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Increased building indoor air quality (IAQ) complaints due to reduced outdoor air ventilation rates led to
ASHRAE Standard 62-1989. Even though the stipulated total outdoor ventilation flow rate may be drawn
into the HVAC system, thermal imbalances in the various zones of the building can lead to certain zones
being starved of the specified ventilation flow rate thereby creating localized IAQ problems. The objective
of this paper is to compare the energy and IAQ implications of different practical outdoor air ventilation
strategies all of which are identical in performance at design conditions but which differ under part-load
operation. A simulation methodology and a computer program have been developed to predict the heating
and cooling energy use of a two-zone terminal reheat variable air volume (TRVAV) system during part-
load operation specified by varying outdoor temperature and humidity conditions.

The trade-off between IAQ and energy use are studied for the following ventilation strategies for a typical
10,000 M commercial building: (i) constant outside air intake based on a value 20% higher than the
ASHRAE minimum ventilation rate, (ii) constant ventilation air intake fraction, and (iii) ventilation air
intake based on the unfavorable zone requirements (even though the other zone may be over-ventilated).
Another issue which has been investigated is the manner in which the size of the building affects energy
use and IAQ. Finally, we use bin data for Dallas, TX (a moderately hot and humid location) and Seattle,
WA (a mild location) in order to determine the energy and IAQ implications of different ventilation strategies
on building location. The effect of economizer cycles and of varying ventilation strategies depending upon
diurnal building schedules have not been considered in this study. The results of this study will provide
energy managers and HVAC designers insights into how to better operate/design TRVAV systems that
will satisfy IAQ criteria while minimizing energy use.

OBJECTIVES AND SCOPE one air handler unit can lead to certain zones being starved of

the specified ventilation flow rate thereby creating localized
indoor air quality (IAQ) problems (see for example, Filardo
1993). The objective of this paper is to compare the energy
and IAQ implications of different practical outdoor air venti-
lation strategies all of which are identical in performance at
design conditions but which differ under part-load operation.
Note that in this paper, we shall use the term IAQ in its
narrow sense by relating it only to the ventilation air flow
requirements. Hence when we say that IAQ is satisfied in
a zone, it would merely mean that the ventilation air flow
rate to that zone is equal to or higher than the ASHRAE
stipulated value.

The importance of indoor air quality (IAQ) has increased
significantly during the last decade since demographic stud-
ies have shown that currently people in the United States
tend to spend up to 90% of their lives indoors (SMACNA
1993). The drive for energy conservation during the 1970s
and the advent of variable air volume (VAV) systems that
were often not operated properly led to reduced outdoor
ventilation air flow rates which brought about an emergence
of building air quality complaints resulting in ASHRAE
Standard 62-1989 (ASHRAE 1989). The standard specifies
maximum concentration levels of common indoor contami-
nants and also establishes specific outdoor air ventilation
requirements for various building types. For most office-type In order to limit the scope of the study, we shall only consider
applications, the ASHRAE Standard prescribes a ventilation the generic terminal reheat variable air volume (TRVAV)
rate of 7.5-10 I/s (15-20 cfm) per person as a means ofsystem because of its widespread use, and also overlook the
controlling the various indoor air pollutants. effect of economizer cycles which are widely used to lower
energy costs. Though economizer cycles may provide ade-
That increased outdoor ventilation flow rates will increase quate outdoor air flow rates when operating under certain
building energy use has been pointed out in several studiesoutdoor temperature range, typically 5° to 15° C (40° to
(see for example, Taylor 1996; Rengarajan et al. 1996). 60° F), they are a second level strategy which will not be
However, given a total building ventilation flow rate, thermal studied in the framework of the current study. Further, we
imbalances in the various zones of the building served by shall also not consider scheduling related ventilation strate-
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gies (such as “slow roll” of air-handler units and demand pumps and chillers) models as well as their part load effi-
control of outdoor ventilation air flow rates depending on ciencies are not included in the simulation. Finally, it is
indoor CQ levels). We shall assume a typical medium-to- assumed that the heating and cooling coils are of infinite
large office building serviced by a single air handler unit, capacity, i.e., they are able to heat or cool the air streams
and subiject it to three different ventilation and control strate- to the desired temperature levels at all times of the year.
gies. The objective of the first part of this study will be to

investigate how these strategies would affect IAQ and (p) Most commercial buildings have multiple zones which
HVAC air-side heating and cooling thermal energy under even under idealized conditions may simultaneously call for
part-load operation (specified by variation of outdoor dry- poth heating in the outer zones and cooling in the inner
bulb temperature). Next, we shall vary the size of the build- zones. The simplified systems approach assumes that the
ing and study how this impacts energy use and IAQ under commercial building to be conditioned can be partitioned
part-load operation. Finally, the effect of building location into two zones only, with one exterior or perimeter zone
and size will be studied by assuming bin data from two and one interior or core zone. Most office and commercial
widely different locations and simulating annual energy use bu||d|ngs can be Conceptua"y broken down thus because
for these strategies. The results of this study will provide office spaces are norma”y designed adjacent to windows
energy managers and HVAC designers insights into how and so form a ring around the perimeter about 5—7 m (15—22
to better operate/design TRVAV systems that will satisfy ft) wide. Corridors could be either lumped into the perimeter
comfort IAQ criteria while minimizing energy use. zone (if office doors are normally left open), or lumped into
the core zone. Further the two zones are assumed to have
identical zone set point temperatures and the internal loads
are shared between both zones in proportion to the condi-
tioned floor areas. Finally, solar and transmission loads are

} ) ] ~assumed to affect the perimeter zone only.
We decided not to use any of the public domain detailed

HVAC system simulation software (such as DOE-2,
TRNSYS, BLAST,. . .), but instead, use the simplified sys-
tem simulation approach initially developed by ASHRAE
(Knebel 1983) and later, because of its simplicity and accu- (©
racy, found to be very appropriate for (i) enhancing the

basic understanding of how HVAC systems perform when

subjected to different operating and control conditions, (d)

SIMULATION MODEL APPROACH
AND ASSUMPTIONS

Other assumptions made are listed below:

the analysis considers steady-state heat loads of the
building;

the thermostat set point temperaturgid fixed at a

(i) inverse modeling (i.e., reconciling monitored energy use
with engineering models) for retrofit energy savings determi-
nation, and (iii) for detecting and assessing the impact of (e)
operating changes on energy use and comfort. Numerous
papers on this approach are available (Katipamula and Clari-
dge 1993; Reddy et al. 1995; Liu and Claridge 1995), and ()
so we shall but briefly describe the two basic assumptions
made and the corresponding implications.

(@) Multi-zone commercial buildings often have several
HVAC systems which could be of different sizes and differ-

ent generic types. The simplified systems approach assumes
that all HVAC systems of the same generic type can be )
effectively treated as a single HVAC system. Note that the
objective of this approach is not to obtain accurate predic-
tions of energy use for design purposes, but rather to be(
able to make meaningful comparative evaluations of various
different control and operating strategies. Further, heating
and cooling energy use (channels which are typically mea- (1)
sured when continuous monitoring is done for institutional
buildings such as in the LoanSTAR program (Claridge et

al. 1991) in the framework of which we have refined and
adopted the simplified systems approach) and not the pri- (k)
mary energy use will be simulated. The equipment (boilers,
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mean yearly value;

infiltration loads are assumed negligible or considered
part of the ventilation loads;

solar gains are a linear function of outdoor dry-bulb
temperature (Vadon et al. 1991);

daily internal loads consisting of heat gains from lights
and equipment and from occupants are approximately
constant over the year;

ducts are perfectly insulated and have no air leakage;

no economizer cycle is present (as already stated in
the scope of the paper);

there is no system to humidify the supply air stream
if itis too dry. This is common in most office buildings
in the southern United States;

constant cooling coil cold deck conditions (i.e., con-
stant air stream temperature and humidity).



MODELING METHODOLOGY ratio of internal latent load to the total internal sensible load

(ks-q.r) Which appearsnly when outdoor specific humidity

W, is larger than that of the conditioned space. Such a model
is adopted in order to be as closely consistent with actual
HVAC system operation as is possible. Building parameters
used for simulation input are shown in Table 1.

Building loads

We shall assume the sign convention that energy flows are
positive for heat gains and vice versa. The building loads
include (i) internal loads (sensible including gains from peo- . )
ple), (ii) solar loads (both direct and transmission), (iii) shell Rated and minimum supply air flow rates

transmission loads, and (iv) infiltration and ventilation loads ) ) o ) ) )
(both sensible and latent). The engineering principles governing energy use in practical

HVAC systems as well as algorithms for simulating the
It is usually the electricity used by lights and receptacles hourly performance of such systems are well documented
inside a building which can be conveniently measured. In in the published literature (ASHRAE 1993; Knebel 1983),
the absence of exhaust fans and vented lighting fixtures, thisahd we shall assume that the reader is familiar with them.
use, @z, appears as a portion of the total sensible internal Only a brief description of the modeling equations is
loads. Heat gains from people consisting of both sensible 9IVen below.

and latent portions and other types of latent loads are not N o
amenable to direct measurement and are, thus, usually estil-et A and A, be the conditioned floor areas of the interior

mated. Since the schedule of lights and equipment closely(0r core) and of the exterior (or perimeter) zones respec-
follows that of building occupancy, a convenient and logical tively, and A be that of the entire building. The rated supply
manner to include the unmonitored sensible loads is to mod-air mass flow rate per unit conditioned aream is deter-

ify g by @ constant multiplicative correction factar(kypi- mined such that, a supply air stream atuig(assumed to
cally in the range 1.05 to 1.3) which accounts for the miscel- be equal to 11° C or 51.8° F) and 90% RH can meet the
laneous (i.e., unmeasurable) internal sensible loads. Thus

(@) + () + (i) = drkA + as (1) Table 1. Values of Various Building Parameters
+ byT, + UA(T, — T) Used for Our Base-Case Simulation
where A is the conditioned floor area of the building. Parameters Sl Units British Units
The slope coefficientdy of the linearized solar function is A 10,000 nt 100,000 ft
normally small compared to the WAerm (Katipamula and
Claridge 1993). The term (UA+ by,) can be viewed as an T, 22°C 71.6°F
“effective” building envelope coefficient which includes
the linearized solar contribution (Knebel 1983; Vadon etal., | RH, 50% 50%
1991). It is thus more convenient to rewrite eq. (1) as
Qe /A 32 W/ n? 32 W/ fe

() + (i) + (i) = qrkA + aq (2) ki 0.2 0.2
whereay, = ag + bl [ — 0.6 X 1073 kg /s/ nt 0.1 cfm/fe
Usually the latent load inside the building is much smaller | U* 25 W/ nf/°C 0.44 Btu/ft/hr/°F
than the latent load from ventilation. Indoor comfort can be
maintained by closely controlling the indoor air temperature Asl A 0.56 0.56
(which thermostats normally do) and seeing to it that during Al A 0.68 0.68

the equipment design phase the HVAC system is so rated
that the indoor air relative humidity levels do not stray
outside a broad range (typically between 30 to 60% relative
humidity, ASHRAE 1993). Hence, indoor humidity is not

a variable which is usually controlled on a continuous basis.
Thus, a simple manner of treating internal latent loads is to
introduce a constant multiplicative factor defined as the

*Chosen 20% higher than ASHRAE stipulated minimum
*Includes glazing (30%), linearized solar loads and infiltrg
tion.
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peak cooling loads (sum of sensible and latent) of the entire level, for example,#étnény = 0.3. Such an operation,
building. The cooling coil leaving air conditions have been referred to as “slow roll”’, reduces energy use, but, as stated
chosen such that the specific humidity of air leaving the earlier, such strategies are outside the purview of this paper.
cooling coll is slightly less than that of the zone (i.e,, T

=22° C and RH = 50%). This would assure more or less Supply air flow rates

acceptable specific humidity levels in the zones during year-

round operation. In this paper, the peak cooling loads are The supply air flow rates to each zone are determined as
assumed to occur at, fesign = 37° C (98.6° F) and Rkesign follows. For the interior zone:

= 50% (see Table 2). The value of;gy = 0.00558 kg/s/
m? (0.92 cfm/fe) for our base case building shown in Table 2 M- At = ma){m"i”'A*"“ Tz —
has been determined in this manner.

qLR-ks-Aint
c(Tz - w] @)

The minimum supply air flow rate per unit conditioned area and flow rate through the exterior zone

My, to the conditioned space cannot be assumed to be the
minimum outdoor air flow rate required to meet indoor air
quality constraints. Indoor comfort requires a minimum sup-
ply air circulation rate (or air velocity) which is larger than
the minimum outdoor ventilation rate. For office spaces, Tz
ASHRAE (1993) stipulates a value of about 3.6-54
1073 kg/s/nt (0.6—0.9 cfm/ff) for the minimum supply air
circulation rate. We note from Table 2 which presents the
inputs to our simulations that while (f/Mgaed = 0.1075,
(MmidMraed = 0.60. Note that this value is appropriate for
occupied hours. During unoccupied hours, some building

energy managers force the air handlers to operate at a lower _ _
Heating and cooling energy

Mot Ao = ma{mmin AV (4)

_ as’,ol + qLR-ks-Aext+ (bsol + UAS)(TO — TZ)}
c.(Tz — To)

Thus the total supply air flow rate per unit area

m = (Mot - At Z Mey-Aexd (5)

Heat and mass balances at the air recycle point will yield

Table 2. Additional Parameters Used in Simulating values for T, and W,

the TRVAV System for the Base Case Building

The expression for cooling energy is made up of sensible

1. Design conditions: cooling and latent cooling:

Outdoor air: T gesign = 37°C (98.6° F), RElgesign =
50%,

Tesin = 11°C (51.8° F), Rig =
90%.

Ec = mA[C.(T, — T + h.(Wy — We)*]  (6)
Cold deck: where w: is the specific humidity of air atdf= 11° C and
RH = 90% (see Table 2).

2. Rated building supply air flow rate per unit

conditioned building area for all three strategies: The sign convention () signifies that the term within the

parenthesis should be set to zero if negative. The expression

Mraed = 0.92 cfm/fe or 0.00558 kg/s/mh
. Minimum allowable supply air flow rate to rated flow
rate for all three strategies:
(Mpyi/Mraed = 0.60
. Minimum ventilation air flow rate to rated flow rate

for Strategy 1 (the former is chosen 20% higher than
ASHRAE minimum):

(mv,min/mRate() = 0.1075
. Part-load system operation simulated by varyigg T

only from—12° C (10° F) to 37° C (98° F) assuming
RH, = 0.5 and constant internal loads.
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for the heating energy is

B, = mnt-Aint-C-(Ts,int - TC)+ (7)
+ rnext-Aext-C-(Ts,ext - TC)Jr]

where T and T are computed from sensible heat bal-
ances on the individual zones assuming supply air flow rates
determined by egs. (3) and (4).

DIFFERENT VENTILATION
STRATEGIES STUDIED

A number of papers have discussed the issue of how to
operate and control VAV systems for acceptable building



ventilation (for example, Sauer and Howell 1992; Filardo re-balanced and re-commissioned after retrofit since this is
1993; Cohen 1994; Janu et al. 1995; Kettler 1995; Gill 1996). usually done in summer when m is high. Hence strategy S2

In this paper we shall not consider the practical issues of simulates a practical problem often encountered when
how to implement the various ventilation strategies chosen HVAC retrofits from CAV to VAV are done. While simulat-

but will limit ourselves to providing the conceptual basis. ing this ventilation strategy, we shall assume a valye of (m
The ventilation air flow rate needs to be known in order to m) = 0.1075 in order to be consistent with S1 under design

use the heating and cooling expressions shown in section conditions. However, the equivalence does not hold during
3.4. In fact, the basic objective of this paper is to study how part-load operation since under strategy S2 the outdoor air
energy use and IAQ vary when different ventilation air flow flow rates are reduced in proportion to supply flow rates.
strategies are chosen. Since the ventilation standards are

specified in terms of unit occupant while we wish to perform S3: Outside air intake based on the unfavorable zone

our simulation on the basis of unit conditioned area, we requirements (even though the other zone may be over-

shall assume a widely used value of 1#auacupant (180 ventilated). The previous two cases merely assumed that
ft#occupant). We shall now describe the various ventilation drawing in the required ventilation air flow rate into the
strategies studied in this paper. HVAC system would satisfy IAQ requirements of individual

zones. Because the individual zone to total supply air stream
S1: Constant outside air flow rate based on total fresh air fractions of both zones are usually not equal, one zone may
requirement. We shall assume here that the outdoor ventila- be starved of ventilation air while the other may be over-
tion air flow rate is constant throughout the year and satisfiesventilated. Strategy S3 will guarantee that each zone is sup-
the minimum outdoor air flow rate of 7.5 I/'s (15 cfm) per plied by, at least, the minimum fresh air flow rate even if
occupant stipulated by ASHRAE Standard 62-1989 (ASH- the other zone is over-ventilated as a result. The minimum
RAE 1989). If an occupancy density of 17%accupant ventilation flow rate per unit conditioned area of the particu-
(180 ft/occupant) is assumed, the recommended minimum lar zone will be chosen to be 0.8 1073 kg/s/n? (0.1 cfm/
standard value would be .* = (15 cfm per occupant/ 3 in order to be consistent with S1. Modeling such a
180 & per occupant)= 83.3 X 103 cfm/ft2or 0.50 x 1073 strategy is fairly simple. Let us normalize the flows to the

kg/s/nt. Hence, in this study we shall assume a conservative interior and exterior zones as follows:

value of mu, = 0.60 X 10732 kg/s/nt (0.1 cfm/f€) which

is higher than the ASHRAE minimum by about 20%. Note foine = (M / M) andfy e = (Mo / M) (8)

that in a TRVAV system where the total supply air flow

rate is modulated depending on the operating conditions, Because m is defined as flow rate per unit conditioned area,
the outdoor recycle fraction (i.e., the fraction of ventilation f;, or f, .« can be greater than 1.0. Also note that,(f+

air to supply air flow rates) is no longer a constant. med F 1, rather (fie + foed -M = My A + Mey. A

Under S3, we would choose the ventilation flow rate as fol-
S2: Constant outside air intake fraction. The ventilation lows:
strategy S1 is difficult to follow in practical systems because

it requires relatively sophisticated control of both fresh air m, = Min{Mgaes[Mymin - MAXEnines Fned ]} (9)

and return air dampers simultaneously. If these dampers

were left uncontrolled altogether during the operation of a ThydpnS3 will take in excess ventilation air such that

VAV system, the ventilation air during different times of neither zone is starved of the stipulated ventilation air flow

the year would change along with the variable supply air rate per unit area, provided, of course, that the corresponding
flow rate such that the ratio of outdoor ventilation air flow total supply air flow rate does not exceed the rated flow rate.

rate to supply air flow rate is more or less constant. This is Such a condition had to be imposed because the supply fan
what usually occurs in practical systems and a ratio of 0.1 is chosen based on the rated flow, and once installed is

is typical. When older HVAC systems operated under con- incapable of handling a higher flow rate. However, in all

stant air volume (CAV) operation are retrofitted to variable our simulation runs such an eventuality did not occur.
air volume (VAV) operation, the retrofits usually involve

installing variable frequency drives and terminal boxes. Very During our simulations, we would like to keep track of the
often the modification of outside air dampers is overlooked extentto which the starved zone is deficient in ventilation

or deemed too problematic to perform. Under such circum- flow rate and not merely flag the occurrence. This measure
stances, a constant outside air intake fractiogrth(which is provided by the following factor:

provided sufficient ventilation air when the HVAC system

was operated as a constant air volume system witk-m Fing = Min(fjne fmeq - My / My (20)

Mgraed WoUld result in the TRVAV system being starved of
ventilation air during winter (when m is low). This problem wheng,, is the ASHRAE stipulated minimum={ 0.5 X
is very often not realized even when the HVAC system is 1072 kg/s/nf). Thus a value of unity or above signifies that
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the ASHRAE standard has been met, while, sagy E 0.9 Figure 1. Variation of heating and cooling energy use with
indicates that the starved zone is supplied by a ventilation outdoor temperature for the base case building operated
flow rate per unit area equal to 90% of the ASHRAE mini- under the three ventilation strategies considered. Note that
mum. Note that S1 assumes (hn.,) = 1.2, i.e., we the heating energy use is not affected by ventilation strategy.
allow 20% excess ventilation air into the system as a precau-
tion against an individual zone being starved.

Bas9 Case Bullding Comparisan of Sirateglan 51, 52 & 83

RESULTS AND DISCUSSION

Selection of inputs

We shall assume for our simulations the values for building
parameters listed in Tables 1 and 2. Note that all values of
mass flow rates and heating and cooling energy use presented
in this paper are on per unit conditioned area basis. Area of
the building is stipulated in order to get realistic values of
(A / A) and (As/ A) fractions. The base case building has
been assumed to be of square geometry with an area o
10,000 n with 3 floors of total height of 10 m. The external
corridor is assumed to be 5 m wide for determining,.(A

A). Such a selection provided us with the values of;(A

A) and (As / A) fractions listed in Table 1. Increasing or than that of S1 and S2 for higheg Values (T > T, = 22° C)
decreasing the building size merely varies these two fractionsand lower than S2 for lowerIvalues. In fact E for S3 is
(see Table 3). As mentioned earlierzgnfor each building only slightly higher than that of S1 in the loweg fange. The
size is determined such that peak cooling loads (assumedcooling energy for S2 is higher at low, Values because this
to occur at Tgesgn = 37° C (98.6° F) and Rilesgn = 50%) strategy takes in less ventilation flow under such conditions
can be met with a cold deck temperaturg ¥ 11°C resulting in higher T values and thus more cooling.

(51.8° F) and R = 90%.

The variation of f ;. and f, .. defined by eq. (8) with Jis
shown in Fig. 2. Note that this is independent of the ventila-
tion strategy chosen since the supply flow rate splits depend-
ing only on the load distribution ratio of the two zones. The

) ) o point of interest in Fig. 2 is the high degree of zonal flow
How heating and cooling energy use vary withi§ shown  impajances at higher, Values which, as we shall discuss
in Fig. 1 for all three ventilation strategies. We note that E  pelow, has a direct impact on IAQ.

is identical for all three strategies which is obvious given that

in terminal reheat systems the cooling coil separates the effectThe extent to which the IAQ criteria is violated is given by
of heating coils from the mixed air condition. Cooling energy F (defined by eq. 10). How,k, varies with T, for S1 and
for S3 (where IAQ is always satisfied in both zones) is higher S2 is also shown in Fig. 2. We note that in S2, the 1AQ is

Intercomparison of various ventilation
strategies for our base case building

Table 3. Pertinent Input Simulation Data for the Three Sizes of Building Simulated. The building is square with 3
floors and total height of 10 m. External corridor is assumed 5 m wide for determining fraction of interior to total
area. m,, = 0.00335 kg/s/ffor all three building sizes.

A U AJA AidA M/ Me Meated
m? ft? W/m#°C  Btu/f/hr/°F — — — kg/s/m
Base case (B) 10,000 100,000 2.5 0.44 0.56 0.68 0.600 0.00558
Smaller bldg (S) 5,000 50,000 2.5 0.44 2.66 0.57 0.266 0.01261
Larger bldg (L) 20,000 200,000 2.5 0.44 0.49 0.77 0.626 0.00535
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Figure 2. Variation of the normalized air flow rates of the

higher than ASHRAE minimum) throughout the simulation

individual zones (defined by eq. 8 and independent of ventila- range. S2 assumes a constant value of {mm), and so

tion strategy) and of the fraction k& (defined by eq. 10)
with outdoor temperature for the base case building.
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neversatisfied since k, = 0.8 for T, > 22° C and equal
to 0.75 for lower T values. This implies that the starved
zone is always fed by about 20% less ventilation air than
the ASHRAE minimum. [z for S1, on the other hand,
is less than unity only for J> 27° C while ventilation
requirements of both zones are satisfied for lowgralues.
Note the similarity of this behavior with that of the flow
imbalance variation.

How the ventilation flow rates vary with Tfor the three

ventilation strategies is shown in Fig. 3. Recall that S1
assumes a constant value of m 0.6 X 103 kg/s/nt (20%

Figure 3. Variation of ventilation flow rates with outdoor

temperature for the base case building operated under the":

three ventilation strategies.
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as the VAV system modulates the flow with decreasing
temperature, malso decreases. The fraction ,(tm) =
0.1075 has been chosen such that at peak cooling conditions
(i.e., T, = 37° C) the ventilation flows of S1 and S2 are
equal. How mvaries for S3 is most noteworthy. It is about
45% higher at peak cooling condition but ramps down and
reaches a minimum which is in between those of S1 and
S2. Notice that the fresh air intake for S3 at its minimum
is just above the ASHRAE minimum of 0% 10 %kg/s/nf,

while that of S2 is lower meaning that IAQ is not satisfied.

Effect of building size

Using the simulation inputs listed in Table 3, we have gener-
ated the heating and cooling energy use plots for the three
building sizes chosen. There is more load imbalances
between both zones at higheyvalues for the small building

as shown by the variation of,f; and f,ex in Fig. 4. The
variation of the lesser of the two normalized flowg;,fand

fmexs dictates iy (See eq. 10), and so one would, looking
atFig. 4, deduce that much more severe IAQ problems would
be experienced by the smaller building at highvalues,
while the base case building and the larger building would
have similar. How [z, varies with T, for the three different
building sizes for S1 and S2 can be seen in Fig. 5. The
starved zone of the smaller building under S2 gets less than
40% of the ASHRAE minimum, which is about half of that
received by the base case building and the large building
under the same ventilation strategy. Even S1 applied to the
small building will provide less than stipulated minimum
ventilation air to the starved zone whep ¥ 22° C. The
same ventilation strategy S1 for the base case building and

Figure 4. Variation of normalized air flow rates (defined
by eq. 8) with outdoor temperature for all three building
sizes. The variations are independent of ventilation strategy.
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Figure 5. Variation of Faq (defined by eq. 10) for the three  gives the values of R for each case which have been
different building sizes operated under ventilation strategies determined from peak cooling loads of the particular location
S1 and S2. using cold deck specifications given in Table 2. Table 5
assembles the simulation results of annual heating and cool-
ing energy use for the various cases simulated. Also included
is the bin-hour-weighted annual fractiding of the number

Base Case Bullding Comparisan of Sirataglan 51, 52 & £3

of hours in the year whehAQ is not satisfiedwvhich is
defined below:
Unoi = 8.Ni / (24x365) (11)
and Oag = 2 Uiaq,i (12)
i=1
whered = 0 when kg > 1, and 1 otherwise. (13)

Table 4. Inputs for Annual Energy Use Simulation.
Other inputs are listed in Table 3.

large building will violate 1AQ requirements only when T Parameters Dallas, TX _Seattle, WA
exceeds 28° C or so.
To,design 400 C 310 C

Effect of location WB gesign 25° C 19° C

) . . Range of simulation —-5°t040°C —-8°t031°C
Figure 6 depicts the bin temperature data for Dallas, TX (a
moderately hot and humid locations) and for Seattle, WA | m,, . (kg/s/n?) Base case bldg ~ 0.00596 0.00483
(a mild and drier location) taken from Degelman (1984). Small bldg 0.01439 0.00905
We have used this data to simulate the performance of the| Large bldg 0.00568 0.00469

TRVAYV system when the three different strategies are
applied to each of the three building sizes assumed. Table

Figure 6. Number of hours of outdoor dry-bulb temperature and concurrent wet-bulb temperature for the two cities used for
annual simulations.

Bin Data tor Dallaz, TX Bin Data for Seatile, WA

EOaas sl
—#—Dlallea (WH)

Concurrant WetBulb Tamp i)
Havre par yasr
Concurrenl Wat-Bulb Tomp(C1

100
E
.I_,_ "
pi— — L B B | . 10 0

4 5 2 4 7 W ® & M E I M 41 34 I 4 L] 1 a 7 |13 18 1% 2@ 28 2 31 34 37 40
Outdaar BET () Outdoar Teng. &)

Fig. 6(a) Fig. 6(b)
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Table 5. Simulation Results of Annual Heating and Cooling Energy Use Per Unit Area in i&Nhfior Different
Ventilation Strategies and for the Two Locations Selectgd.isithe bin-hour-weighted annual fraction of the
number of hours in the year when IAQ is not satisfied (defined by eq. 12).
Dallas, TX Seattle, WA
S1 S2 S3 S1 S2 S3
Base case bldg EC 460.49 467.91 472.58 333.09 356.58 346.07
EH 65.35 65.38 65.36 133.63 133.66 133.65
Oiag 0.22 1.00 0.00 0.01 1.00 0.00
Small bldg EC 583.13 596.56 603.45 335.23 391.27 347.53
EH 330.92 331.16 330.96 670.83 671.21 670.92
Tiag 0.35 1.00 0.00 0.03 1.00 0.00
Large bldg EC 458.35 465.00 476.25 336.43 357.25 350.21
EH 58.12 58.14 58.13 118.58 118.61 118.60
Oiag 0.11 1.00 0.00 0.00 1.00 0.00
N; is the number of hours in the particular bin i and n the What is striking in Fig. 7 is the five fold increase in heating
number of temperature bins for the particular location energy use per unit area for the smaller building in both
selected. locations.

The objectives of the study are better served by looking at
the ratio of annual energy use of different strategies and
building sizes with respect to that of the base case building
rather than absolute values listed in Table 5. Figure 7 shows
these ratios for both locations under S1. We note that cooling
energy use in a mild location such as Seattle is almost
independent of building size while in Dallas the smaller

building consumes about 25% more energy per unit area.

Figure 8 shows how kg, (defined by eq. 10) varies with, T
for the three building sizes when subjected to ventilation
strategies S1 and S2. Note tha{Hs always equal to 1 for
S3 and so is not shown. We note that adopting S2 results
in unsatisfactory IAQ under all operating conditions and for
all three building sizes, being much more acute for the
small building. In the case of S1, such unsatisfactory IAQ
conditions prevail only for higherIvalues when the lines
intersect the unity abscissa. As pointed out earlier, thgse T
Figure 7. Ratio of annual heating and cooling energy use points are lower for the smaller building and about 5-6° C
of the small and large buildings with respect to the base higher for the base case and large buildings.

case building operated under ventilation strategy S1.

The ratios of annual energy use for different locations and

R 1 Aomeaal Emoriy o wx{ Baoe et Bldg: Ventliatlon Sirategy S1 building sizes for the three ventilation strategies is shown
‘ ‘ ‘ ST in Fig. 9. As pointed out in Fig. 7 for S1, heating energy
S use is almost independent of location, building size and

ventilation strategy. Cooling energy use for S2 is higher
than that of S1 for all three building sizes, it being more
pronounced for Seattle (mild location) and for smaller build-
ing size. Since we have found earlier that IAQ is adversely
affected at higher Jvalues, we would expect IAQ to be
better in a mild location such as Seattle just because the
associated number of hours is less. From Table 5 we note

Dailaa-Haatreg

Genlin-Coclg

S oy that Ging values of S1 are very low (i.e., satisfactory 1AQ)
: for Seattle and in the range of 0.11-0.35 for Dallas. On the
5 a5 1 s 2 a5 3 s 4 as 5 s other handil,g values are unity for all cases when operated

under S2. Thus ventilation strategy S1 is far superior to S2
in terms of both energy and 1AQ.
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Figure 8. Variation of Faq for the three different building sizes operated under ventilation strategies S1 and S2 in Dallas
and Seattle.

Variation of FLAG 1or Yentilation Strategy 1 Vatialion of FIAC tor Vantielion Strategy 52

RAG

T —+— Dalla=-B-52
—#% Deltag-§-51 k 08 e e . C e e | e Dallog §-82
0.2 —— Dallae-L-52
: o | = Seame-B-s2|
- —e— SoaMie-3-57
= Smaille-L-32
o ) N a k- - I t + +—
-5 2 1 4 7 1a 13 16 2 2z 28 28 n ™ i 40 k] 2 1 4 T w 13 16 L &2 25 28 o M ar L
Dusdoar Tanp. (C) Cutdacr Tamp. [C)
Fig. 8(a) Fig.8(b)

Looking at Fig. 9(b), we note that cooling energy used by (b) Adopting a strategy where the fresh air intake flow rate
S3 is less than 4% higher than that of S1 while being far is constant (strategy S1) and 20% higher than the ASHRAE

superior in terms of IAQ. Thus from Table 5, we see that minimum does not necessarily eliminate IAQ problems spe-
the energy excess penalty for eliminating IAQ problems in cially in hot locations and in smaller buildings. While S1 is
the base case (reducirigy, values from 0.22 to 0.00) in satisfactory in a location such as Seattle, it is unsatisfactory

Dallas is less than 3%. In the case of Seattle, it takes rela-in a hotter location such as Dallas since we found that in a
tively more cooling energy (about 4%) to redlgg, values medium sized building (area of 10,000),nthe IAQ is
from 0.01 to 0.00 ! Though the excess cooling energy use compromised during 22% of the hours. In a smaller building,
between S3 and S1 is very low, there seems to be a very this fraction is 35%.

pronounced location-dependent effect on the synergy

between IAQ and energy use. Coming finally to Fig. 9(c), (¢) The heating energy use, as expected of a TRVAV
we notice that for Seattle, S3 uses less cooling energy thansystem, is almost independent of the ventilation strategy
does S2 while eliminating adverse IAQ effects completely. used.

Even for Dallas there seems to be only a 1-2% increase in

cooling energy. (d) Completely eliminating IAQ problems (as when S3 is
adopted) may require in fatdssenergy than S2 in a moder-
ate location such as Seattle, while even in a hotter location

CONCLUSIONS on Su Whrie ever | !

such as Dallas, the cooling energy use is only 1-2% higher.

Though cooling energy use with S3 is higher than that using
Several important conclusions have been reached from thegj  the increase is only 2-4% in both locations considered.
results of the present simulation study. The interaction between cooling energy use and IAQ is

location dependent. It takes S3 about 3% more cooling
(a) The most-often adopted ventilation strategy of main- energy to eliminate IAQ problems due to S1 in a medium
taining a constant fresh air intake fraction (strategy S2) sized building in Dallas during 22% of the time. For the
always leads to fresh air flow rates to the starved zone same building in Dallas, the extra cooling energy is about
which are far lower than the ASHRAE stipulated minimum. 4% to eliminate IAQ problems during 1% of the time.
Contrary to popular belief, the IAQ problemin VAV systems
may be more acute in summer when the flow distribution Though the conclusions are striking and of practical interest
to the two individual zones is more non-uniform than in to building managers and HVAC designers, these should be
winter when the total ventilation flow is lower than that treated as preliminary. Further, they are applicable within
during summer. the framework of the adopted methodology (like a two-zone
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Figure 9. Ratios of annual energy use for different locations and building sizes operated under different ventilation strategies.
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building, a single air handler unit, no economizer, ...) and NOMENCLATURE

assumptions made (internal load distribution between zones,
cold deck setting, ...). More exact quantification of the

synergism between IAQ and energy would require a more A Conditioned floor area of building
detailed treatment of building loads, system operation and Ag Surface area of building
other complex phenomena such as indoor and outdoor pollu-¢ Specific heat at constant pressure
tion levels and explicit modeling of changes in pollution E Whole-building HVAC system thermal energy use
levels of supply and return air streams. Fao  Factor given by eq. (10) which quantifies the extent

to which the starved zone is deficient of the required
ACKNOWLEDGMENTS ventilation flow rate

f Normalized flow rate defined by eq. (8)

This research was performed as part of the analysis andh Heat of vaporization
O&M effort of the Texas LoanSTAR Monitoring and Analy- K Ratio of internal latent loads to total internal sensible
sis Program funded by the Texas Energy Conservation loads of building
Office. Comments by D. O’Neal and by the anonymous ¢ k Multiplicative factor for converting g to total inter-
reviewers of this paper are acknowledged. nal sensible loads
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m Total supply air flow rate per unit conditioned floor
area of building

Muin  Minimum supply air flow rate per unit conditioned
floor area of building

m, Ventilation or fresh air flow rate per unit conditioned
floor area

m,min  Minimum ventilation air flow rate per unit condi-
tioned area

me ASHRAE recommended minimum ventilation air

‘ flow rate

N; Number of hours in bin i

n Number of temperature bins of the location

Oir Monitored building lights and receptacles electricity
use per unit area

RH Relative humidity

T Dry-bulb temperature

U Overall building shell heat loss coefficient

WB  Wet-bulb temperature

w Specific humidity

Cing Bin-weighted annual fraction of the number of hours
in the year when IAQ is not satisfied, defined by
eq. (12)

Subscripts

a air

C cooling, cold deck

ext exterior zone

H heating, hot deck

int interior zone
m mixed air

min minimum

o] outdoor

Rated rated

s supply air

sol solar

v ventilation

z zone set point
Greek

d indicator variable defined by eq. (13)
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