volumetric airflow rates. The first three control strategies 
have exactly the same fan brake horsepower because they are 
supplying identical primary airflow rates. Similarly, the fan 
power for the other control strhtegies follows the same trends as 
the primary airflow rates. In addition, a lower bound of0.75 hp 
on the manufacture cut sheet curve fit data was set for each of the 
three air handler fans. Since the averages:ofthe first floor are a!l 
below 0.86 hp; ·onlf 15% higher than the minimum, this ~plies 
that the fan system is often operating at minimum power. 

Cooling Coil Loads, Qcc 

The cooling coil loads inclu4e both the building thermal 
loads and OA loads. If tempering is used during the cooling;} 
mode to satisfy ventilation req~ifements, the tempering heat alscii 
becomes a part of the cooling coiJ loads. There is no SAT reset , . 
or forced local tempering (i.e., no cooling primary aH-flow mini­
mum settings) in the first three control strategies. The differences 
in cooling coil loads among them are mainly from the difference 
in OA flow rates during cooling. The SAT reset decreases the 
required local tempering, thus usualiy reducing the cooling coil 
loads (Ke and Mumma 1997b ). That is why the control strategies 
with SAT reset have lower cooling coifloads thantheiifounter-
parts: ;·.: .. '":: ': .:.:·1j. ff:'i., 

:;!·· 

Heating Coil Loads, Qhc . '• · ~:. 
· ." ,. :: .·· • 'Iii. · .,., , . ·. '' 

'flle: prst floor has tht;,lowest h€(lt~.ing;:~~il loads for ~TI .eight 
con~ol strategies becausejt is the,~i~p~e1 le,xel of the building 
and has the least expos4r~: to outsid~!".·1? additio~, sin~~ .~ig!W 
SA Ts result in higher heating coil loads but no SAT reset is used 
in the first three controt~tr~l~gies, the J}~ffyrenc,e;~ in .l\~l}!W,g coil , 
loads among them can be accounted for by t;he various Q-'.\ flow 
rate~ during, the 'liearihg sekon. As expect~d, _because·· winter 
t~~~e~g is!sfi1'ft~d tq t11e ht:atin~ coils, c9~f:f~ls 4, 6, ~~d 8 with 
SJ\::CreSefliayi:: h!~lie' heatu\g.coil kia~ hail thefrco1:1!1t~ll?":115· 
contr9Is 3i 5:·aricr;1, te~pec~iVely. - ··· · · · ·· ·· '· '· 

, j 'U ~t •' 4 1 • •1 • '!". \~ ·• . , ·r~ " ! ~ 
.. ·. . 

Humldificatic>'rd:~9acts'; Qhiiiifd. · ;r · ~· 1 · ;ii~ · ; · 
q.:;::!f. :·n 1~::r 0 .i > • _ !;~.;·:._;/.:::·~.ct,··.\::/:' · ·-1 j, •· .. :·:: •( ·.in .J 
,;,,,1J:ie ~umi9.ifier, ·s. 4JterJocked:with the C<?~l~qoqs, _~e.,. ) ; 

is offw~~!l ~~.f po Jing coils ~e:,qn: Therewr.e, JllOsthwnii;\ifl;. 
cation <?SG.~fS,. iqJhie l!~flt~g ~~~qns. J;l~ip~HY, tµis, jt~ {qllo;~ys, r 
tlien~,§jini,lw ~o_,tµ9se.pfthti:he,~tipg ~o.iJ_,lo11qsq ,_;, ., . , ! , , ; 

~',~'.·~;_ .. !.r~ .. ·:.n :- '.·~.·~)f~' .. '.L:)1·,r:'! .:.=:~l i 1 r_;1;1L3P.::~ •l!<:1 , ' ·~~·~: ·~ \'· '· 

T,emp,~ri1,19,hqf)_~s. (;)~~'VP. 1 ,, ,1,;.·: '''.J' · . ; •· ·-"··' ::; ,. 

CJlhe' building automatiort systen'l was· desigrted t<!I s-et an:y.df 
the SFPV A V•bt>xes to theirltiinimuth primary aitflow setpoint 
when azone·nee<:ts,heating. Thehutnb~rs in the rows of the first ' 
three control strategies in this0item in Table 3 ltl.etely,teflect the 
total zonal heating: ldadsiof each system. If a zone:calls for heat~ 
ing, SATJ.tesetcanteduce thetemperiilgent:!tgy since more heat'.: : 

Power Consumption 

The total power consumption is the summation of the AHU 
: fan power, cooling and heating coil loads, tempering loads, 

humidification loads, and chiller-power; All loads ~e c~nverted 
to e~uivalent electri~ity power in Btu/h (kW). Th.e Jptal equiva­
lent electricity power consumption rate constituted the objective 
function in the optiinizing strategies. The item in .table 3 and 
Figure 2 illustrates ,that controls 2 and 6 have the, highest and 
!owe~ power ·ioonsumption rates, <r~ectively. Control 6 
consb1111es 8 1 .8%,~the en~rgy of con~2 (Table 2). Note that 
the eqergy differei11te would have been;1ven greater if tempering 
were used with eontrol 2 to ensure more adequate ventilation. In 
general, the SAT re~et wi.11 r:equce the chiller energy consump­
tion but will in~ease fan erlefgy usd and' reduce dehumidifica­
tion capacities. When the systems are operating near the 
minimum flow rates, the highest SAT reset might be beneficial. 
Otherwise, the increased fammergyputs SATatadisadvantage. 
For example, on the first and second floors, using the control 4, 
non-optimized SAT reset, there is an energy consumption 
perialty. From adenergyperS'pidive, control 15'anq·c~~trol 8 are . 
about equal among the group with temperin& becauie·they opti-1

• 

miz.e ,~iff~rent varia,oles-6ne jh'eto!~l p~1~ .a.i[fl; ·~~~~d 
the other the SAT. Control ~ Hi cle~Jf~e.'~st ,~eca~se it opf-:. 
mizes both SAT and ventilatlbn' hlrno~/distribiition·: · 

.1:. r • -;; r· ' · ., •rt r : .. 1 .. Iii 

Sup~I~ Air .C02 C9nc,e~t~~~ioi;is _:, . • ' . .J. :.\ .r .. · ,•.'•. 

c i. ~ ;~' : .( I•.• 

'.. ... I ~ 

, A good ~entilation:cdntrol stritegy mtist notorilytonsume 
aflittle energy as possible 

1
but satisfy mdoor~hir qualify:'to 

compare air 'fteshries~· ;among. different cdrrtrol strat~gies,' the ' 
C02 concentration was used1ai:i an mdicator'. 'Since th& transient . 
effects and ventilatfon effedl\ieness are beyorid the scope of this 
paper, a steady-state and\.Ye'Ji-...n'{xed >ri:igdel was"aisum~d: tsb 
mod~led, the co2~ concentration a aily;pbint in the s):stem ~as 
calcufatedfr61n'the mass Bala~1ce. IP system slhrnlafo;ms, th<fO'A 
co; "conceiitratlorl was as_sumed' td ~ 30'0 ppin. w'frh aS'silmp! 
tiofi~ ~f 1 :ime't metaj:>dli'c tatl! and:~~ OA'. requir~Ment of i'~ cfin . 
(1. 11,r.is)' pet'person,-llie·sahlraied to2 :Conteniratia·fi ·is i,o·ooi 
ppm fOrthe ground arid firSt'tloors: On tliese'contl tfBor, a confer­
ence 'toom='requiied 20 c.'tm (9)i UsfpE!r'.Perso'n. When the 
corlierehce1 room' ·rs: criticitl, i!S' sahlrated C02 • conceritration is ' 
858 ppm. A surrounding space that requires 15 cfm/person (sattl"' · 
rated C02 concentration of 1,q99 PR,111~ ~as [lJ>C~~cid~9J, p-i,~i­
mum C02 concentration of 974.39 ppm.' This space is not the· 
critical one, even though ivs CO{cohceritratJ.onaceedS 'that of 
the cortferencer©om: Cwbon dibxide conc~iitr~tiOn neafburnot ' 
ovet the saturated values Is desirable'ftom an energy minimiza­
tiort•petspective: .Ftitthet; the'inore unifoml.'the CO:(cortcentt&-
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Figure 2 Relative' annual t~tal energy;consumption. , , 

tions, the b~tt~r tli~ ventilation ii& ts befug distdbut~ and en er~ ' 
h • · ..-; r. r ,O.ij';" ·: - ·:. rr- ·· ~l 

use minimiZed.' - · -. ' · · . 
: .Am~~g ;~ii c'1yA91 sti:at~-~~~§.t:9ontro1 .2_1 ~~;th~Jo}V~s( 

Sl_l~P&~<?i <;;ogc~.Q.V~tip~~ .at a ~P!)~i der'l'f>!e-fne_rgy j)em~#Y. 
!Ills im~lies ~~?Jjol ~p,a~Jti~;~l~Wft average.~A percen~~~e . 
m the primary air. However, a high percentage does not guar-
a.ntee goo~ zo~al ~ir quality; ~~if~ ?epends on bo~h '\1,1~nti- ·:~ 
ties and d1stnbutions. ConttolS' ·1 arld 6 use tempenh~ to 
m.w:iage_ ~Pr!P~S:ti:jbufi?n <>.~:?A, ~.o. 1tJJ:eY. tep.d to haxe ,~igher 
pr:im~rv'Lfii.~- C02 cgm;~mtrat~<:?ns~~;r~/r~ also are. a~le to .~~p . 
t~~1 zone.e::isoncent;ii\l!i\~m~1J~~1 at !~atur~tiP!h: ~l:J,us ,provi~ipg . 
Cf?f\S~der~q}~ en,e,r~y s~~i~&s. Con!_rols 7. .. a.n,q ,8 als~ employ .. 
t~pe:i~%·Putthey ha,v,~ w~jJD.:tµy.OA s~1~iIJ~s, which P~H 
do~~)t~,l'.;_l!y~rage (:;,O.:z conCffl~~ti~n~,'.' ~Ui - ' '11,.;J. ''..: . ' ~ 

. S,'f\ T '. .rese~ . i_np,[~p.s~~ " the ,. J?fjipary ~jrfl9'o/· an~.· m~yr; 
d~~I\~ase Jh~. QA ~R.':V ~a~~~ if} ~F.~V~ V sys~~ip.s.i(t~e0¥,~n~i;­
l~~!on_ ~.~q\l~repi~ts %e ~~~fj~4~~~~ .~~pl~!~~~' .pr~~~,<?,J!S}y. · , 
i;w.~ ~e~n~, ~~;:~~""1rcula,~~r,a,1~Poi":Y-: {.~te .• a.ttf~7l AttlJi, 
in,~reases ,yet2-,~·c ~jll:ce -!h,~ J~tiJfp, ~.jr; .c;p~).Qpc~ tr51goiis. ·, 
ar~ .. ~,w~Y,~&ffi\lte~ Jl,i~, t11~1~µ~d9pr. 9!!f!~ A }U?9· s,wvJJs~~~~\q 
t~,r,,supP.!4' CQ:z.fcOn~enf!'~~io~ ; "Y.i~ S:A-'I;f;~~!. ar~ . .h,ig~er:..,, 
thiit;i; ctho~r witho_1:1~ · -re~ebbr;sa~.se of ,h!g_her •. ~~cir,<;µl_~ti()D;: . 
r~f.:~~? ! o r :..: ~.- .. · -. = ·· ~· ·,~· ! .'!H:f.1 .:· q~ ~· u! :·~.~T .. 1r :::!F,_ f"' -: :q~~f? S 

P-1~'n'~.W ·ccf c'c:fncentr'ati~ri- · 1 
: , w ' Ls·i ·1 <, · ~ <. -' !-... ,, 

8 !. ! ;.:--~ r! -~ .. , jr~; . ..:: ~~; .. ~ \-r,.:1·· .. . ~ ... ~--.· · '.) .. ; '.".1-..; }·:~~./; ... · : ~. ·: . 

· ,· 1 .~~em11J.1, ~9.02':;CJ()~entliatioQs l are _-the ,same as tpo:;e of 
r~,ir~ul'lti.on and:e~ij~µst a\r. ciµe,t9, ,t_~ well-wixw .as sump" • 
tiQQ: r)I'hey are a\so th,e "~v.erages'1. o_f zon~l- CO:! .GQJlc.imtr~- , 

tiQ~.!t be~IJ.US.~ p l,emu:n~r i.!i ;~Q~ ·-~ixture,of ~lJzonal n~turo aji: .• 
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Low5u3~eJJwn .co2 cqnp~etrations mean more un~Wa~~ P,utr. 
conditioned air exhausted, i.e., more energy wasted. Similar ~ 

to the supply air C02 concentrations, control 2 has the lowest 
one. This does not mean it li~~' t~; _bestq1ir quality. 
Conversely, from !ID energy minimization point of y,iew, the 
higher_'ffie COi con&en t;lfk)ns the' ~etter, as long as: hr~y are 
be1ow'th satuYatfriR;vahie[that would res6it when iB~ sp.ec-
ifie1d O~ flow rate per ~e,r~tm is supplied. -~ •. -:c. .; 

,~,~ J 
0 

!J:'" " • .!~ · ~ • •'•"j -.: : •• : I J~/ l , 
Maxirtitim Zohal ccifconcentrations :G:. • '·:.;i :-.:· 

1
, ThiS lf~.w i; T~pl~ i. -~isplays (ii~, hjgn~st'.~o;? conc,€n~7 

tions for ~ch systero ,in a :Year:. ,}1ie va1u·&.·f?· ~ttc'n fl9ef,P2. not 
ne'6es~ari'lf.belon~ t9.1.tbf ' arQf zo.ne' fiQUJ d>oii~~ sp;at~~:i~ 
control 'strategy: 'A gto~ Control spjlfugx mµst n9.~ ~no'.w'.ffie.dd,, 

. / f!:. ., ~ ,,,,.:r '" .J . , .... >t, ·. ':) 
concentration to exceed the saturated Liriut of 1,000 ppm. ote 
thatthe conference room on!Jlt\s~~1~dr~BC?fJ~CJ,U.irf¥t2~:ejt:!p,~~c;1·-i 
Lis) per person, which makes the saturated C02 concentration 
eq'ual1 to· 974:J9:ppm. Flgur~ S '.snows:cofuj>'an~b'ns '6'f Q:E)r~ins 
arfibn·g11iffefent cdrl.ttoI''Sbitegi~ :for"·tfte11gr8und>floor? tllis·1 

figuf~ dis.plays flie ·fteq,~enct- ·of houi'ft~u1fi'Z6nal ~df' 
concentrations. Tlle''lioutly . IDlimufu' z(fn..Jt 002'toile~iitrat1on" 
is the C02 concentration of the critical .zone(s) si,nce all zone!i_ 
have the same OA requirement p~~6'dor?: b\'frereni1i&M!f &'t; 
differ¢nt lloW"tm&Yc;exhi.bit ~Jn~ C~:1ioncimtration . 

' . · A:s-ex~cted·, th~ fi~ fow:. p0.ntrolS:without$Ul}1irier temperti 1 

ing·cai.mot complycwith the ventilation .requirements. C~ntrol<l· 1 

hasithe worst ~mqualities amongith!t;four stra~gie$ on •all threi:~J 
floors, ·Most .of"'the more than .J,OOO~ppm,,ho\lffl:occur: during: 
mild..;!Seasons,:wben the '.oool-islg ·lmt.ds. ar_.e. extwmely.:low~. 'Jlte 

g . 
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SF.HYA¥~boxes, in the HVAC.,systen1ido I'Hl>t have.-'minimun1 
settings foll'cooling:i>Thetefore, the.primaryairflow !'ates.may go 
down:e~tremelyJ<>W.,reveMo,z.ero. Gomitrol 1I·brings in the;OA at 
fixed ·percent.agesci1i'het:>A :flow. rate is; low:whe11Jrthe primary 
airflow rate is low, even with:~high-OA pei:cehtage;·F.or.tunately, 
szyVA y bo)}rs.re~if~µIiit~ reWrp ai.t; froro the ,ple!lums. whjc)l 

~ o l '• ' '1 ~ • • .' -. • I \ ' ,. f ~ ,I ,'}... • - • ' • ' • . ' 

increas~s. a,~ the prir,n,ary a_t~ w ~te i.s decre3:~jna, l f. \h.~!-off 

boxes were einploy~41 4istF~P. of' S~PYA Von~~ _tJ.l~JD a.?;imum 
zonal C02 concentration might be far higher. Unlike control I, 
control' 2 has fixed OA flow hites:Although it provide$ better air 
quality than control I under the same tough conditions;'1he fan 
systems are not allowed to bring in the setpOint OA flow rates 

10 

when the cooling loads are low since th.etspaces:would· be oyer.J 
cooled. Ev.en when the OA setpoint is maintained, it does not ... , u ,... '1 • + ,.., I .f 'J I :l ~(_ ' t" 'n<I'\ ' • 

guarantee that enou~ OA is distril:iu ed 'to the crit!Cat zones. lo 

i~~~o~--~~~n:~( ·~ ~ci~~e~ ¥br~ ~~e;~-to:§~~ai'tio~ 1th~e 'QA 
tha~\c?~tii?1>_1 ; ~~~.Cihl~f,wheli th~ fc~,arre9ui;Cd OA ~6w ~~~e 
is 1ow:On tlie' dther·liand; control's 3-illd 4 bad been expected' to 

·"f i ~(y t~r· 'enn''ratio1h·.~quU:em'ents'· t:>t~'fore this researcli sr.uted 
siiic~ they'applied flie dN-iSE 'to determine the reqUlted ()}~/The 
Ma£ Zonal ·[C02) in'TaBle j aiiffFigiire 3 ~erif)?that they do 
haVe times offalhire~1 Failure occ\Jrs because llie prlmarY'.ai:r; 
which ·could ribtbrlrig iri etioughi OA at'lo-W ThenriaJ loads,1 is 
determined by the thermal loads:." Thi~ :defect can b6- eliminated 



" 

) 

with tempering, a situation that could require a boiler to operate 
during the off season. 

All of the last four <;ontrols with temlering comply with the 
ventilation requirement much better. cfi trots 5 and 6 always 
satisfy the GMSE, and their annual ,;, aximurn zonal C02 

concentrations never exceed the satuni\ d values, i.e., no OA 

deficiency. In controls 7 and 8, both th*st and second floors 
have four hours of C02 concentrations· i@?ir than their satu-

rate~ v~lues. Th~s is because controls 7_ : ci 8~o nO!J!· .. ieve th_e ~ 
ventilation requrrements when the cnt1cal zone1, pr ary air~ 
reaches maximum but is still not enough to redu~~ th«i:; · equired '· 
OA flow rates to the setpoint. In other words, rui\rer 'OA flow 
rate settings should be used under the F-limit control. 

Besides the OA deficiency during the cooling mode, a situ­
ation that does not happen in these fan systems blii: needs some 
attention is the minimum setting of VA V boxes for the heating 
modes. It is necessary that the minimum setting for heating be 
large enough to deliver adequate OA, since the primary airflow 
rates are fixed. Otherwise, the OA deficiency could occur in the 
heating mode. 

' 
Average Supply Air Temperature~ .fs' 

~~ 
Control 4 has the highest Ts value~ of the three SAT-reset 

controls since it reset the SAT to the tyghest available values. 
The difference between controls 6 and 8: is due to µiaximum OA 
flow rate settings and no optimi:zation for the phmary airflow 
rates in the latter. i 1 

CONCLUSIONS 

Without tempering at the terminal boxes, control strategiej; 
I through 4 could not satisfy the O~ requirements when the ther~ 
mal loads are low. Control l, with a fixed OA percentage, iS the' 
worst control strategy from a ventilation perspective. Controls 5 
through 8 comply with the ventilation requirements compl!ltel)',. 
Controls 7 and 8 can satisfy the ventilation requirements if the 
OA capacity of coils is selected properly. This coull:Fbe;a· ~hal~ 
Ienge at the design stage ifthe peak thermal load and ventilation 
requirement did not occur at the same time, and an error could 
result in Undersized.c,oils;J ~~ 'l; •. uc_;j '.! • '·"" :,H; .J, :;· ~iJ1 f''. ''\! 

n~: : ... :.\r,L ~:!~.6: ~ Li'. ~ - n :1~~n <. : :·'U r :l:JJ rtq J - , i ~J!'v·J · 

, F;;ovi ~1~c.?~?rru.~. P~!iP.~~~~~: ~_on.~p_!s ~ ~~,~ :~~1s1tme .. 

~!<l~~t ~~ilW~~;:1~j!tb~~;~~:Willt~~ ~:!Ji~~~~~ ~ti 
i.:·1 ·>:\"f': ,~':·a 1p:::, · -'.11:. -- ''· -A fl ... ; . ;; •:.~,,,~z .1 .'. :1fY: . , 

)%1J'Q!:~?:-3? 6 ~.fo ~e ~~?, . .<?,- _. }Vdflte ~~tt5t~~. b_ut,,w_N'; 
re~~~ ~.e f y,:st cost of f9iJs .. ,ig1~; ·9P~iP.'1)tr.~ : SP.i. : ;l~~s.7~1 al>ra}'.S 
had-a b~f?-?i1:I .~ffecr <?~ e.l}rr~. u~e; ~hq~ thf!~,i~1fit S,f\T re~~1t 
is n9.~ 1be~flcjW,from an,.energyperi;pec;tive andis not,r~c~~~ 
menc;iyd· i µi. s~W·· cpntr~I 6, (-:)<Vhic)l; e.mployeq ,b()tb optjmized 
pfirn.~. ~W}o~1 "* and SA, T) is !re mo§~ ecop()tnical con.troJ,, 
stra,tegy,~d.control;2,is-th(i''l\TO,I"St ' .. ~::~~ri: :.,i; r I·,, ·:rn 
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