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ABSTRACT can be around +18% that of air at standard indoor design condi-

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 fixed 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 concem 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
asingle 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
humidity. The density of air for summer or winter design days

tions. As a result, a volume-based QA 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 of local recirculation in fan-
powered variable-air-volume (VAV) systems, Ke and Mumma
(1996) generalized the multiple spaces equation:

_ X
Y= 1+X-F M
Nomenclature
F = (Z+ 8- X)/(1+S8), fraction of total OA in primary

supply air to satisfy critical zone;

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

X = Mo, /Ms,, the uncorrected ratio of OA to the total
primary supply;

Y = Moy/Ms,, the corrected ratio of OA to the total primary
supply;

Z = Mo/Ms,,theratio of required OA to primary air into the
critical zone;

Mo, = OA flow rate the critical zone needs;

Mo, = ’_2] Mo, , sum of the OA flow rates each zone needs;

Mo; = the OA flow rate zone i needs;

Moy = total OA flow rate corrected to account for recirculation;

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

Ms, = primary airflow rate supplied to the critical zone;
Ms; = primary air entering zone 7;

_{Z] Ms; , total primary airflow rate.
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TABLE.1 . :
De5|gn AII'ﬂOW Rates in Control.Strategies-1; 2 7 and 8 :u:
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1 OA Ratio 0.69276 etk 0.27186 e 0.40521 i
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As the OA flow rate, Mo;, for each room is determmed
according to Standard 62, the systematic total OA flow rate,
Moy, can be calculated from Equation 1. Applying Equation 1
cnsurcs cach space will have adcquate unused OA with‘a mini-
mum Moy.

Based on the above generallzed multlplc spaccs cquation
(GMSE), this paper first describes eight control strategies for
OA, flow rates in HVAC. systems. Thgimain components of the
HVAC system of an.existing library. building. were .modeled. -
Then, all eight control strategies. and the system model, were
programmed to perform annual simulations, for Harrisburg,
Penpsylvania. Finally, comparisons were made among different
strategies.
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VENTlLATION CONTROL STRATEGIES s

Several «control methods are used by HVAC engmeers to
determme the quantity of minimum OA drawn into an air-
handlmg unit (AHU) These methods may or may not sansfy,
vennlat:on requu-ements To attempt to achleve vcnnlauon
requ:rements wnh minimum, energy, eight control stmtegles for
VAV systems have been proposed They may be grouped into
two categones with and thhout local tempermg‘ capacmes for
the rlrst and last four strateoles reSpectwely A bnef description
of el;,ht common control strateales follows.

EURL T SR

1. Fixed Minimum Outdoor All' Percentage

3OSHTY 3 i 2
ﬁns control §ﬁ'ategy wﬁhout summer tempenng emp oys a

fixed tatio, Y’ value, of OA directly from the-outside to the total
primary’supply air except when'the' economiizer mode {5 dcti=":
vated, which usually draws more QA flow than the minimium up'
to' 100%.This strategy'is comrionly achieved: by @ fixed mini-
mum position QOA:daniper. Literature>has!reported-that:this
scheme results in OA deficiency during off- des!gn conditions
(Mumma and Wong 1990). The fixed mmuﬁum perctntage used
in the simulations was selected to be th }’value determmed by,
the GMSE at 15:00 on Ji1y 21 (T4bI& ). THis whsasslimed 16 be
the hour of peak cooling:load with the peak primary airflow rate.
From Equation' 1, the peak Mo, (sum of zonal OA requirements)
alone cannot.determing thet maximum Y; neither can the peak
Ms,, (sum of primary airflow rates). However, using the latter is
a conventional procedursito determine:the design percentage.

Z. F|xed Mmlmum Outdoor Alrflow Rate1 & , ; ,“,.
to Buildings Without Regard for Distribution .

This control strategy withotit summer tempérifig maintains
a constant induced OA flow Tate independeit’ of the primary
airflow rates as long asthe $ystein is not in the ecotiontizer modes
These fixed amounts; tisted in Table 1; were detetmined by usinjg
the GMSE at 15100 6 July 21. They are eaual ta the product of.
Y times the total primary airflow rates at that hour. It is possible;
however, for: the: fixed minimum riot' to be met ifithe primtary-
supply airflow rate falls below the fixed miftimum OA setting.
Furthermore, the fixed minimum OA settings at 15:00 on July 21
might not be the lowest throughout an éntiré- -yeat for the same
reason stated in strategy 1. V7T EA

3. Hourly Minimum Outdoor Air from the GMSE

This control strategy withoutisummertempering utilizes the
GMSE to correct the minimum required OA quantity continu-
ally as leng as the system isnot in the economizermode. That is,:
the' minimunt: QA flow: rate sefting 'is reset aceording to the
primary airflow'rate dynamically. Similar to the problem .in
control 2, theiprimary airflow rates,which'are determined by the
thermal loads; cannotbe adjusted without tempering. Therefore,.
a zofte might-be underventilated if its primary airflowrate isiless
than the required OA flow rate.

by o

4. GMSE with Supply-Air Temperature Reset ).

_.» This control strategy without.summer tempering is;similar
to;control :3.except that:it also allows supply-air temperature
(SAT) 1eset-The SAT: is increased (o. the. highest allowable
bounded by either duct;work capaeigy-or spacehmmdlty -Raising
the-SAT, increases the chiller’s: coefficient -of, performance
(COP)and increases:the hours of operating in fr¢e gooling(econ-
omizer) mode (Ke-and. Mumma 1997b). Every.time the SAT
changes; the minimum.QA -is recalculated -according to, the
GMBSE: Simlar tosstrategies2:and 3, the flow rate of OA entering
the: systems cannot, exceed that of the total primary airflow rate.

A nei) & -Ju*‘

5 GMSE V\ﬂth anary A.lrflow Optlmlzapon

15 [tmaysbe observed in-Equation 1 that bthowenngthe crits
ical zone’s Fvalue, the system OA 'quantity can:be reduced. Ke
and Mumma (1997a) proved that theicritical zone’s Fivalue can
be lowered by increasing the primaryrairflow rate to the critical

e
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zone. This control trades off the reduced OA load on the chillér. . 4"

with fan, tempering, and zone cooling ..erergyt inéreasds :.

(Mumma and Belin 1994). This-conflict creates an ideal eppor- - -

tunity for optimiization, or energy minimization. Slnce the objec- .
tive of optimization is to minimize the total energy consumption,
the objective function should, include af I¢agt the main epergy

items: coolmg (ehxller) heating humnd}ﬁcatnen femperm_gﬂnd e

fan.
The objectlve function follows Ke andMumma’s aloorlthm
(1997a) to redlstrlbute the primary airflow rate (Ms;) in ‘the”
GMSE by usingtempering. The goal is toreducethe energyused
to condition the QA as Well as. the ovérall energy used in the
system. Another benefit of using tempering is to satisfy the venti-
lation requiremients completely all'the time!¥Hen the thiermal
loads are t6b*low to require sufficient pHmary ‘aitflow rates to
carry adequate. OAs the VAY box minimums are reset to deliver
more primary; air=iso that the -ventilation requirements are
achieved. Megnwhile, tempering.of/the:primary air is;used to,
prevent overcooling. The optimum is achieved when the total:
nower demand has been minimized, with enwithout tempering,
angithe ventilation just satisfied. Since the OA requirements:and
thermal loads change dynamically, the optimizing-algorithm,
must execute-continnally with tlme T I S 1o 0
L [ I 4
6 T(.-7MSE W|th Combmed P{lmary Alrﬂow b g
and SAT Reset Optimization SRl I "

Ke and Mumma ( 1 997b) showed that increasing the SAT to
the hxghégt ‘afiowable* valtie * m‘féﬁt globally ‘tonsume ‘Ridre”
energy than noreset;but-an optimized SAT saves energy under
many..conditions: Thetefare, :in addition to: manipulating th¢"
primary airflow rate:in control 5; this-strategy also allows SAT
reset. Unlike €onventional SAT reset controls, which raisethe
SATid its:bounded limits, €.g.; bontrol 4, this'strategy increases
thei SAT: only: when :the' system energy consumption will be
reduceddr minimized; Consequently; thisdtrategy was expected
to-havebenefits of both optimized variables, tlnepmnany alrﬂow
rate and SAT. i i

afe

7. GMSE with GutdoonAir Limits (FLimit)

3.1 Stank@ (T993) presented a Z-limit method to'determink the
@A“ﬂb’w ‘réte af de91gn “conditi()nSffor sizmd smallér AHU'bb‘ils
Venﬁlatlon suﬁﬁcléncy xf the' ptf@*sét OA capamty is large éndugh. 1
Asi$héwn in Figurel, an AHU should'opefate o the "sol'i'd’ eurve’”
ofbelow. If the-thiérmal load-baséd operatibialipoint is 4t 4{ or -
any paint above the horizontzl line of the fiked tipper OA limity
this centrol strategy will Hove:it toward:-a‘point (B in Figure:T)
on the fixéd upper OA -lifnit ilitie’ by intredsing: the: primary -
airflow rate of the'ctitical space aifd tempering: If:the thertnal -
load-based operational point is at C, where the pnmary airflow
rate is less Than $he OA flow' irmnt‘ “thie Prithary Aiflow rate is®
resef to'equalthe required OA flow rate, i.e., thessystemioperates
on thesZ = l:line.Since the:Z value dominztes the. required QA
flow-rate-in the-multiple: spaces: equation; it is #hie appropriate:
variable use when-determining: the.design OA: flow rates-forj
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Flgure 1 For Z-limit method

i r'ﬁ

shut-0ff VAV systems. Héwevek, it is invalid for fan-powered
VAVsystems. Tmm'plexﬁent Stanke’s tfoncept in the GMSE, the
pararetdr F mustbe iiséd to'detéimine the O flow rates mstéﬁa'
ofiZ ' Whether Z orF* is uséd, the final goal of Stanke’s céheépt
is to limiit the OA flow rates. The concept is implemented irithis
strategy. 2
This control s basically amuch improved version of control
2 since it allows #*$ystém to operate below the OA flow {irhit.
Because the OA quantlty requu‘ed at the design conditions
greatly eéxceeds that requxred at other times, control 21ises exces-
sive enérgy. In addmon the AHU emplqymg control 2 must be
equlpped With very large heating and cooling coils to handle the
large quantmés of OA if there is no tempenng Tfrus it mlght be
a good 1dea fo hrmt the OA ﬂow rates wnhm prescnbed Timits.
The lumts were selected to bé’ the optimum 'values at de51gn_
hours; i.c.. the C5A flow ratés ofcontro[ 5at 15:00 ofJuly 21,25
listed in Table 1. If the required ¢ OA is higher than the limit; the
primary airflow rate must be iricreaSed and redistributed appro-
priately to mdllce the prgger quan‘tltg{ 9,f OA ot T i

8 GMSE w1th F-L|m|t and Optlmlzed SAT Reset

Tms contmhs similar tp controi 7 except that it alsorallows-
Opmnlzed,.SATmt.as discussed incontrol-6. Thisieontrol strat-
egy used the same; fived O Alimits as control; 76T able 1). The,
SAT:is #he only variable in the:objective. fungtion of the optimi--
zation: e miinimiga the to;aivcnergy COUSMPHION. - 101rizni izurn

FOTINDML ¢ e 1 ""1” T A
SYSTEM ‘DDE,HNGﬂ Eias : ng sl

i e g e A0 T
Dgs‘c[_p ions, fths Test Bundmg'- (5 5 2 o (

2Thetest bwrldma is a,college: library. located :in: soruth“
centrakPennsylvania, which has 18,260;141650,.and 14,670 .
fte ¢b,128, },35%; and 1,359:m?): for: the :ground,. first, -and
second: floors, respectively. The building”’s HVAC: system
consists:of threg.conventional variablezairevolumé (VIAV)



TABLE2 '
Comparison of Total Energy Consumption of Different-Control Strategies

Control fo Rattwt the Mysimon ool L -~ Total MBtu}lr (kW) % Max
Gnd Fl. - Ist Fl. . 2ndFL foede _
1 0:1947 02966~ | 0.3765" 58.85 (17.25) 86.78
2 0.2354 0.3039 0:4607 67.82 % (19.88) | ©1. 100.00 .
3 0.1990 02965 - 0.4102: 6142 (18.00) 190.57
4 0.1972 | ~:-0.3359 0.4289 TH525 - (19.12) 19621
5 0.1814 0.2950 0.3880 " 58.62 (17.18) " 8644
6 01779 © 0.2847 0.3558 55.50 _ (16.27)" . 81.83
g 10.1978' 03035 P 04686 - 61.57 (18.05) 9079
8 0.1944 02932 ' 03756 58,54 (17.16) 86,32

- ] A

subsystems serving the three tloors. The VAV boxes used'

throughout the building are. senes-type fan-powered VAV,
(SFPVAYV) boxes

The air-pandiing and cooiing capacities of the .three
AHUs are 7,640,-11;700,-and 12,980 cfm (3,605, 5,521, and
6,125 L/s) at 27.8, 42.5, and 52.1. tons respectively. The

VAV AHUs have variable-speed drives with tracking damp- © -
ers and controls as required to measure and adjust the OA and 3
airflow rates accordingly. The "AHUs aré”
eguipped with temperature -based.- air-side. economizers

recirculation

capable of handling up t6"100% OA. The outdoor design
conditions were 95°F (35°C) dry-bulb (DB) and,76°F
(24:4°C) wet-bulb (WB) for cooling and 0°F (—17. 8°C) for
. heating. The indoor desnon conditions were 75°F (24 4°C)

and 50% RH for cooling and 70°F (21.1°C) and 35% RH for -

heatmo
" In addition, 48 SFPVAV boxes (12, 15, and 21 boxes on
the ground, first; and second floors, respectively) are used-in

the building. The box flow rates rahge from 140 to 1,980 cfm_ - . _
RESULTS’ OF SIMULATIONS =~ . © g =

(66 to 934 L/s). The SFPVAV boxes have constant-speed -
fans operating continuously to circulate plénum air with

e
primary air to the zones. In this building the celhno spacenf
. »mh perfect accuracy’ and response for all eighit strategies, i.c.,
- the assigned OA flow rates were drawn without.deficiency. The

- results of the hourly floor-by-floor computer-simulated control

each floor is used as aretum air plenum. _.

Hourly Envelope Load Calculatlons

" The thermal logd for each zong served as the ba,sps for, ', s

most of the simulationand aptimlzatlon work in this research

prOJBct It 1mpacts not only the energy consumption but the =
quantity of primary air delivered, which is the vehicle for
providing ‘OA to the zones. This project used the Buijlding

Loads- Analysls and- System -Thermodynamics (BLAST
1993) prograrit with weather data of Harrisburg, Pennsylva—
nia, to perform: the hourly load calculations: BLAST was
used to generate the zonal,occupancy, temperatures, sermble

and latent loads, outdoor dry= bulb temperature and humldlty“

ratio, and return plenum temperatures for the system simu-.
lations. The ceiling spaces were treated ‘as. individual zones

were avallabte

Meclramcal Components Modelmg

B

“To perform the simulations and opnmlzanons each'of the |
components-that influénce the ob1ect1ve equation.-i.e_, cooling
(chiller), heating and tempering, hurnidification; and fan ener-
gies, must be represented by a computer model: The fan perfor-
mance was modeled by a second-order polynomial based on
manufacturers’ cut sheets: Components (such as water pumps
~and coolmg towers) that éxperience no sxgmﬁcant changes in
energy consumption -under different control strategies are
excluded from the simulations. The objective function is. the
equivalent hourly electnclty demand -To set up the objective .
function, 41l donelectrical energy consumption, such as stéam
heatfor the heating and ttmpéring ¢oils and humidifiers, had to .
be converted to the cost gquivalent of electricity. Agcording tg a
physical plant’s report (PSFEF1995), the costs of electricity and
g’as were $16.22 and $3.43/MMBtu, réspectively. Assuming all
- +hieat for the system is from gas, the conversion factor of heat to
electricity used in this research was 0.21.

--In thls paper it is assumed that the OA controls operated

systems for the test building are summarized in Table 2. To make
"an objective comparison, “all averdges were based on occupied
" periods (4,872 hrs/yr), except the average of corrected OA flow

~ rates, Moy. The average corrected OA flow rates were averaged

over-the hours of minimum OA operation, a number that was
_ different for each control approach From Table 3, the observa-
tions discussed below can be deduced.-

Total Prlm;ry Alr Mass Flow Rates Ms

j-- " The average’ values of the first three‘contr 'sj are ldentgcal

. bécause no tempering arid no SAT reset was.used. The primary

} airflow rates for those cases were determined by the thermal
in the BLAST modellno SO that the plenum temperatures y

loads only: Comparing control 4 with-control 3 (with and without
SAT reset, respectively), SAT reset Tesults in higher primary

BN-97-1-3°



TABLE3&

Ct’l

g s:2Annual Hourly Simulation Summary (English Units)« .t
Average Ms, Ibm/h Average Moy, Ibm/h = el & & Average Qoa, MBtu/h
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TABLE 3a;; (Continued)
Annual Hourly Sjmulation Summary (English Units)

Averpge Ts, °F Rem'arks

ctl | Gnd.FL | 1stEl. | 2ndFL |Descriptions ) crl

1 53.00 53.00 | 53.00 |Fixed.Qutdoor Air Percentage 1

2 53.00 53.00 53,00 |Fixed Outdoor Airflow,Rate : 2

3 53.00 53.00 5300 |Generalized Multiple-Spaces Equation (GMSE). . i +: 1, 3

4 5427 58.68 62.95,: |GMSE with SAT Reset S MR r i 4

5 53700 53.00 53.00. |GMSEwith Optimized Primary Airflow Rate. 5

6 53.97 54.18, 57.43  |GMSE with Optimized Primary Airflow Rate and SAT i 6
il 53.00 53.00, 53.00 . |GMSE with Outdoor Airflow Limit (F-Limit) g

8 53.97 54.18 5828 ~ |GMSE with F-Limit and Optimized SAT 8

. : TABLE 3b E
Annual Hourly Simulation Summary (Sl Units)
Average Ms,gm/s ' . Average Moy, gm/s ' 1 Average Qoa, kW

Cctl | Gnd.FL | 1stFlL 2ndF:4 | Gnd.Fl. | 1stFl. | 2ndFl. | Gnd.Fl. | IstFi dF. | Ctl

I 141272 | 241980 | 224043 | 1097.07 871.25 | ‘98326 |. 46465 |._ 6.6429 7.1785 i

2 141272 | 241980 | 224043 | 131345°] 96511 | 160998 50703 | 69306 | 7.8000 7

3 141272 | 2419.80 | 2240.43 | 109023 *|"»783:07 |[*1317.58 | 43793 | 64313 | 6.88i2 3

4 1484.95 | 3263.82 | 363689 | 109697 | 78752 | 116830 | 24378 | 25616 | 3.0546 4

5 1459.04 | 2426.54 | 2325.81 95857 | 709.99°“| 1152.02 -| 25433 3.1%14 | 39541 5

6. | 151259 | 257207 | 2739.72 | 96074 | 709.99| 98194 | 23921 | 26957 | 3091 | 6

7 145420 | 2456.56 | 225095 | 97332 | 72838 ‘| ‘125644 -| 24919 | 32061 | 4.0168 7

8 1508.66 | 2601.07 | 2687.11' | 97328 -| 72824 | 127.16'¢| 23338 | 27089 | 3.1416 | 8

. AverageFbhphp | - AverageQcc, kW& | AverageGhc, kW -

Ct! | Gnd.FL | 1stFl. | 2ndFl. | Gnd.Fl. | 1stFl 2ndFl. | Gnd.Fl. | 1stFl 2ndFL. | Ct!

1 08182 | 14538 1.1537 | 129023 | 208647 | 237825 | 15085 | 00000 | 0.2428 1
o | osis2 | 1as3s |7 11537 | 13347 | 21sss | 244114 | 41768 | o0z9s0, | ss31s | 2
3. |- 08182 . |- 14538 1.1537: | 12:6330 | :20.6538 -| :23.4856 | 2.0592. 0|:1:01533 | 2.9554. 3
40 198481 392 [57310084 | 12:2447 | 182735 Y1 119.7202¢ |102.1408 ©| T0.180F | ‘759605 | 4
s | 08409 | 14814 | 11756 | 126091 | 206874 | 233449 | 01276 | 06000 | 0.5690 | 5
6 | 08588 | 17259 | 14956 |.122266 | 188794, | 204377 |..0.1276. | . 90000, | 12012, ] 6.

7 0.8464 | 1.5007 11632 | 128010 | 207342 | 234272 [ 212786 =|. 00284 | 26167 g

8 0.8666xcf kP432. |1 114778 ¢ 1241527 [-18.9181 | 205137 | 12795 | 0.0298 | 4.0401 8
e Average Qhumd, kW Average Qtemp,"tlaii‘v PETET Ber Consumption; kW'~ =
ce) | Gnd,F,.| 1stBl.. ], 2048\ | God.Fl. | IstFl., | 2ndFl. | Gnd.B. | istFl. |. 2ndF. | Cel
Plebt .0178: [0 1079925 0814341 10.0222 4 0:1361 | 6.9771 | 3869%:| 58954 |1 74843 [0Sy o
"2 | 1e27 | ieose” | 25846 1| 00202 | 0361 7| 657 | derso” | godoa [Tousns T 2¢
3. | 11487 | 1ss28 | 1826 | 00222 | 01361 |, 65771 | 39555, |..58943. | 81526 | 3 .
4| 119087 1:9805 1.5361 0.0159 .| 00777 | 2i5937.c| 39204 | 66768 = |8.5260 |-4

R " : WmpTy 5 e B L0 4
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TABLE3b2! (Continued)
JJAnnuaIFHourly\Smuwuon 'SUmmary (SItnits)

5 0.7650 | -18129 | 10896 | 06156 | 02245 | 74290 | 36057 | 5863 | 7.7127 5
6 07637 | 18097 | 08298 | 06037 | 02205 | 58007 | 35356 | 56579 | 70724 | 6
7 09989 | 19060 | 14823 | 056767 [7-06213: | -67033 | 39311 | 6033t | 8.08f6 i
8 0.9977 1.9029 | 12474 | 0.5621 |7 0.6106 43939 | 3.8635 5.8281 7.4659 8
o _Avg. Primary Air [CO,], ppii | - Avig:Pleum [COyJ,ppm | __ ' Max. Zonal [CO,;, ppm
Ctl | Gnd.FlL l_si.Fl. 2ndFl. | Gnd.Fl. | IstFl. “{ 2ndF¥i- | Gnd.FL 1stFl. | 2ndFL Ct’l
1| 37754 | 43265 | 451477'|" 67840 |"7607.93 701.94° | 148895 | 1319.19 .| 213827 | 1
2 | 32161 41365 | 32620 |<62246 | -588.93 57667 | 122204 | 115987 | 125568 | 2 .
3. | 38403 | 44293 | 38408 | 684.89 | 61821 | 634.55 ‘|_1232.04 | 10d0.00 | 125568 3
4 | 39329 | 47709 | 48076 | 67815 | 60773 | e3641 | 11i262 | 100000 [ 100322 | 4
5 42235 | 44715 | 43547 | 71198 | 62182 | 667.89 | 100000 | 100000 | 974.39 5
6 | 42852 | 44872 | 485.13 | 70726 | 16150%.:] 68129 | 100000 | 1000.00 | 974.39 6
7 40337 | 44423 | 39510 | 69520 61631 M 64058 | 106000 | 100077 | 978.14 7
8 409.86 | 44573 | 44105 | 690.73 . 509 66l 64739 | 100000 | 1000.77:.:.978.14 8
, ;3w Average T, °C _ : - : T = 1 Rema_rk-sirl‘:;',r,-v,-, % _:g}- - I !
Ctl | Gnd.FL | 1stFl. | 2ndFl. |Descriptions - BT MR, s ~ | onl
T 1176)7 ,11;;67 1167 F 1xed Outdoor Air; Percentage 1 i ; 1z
i 2 1_1"6,7 _1“}_.6-7 « 1;1.67 .Fxxed Ou&ioor AlrﬂowRate i .L-;' . { * : ) 2
3 -,1‘.‘1;.67 | k1.67 - ” '171;.6_7 ) Generallzed Multlple-Spaces Equatlen (GMS-E} \. :,- Taabl . 3.
4 1237 | 1482. | 1720 |GMSE with SATResst = - 'y e T . 4
5 1167 | 1:67- | 1167 |GMSE with Optimized Prqnary Airflow Rate - 5 Vo irae o || S
6 1220 |} 1232 | 1413 |GMSE with OptimizedPrimary Airflow Rate and SAT yz.~ . . 6
1" 5 11.67 1167 11.67 |GMSE with Outdoop Airflow me(F-anlt) I
T8 1220 .y 1232 |, 1460 |GMSE w1th F-meand()pnmlzed SAT P ' g
C gmE 2 Rt s b __'. & o .:' }”1 k

mumOA ﬂow rate Irrsuch cases the system would be pIaced in
. theminimum OAimode: and summarized accordlngly Basically,
> céntrol 2-has the highést OA flow ‘rates among’thie eight strate-
mizes the total,energy consumpt,lon by increasing pnmary =« gies because 4t has fixed'minimum. OA settings. Control 5 has a
airflow rates 16 reduce OK Joads” Control 7 alsg, has higher ~ Tower: ayerage than control 3 because it mipimjzes ‘the total .
pmnary alrﬂow rates- than eontrol 2 beeause~control 7. uses——- energy censumptmn by mcmasmg pnmary mrﬂow rates to
tempering to increase the' primary airflow_rates_ as needed to" - te_d_uce OA Loads - (RN '
dehver the requmed OA when the thermai Iqads are‘low ; s T '

airflow rates —Slrmlarpatterns appear when controls 6and & are_" -
compared with 3'and 7, respectively. Control 5, which has:no.
SAT reset, has:d higher average than control 3 because it mini-

e R

Total Correcteg, Oyfdoor g-\u; Mass"FIow Rates"Mox,“ ,;‘ g

l\ ”|“ B i . “
The OA loads mdacate the enlergy ed to cool and dehu-

conditiéins of reiimair if thé cobling coils are |
, they areindices of the total OA entering the -

*"This item in’ ‘Table 3 lists: the annda‘l averaoes offatnial OA ' fy C
flow rates entering the AHUs in-the T minimum OA mode, which . :on. Accordi
meanis the OA’is equal to or less than the amount fequired to ™ ‘systems. when the chiller is on. As expected, ‘adding tempering
comply: with the GMSE. Dependirig on the control srra:egy‘ - and primary axrﬂow ‘optimization {control-5) results in much--
system might be'in the ecoriomizer mod¢ from a température **-lower OA loads than a-scheme, w1th6uLoptmuzaﬂQn (control 3)...
standpoint but-be unable to.deliver the requlred minimum OA ~ In addmon the SAT :teset reducesthe OA -ldads because it ;
flow rate, i.e., the total primary airflow rate is less than the mini- increases the potential for free coolmo

BN-97-1«31 T



Fan Power, Fbhp

Fan power presented here refers to that of the AHUs. The
SFPVAV box fans are assumed to draw constant power regard-
less of controls and are not included in the numbers. AHU fan

power is a function of the total pressure drop across the systems -

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 strategies follows the same trends as
the primary airflow rates. In addition, a lower bound of 0.75 hp
on ifie manufaciure cui sheet curve fii daia was sei for each of the
three air handler fans. Since the averages.of the first floor are all
below 0.86 hp;-6nly'15% higher than the minimum, this implies
that the fan system is often operating at minimum power.

Cooling Coil Loads, Qcc

The cooling coil loads mcluqle both the building thermal
loads and QA loads. If tempering is used during the cnolmggfl

mode to satisfy ventilation reqyirements, the tempering heat alsq_;.
becomes a part of the cooling coil loads. There is no SAT reset

or forced local tempering (i.e., no cooling primary aitflow mini-
mum settings) in the first three control strategies. The differences
in cooling coil loads among them are mainly trom the difference
in OA flow rates during cooling. The SAT reset decreases the
required local tempering, thus usually reducing the cooling coil
loads (Ke and Mumma 1997b). That is why the control strategies
with SAT reSet have lower coohnb coil loads than‘their counter-
parts.’ S e i
. H " Al ; ! GRS

Heating Coil Loads th ook

The ﬁrst floor has the lowest heatmo Q)Qll loads for all elght
control strategies because. It is the mlddle level of the bulldmg
and has the least exposure to outmde, In addltloh, since higher
SATs result in higher heating coil loads butno SAT reset is used
in the first three contro] strategies, the differences in hgating coil
loads among them can be accounted for by the vanous OA flow
rates during the heatmg season. As expected because winter
tempering is shifted to the heating coils, controls 4, 6, and 8 with
SAT reset have higher heating coil loads than their counterparts,
conu'ols 3, 5 ‘and 7, respectwely :
Humidlflcatlon Loads Qhumd Seachlss

i 1 e Sl I A R R
sl e humldlﬁer iS mterlocked w1th the coolmo cmls ie, ;t
is off when the, ceolmn coils are: Qn. Therefere most humidifi- -
cation occurs, in. theheatmg seasqns. Basically, this item follows
trends. sumlqr tothose of the heating le loadsiy - -

B 2 B R G

Tempermg ILc::;;\qls, Qtemp o l‘ o

The building automation system was des1gned 10 set any iof -
the SFPVAV boxes to their minimuh primary airflow setpoint
wherl a zone needs heating. The fumbers in the rows of the first
three control strategies in this‘item in Table 3 raetely reflect the
total zonal heating Idads'of each system. If a zorie'calls for heat-
ing, SAT reset caf reduce the'tempering enéigy since more heat-

ing comes from the AHUs. This is why control 4 has lower
tempering energy than contro] 3, control 6 lower energy than
control 5, and control 8 lower energy than control 7. In addition,
the difference is more significant on the second (top) floor than
on others because its roof exposure causes the heating require-
ment to be much higher. o

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 are converted
to equivalent electricity power in Btwh (kW). The total equiva-
lent electricity power consumption rate constituted the objective
function in the optimizing strategies. The item in.Table 3 and
Figure 2 illustrates that controls 2 and 6 have the highest and
lowest power ‘consumption rates, tegpectively. Control 6
consumes 81.8% &f the energy of contrgi 2 (Table 2). Note that
the energy difference would have been even greater if tempering
were used with control 2 to ensure more adequate ventilation. In
general, the SAT reset will reduce the chiller energy consump-
tion but will i mcrease fan érergy use 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 fan energy puts SAT:ata disadvantage.
For example, on the first and second floors, using the control 4,
non-optimized SAT reset, there is an energy consumption
penalty. From an energy perspectlve control’5 and’ control 8 are ;
about equal among the group with tempering because’ they Opt!-
mize different variables—one the fotal primary airflow rat and
the other the SAT. Control 6 is clearly the best ‘because it opti-
mizes s both SAT and ventilation atrﬂow/distnbutlon "

BRSSO R

Supblﬁ lkir COo, Concehtrati.ons e

b b o agih
- A good ventilation' comrol stratevy must notonly consume
as’little energy as p0551ble but satisfy indoor-air quahty' To"
compare air ‘freshnéss ‘among different cotitrol stratégies, the
CO, concentration was usel'abhan Hididator Since thé Fansient
effects and ventilation effecfivéness are beyond'the scope of this
paper, a steady-state and well-mixed’model was assumed: So
modeled, the CO; concentration at any point in the system was
calculated from the mass balance. In system simulations, the OA’
CO, concentration was assumed to be 300 ppm. With assump*
tions of 1:2 met metabolic fate and an OA requirement of 15 cfm_
(7.1L7s) per person, the'saturated CO, conceitration is 1,000
ppm forthé g c,round arid firstfloors. On the second floer; aconfer-
ence ‘room ‘required 20 cfin (94 Lis) pér person. When the'
conference' room is critical, its'saturated CO, concentration is ‘
858 ppm. A surrounding space that requires 15 cfm/person (satu: -
rated CO, concentration of 1,000. ppmlhas a commderp m‘avlm-
mum CO, concentration of 97439" ppm. This space is not the
critical one, even though 1tf§ C02 cohcent‘ratlon eXceeds that of

ovet the saturated values is de51rable from dn energy minimiza-
tiof petspective. Futther; the‘mere uniformi the COy coricentra-

BN-97-1.3~
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tions, the better the vpntrlatron a;r 1s bemo dlsmbuted and energy
use muumnzed

Among all control strategtes? control 2 has the lowest
su plﬂ/ t’lOz concem;rat;ons ata consnderable pnergy per}aLty
This 1mplles control 2 hasthe hlrg,hest average OA \ percentage
inthe prlmary air. However, ahigh percentage does not guar-
antee good zonal air quahty, which depends on both quanti-,
ties and distributions. Conttof§"3 arid 6 use tempeﬁh@ to’
mapage. the.prs,tnbut;on of DA, so they.tepd to haye higher
prlmaryl alr CO, coggentratlons.,]rhey also are. able ta keep.
tha.zone concentrgqonﬁdust at saturation,. thus prov1d1n°
cqnsrderable energy savings. Controls 7 and 8 also employ _
tempering, but they have maximum OA seftings, which pull
down.the average COz concentratlon§ ARG, B

SAT reset increases the primary a;rﬂow and may,,
deqrease the OA flow rates }n SF PVAV systems.if. the yenti-
lat{wn quutre;nergts are satl§fi§!d as, explained, prevmusly .
Tbgs :means., the- reglrculathm arrﬂow rate., at-the AH[L[,,
ingreases \ﬂuth $,AT S}nce the return, a;r C02 c.oncentratrons \
are glwaysarﬁater than the outdoor ones, itis no surpr;sethat )
tbe supply CO;_,r,eoneentxatlong with SAT reset.are. hxoher
than, those. wrthout reset\because of, hrgher recucplatnon
r@f‘,:‘?ﬁa R TR -

rec1rculat10n and exhaust air due t¢-the well-mixed assump-!
tion: They are also the. “averages’.of zonal CO, goncentra-.
tiong because plenum-air igthe mixture;of all zonal return ajr. .

BN-97+1:3

lenum CO;, oencentratronsxare the ,same as those of

SRR

it NAtT e

g LAl 12 L 1 b T 4
Lowe{)gfenum CO, concentrauons mean more unvnla;ed but
conditioned air exhausted i.e., more energy wasted. Sumlar
to the supply air CO, concentrations, control 2 has the lowest
one. This does not mean it has: thg: best:air quality.
Conversely, from an energy minimization point of vxew the
hlgher the CO, concentrations thé Better, as long as they are
below the saturation’ values ‘that would resdit when the spec-
lﬁéd PK flow rate per ﬁerson is supplied . e
VSt 3s wr 2t

Maxirfitim’ Zonal COz'Concentratlons G PuIES

5 This |tem m Table 3 dxsplays the hwhest CO concentra—
tions for each system m a year. The values fﬁr each ﬂoor do not
necessanly belong to the §ame zone from control strate Clto

control: strategy A good control strategy must nqt allow the
concentration to exceed the saturated limit of 1 0007 ppm. f\l’ote
that the conference room onthe.second. ﬂoogeqmrqszqct}pi(?ﬁ v
L/s) per person, which makes the saturated CO; concentration
equal to 97439 ppn. Flgure 3-shows‘¢omparisdis'of COg‘bms
armong"diffeent édntrol’stratégiés ‘for the''ground floor.’ This !
figure displays the frequency of hour Ty hvaxirmiih’ Zonal €05
concentrations. The houtly iaxinium' zonal CO5 torcentration:
is the CO, concentration of the critical zone(s) since all zones
have the same OA requirement i erdori: Differerit S &'
different hours may: exhibit the:maximum CO:cohcentration.

+,- Asexpected, the first four controls:-without symmer teriperyi:
ing-canniot comply-with the ventilation requireinents. Contvoll .
hasthe worst air;qualities among the;four stratggies on all threg!y
floors. ‘Most of-the more than 1,000-ppm,;hours:occur during -
mild.seasons, when the:cooling Joads are extremely low:, The
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SEPV.AV.boxes in the HVAC: systent/do net have minimum’
settings forcooling:sFherefore, the primary:airflow rates may go
down:extremely:lowevento:zero. Control 4 brings in theiOA at
fixed percentages:The OA flow: rate is: low -whemwithe primary
airflow rate is low, even withia high-O A pércentage: Fortunately,
SFPVAV boxes recnrg.ulate return air from the plenums, which
increases, as the primary alrﬂnw rate is decreaqmp If :hm—nﬁ'
boxes were employed, mstFad of SF PVAV ones, the Jmaximum
zonal CO, concentration might be far higher. Unlike control 1,

control 2 has fixed OA flow ates: Although it provides better air
quality than control 1 under the same tough conditions;-the fan
systems are not allowed to bring in the setpoint OA flow rates

10

(b) Control Stratcgles 8 lo 8

7 i ¢

AL e e DR 2

Wyt s
when the cooling loads are low since théispaces:would be owez-
coo'led 7Even when the OA setpomt is maintained, it does not
guarantee that enouc,h OA is djstnbuted o the cntlcal zones. In
adc‘imou comrol 2 consumies more enerpy 0 condmon the OA
than control 1, especnally when the actual requxred OA flow rate
is Jow. On the other hand, control§ 3 and 4 had been expected to
samfy the ventilation requxrements before this research started
sincé they applied the GMSE to détermine the required OA>The
Max: Zonal {CO,] in Table 3' and Figure 3 verify’ that they do
have times of failure Fallul‘e occurs because the pnmary air;
which ‘could riot bririg in efiough! OA at low thérmiat loads, is
determined by the thermal loads: THis defect ca be-eliminated

( e I R 4 T BRLT T T
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with tempering, a situation that could require a boiler to operate
during the off season.

All of the last four controls with temgermﬂ ¢ comply with the
ventilation requirement much better. Cgntrols 5 and 6 always
satisfy the GMSE, and their annual maximum zonal CO,
concentrations never exceed the saturated values, i.e., no OA
deficiency. In controls 7 and 8, both theglrst and second floors
have four hours of CO, concentrations xah r than their satu-
rated values. This is because controls 7 altd 8donota
ventilation requirements when the critical zone{ﬁ pr,"
reaches maximum but is still not enough to reduce thef quired
OA flow rates to the setpoint. In other words, hiﬁher 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 bt needs some
attention is the minimum setting of VAV 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 QA deficiency could occur in the
heating mode.

Average Supply Air Temperaturé, T F.

Control 4 has the highest T values of the three SAT-reset
controls since it reset the SAT to the hjghest available values.
The difference between controls 6 and 8 is due to maximum OA
flow rate settings and no optimization for the primary airflow
rates in the latter.

CONCLUSIONS L

Without tempering at the terrninal boxes, control strategies
1 through 4 could not satisfy the OA requirements whén the ther-

mal loads are low. Control 1, with a fixed OA percehtage, is the®

worst control strategy from a ventilation perspective. Controls 5
through 8 comply with the ventilation requirements completely,.
Controls 7 and 8 can satisfy the ventilation requirements if the
OA capacity of coils is selected properly. This could’be"a chal-
lenge at the design stage if the peak thermal load and ventilation
requirement did not occur at the same time, and an error could
result in imdersized coilsi et

DT ang

From an economlc perspectwe controls 5 and 6 consume‘
thg Ieast enervy, have the lowest demand and always meet Stan—

ol TR BT i ey

coptrols . and 6 due gto the 1i qu OA flow rate settmas but ;nay
redyce the first cost of coxls T’he oPtmnzeq SAT, rfasetl always
hada benﬁﬁcxal effect on eng:roy uqe whilg the,h:bhcqt SATreset.
is not beqqﬁc;al from an energy perspective and-is not recom::
mended JIn.sym,. Qontrql 6.(which employed. both optpmzed
primagy. airflow rate.and SAT) is the most economical control,
strategy.and control.2.is thg worst; | -

SEgHr all vk ey
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