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ABSTRACT

The central thrust of this paper isto place into question
the current practice of supplying air from dedicated outdoor
air systems at or near room temperature (a neutral tempera-
ture) and to develop a methodology for selecting the supply
air conditions in an energy- and cost-effective manner.
Hypotheses are advanced concerning the supply air dry-bulb
temperature, dew-point temperature, and terminal reheat.
The three hypotheses are then tested and found to be correct.
In general, it is recommended that the supply air tempera-
ture from the dedicated outdoor air system be no higher than

Stanley A. Mumma, Ph.D., P.E.
Fellow ASHRAE

INTRODUCTION

The engineering design community appears to be on the
verge of amajor shift in paradigm concerning the delivery of
ventilation air because of the significant economic, comfort,
and health benefits brought about by new ways of integrating
the equipment with the building. A complete overview of this
entireintegrated concept is presented in acompanion paper by
Mumma(2001a). Theventilation air isdelivered by aseparate
dedicated outdoor air system (DOAS) designed to efficiently
remove the ventilation air latent load as well as 100% of the
space latent loads (Mumma and Shank 2001). The terminal

55°F (13°C). The recommended supply air dew-poingduipment, operatingin parallel withthe DOASequipment,is
temperature is whatever it takes to provide all of the latentequiredtoremoveonly thesensibleloadsthat remainafter the
cooling while maintaining the space relative humidity at nodry ventilation air has been introduced into the conditioned
more than 40%, or a supply air dew-point temperature ofPace. The parallel equipment envisioned includes fan coil
approximately 44°F (7°C). Finally, it was demonstrated thatinits, ceiling radiant cooling panels, water-source heat pumps,
terminal reheat is generally not required to prevent over-2ndaparallel variableair volume (VAV) system operating on
cooling with 44-55°F (7-13°C) supply air dry-bulb tempera_loo% recirculated air. Only fan coil units and ceiling radiant
tures for spaces with a combined lighting and equipmerft®°!ing panel equipment will be further investigated in this
load of 3-5 W/ft (32-54 W/rA). This conclusion applies to PaPer.

spaces with design occupancy densities from 7 to more than  Articles on this subject (Scofield and Des Champs 1993;

90 people per 1000%(93 nf). Greater space design occu- Brady 1997) appear in the trade literature, manufacturers’
pancy densities have more ventilation air than required taiterature, and web sites. In all cases that the authors are aware
remove the 3-5 W#t(32-54 W/rf) of internal generation. of, the ventilation air is supplied to the conditioned space with
Supplying the air at a neutral temperature shifts virtually alldew-point temperatures sufficiently low to remove some or all
of the space sensible loads out onto the distributed parallejf the space latent loads and at a neutral dry-bulb temperature.
cooling system at a huge first and operating cost penalty, &he archival literature is silent on the technical issues
practice that normally cannot be justified. Automatic surrounding the selection of the supply air thermal conditions.
controls, a subject beyond the scope of this paper, are envie provide the dehumidified air at a neutral temperature, the
sioned to offer the potential to further improve the economi®OAS equipment (Figure 1) must provide considerable
benefits of the lower supply air conditions. reheat. By using both sensible and total energy heat recovery
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Figurel DOASequipment configuration.

equipment in the DOAS configuration, the outside air (OA)
load on the cooling cail is greatly diminished and no heating
energy is expended to accomplish the reheat. In effect, a
neutral supply air temperature shifts virtually all of the space
sensible load to the parallel terminal equipment. Under this
typical operating strategy, only the OA and space latent loads
are borne by the DOAS.

This paper will introduce three hypotheses and attempt to
support them.

Hypothesis One

The first hypothesis concerns the selection of the supply
air dry-bulb temperature. It is hypothesized that supply air
temperatures much lower than the customary neutral, even as
low as the supply air dew-point temperature, will result in a
major reduction in thefirst cost of the entire heating, ventilat-
ing, and air-conditioning (HVAC) system.

Part (a) of the first hypothesis predicts that the first cost,
as afunction of supply air temperature, for agiven supply air
dew-point temperature, will drop as the DOAS supply air
temperature (SAT) drops, asdepicted in Figure 2. The predic-
tionthat thefirst cost will drop asthe SAT dropsisbased solely
upon the reduced size of the parallel termina equipment.
Shifting the sensible load to or from the DOAS is hypothe-
sized to have minimal, if any, impact on the size of the cooling
plant or the DOASS equipment costs. However, when the SAT
and the dew-point temperature (DPT) are equal (no heat recov-
ery reheat), the cost of the DOAS unit can be reduced by the
cost of the sensible heat recovery device, and thisisreflected
by the vertical first cost drop at that point in Figure 2.

Part (b) of thefirst hypothesis predictsthat adrop in SAT
will be accompanied by adrop in the operating costs, at least
initially, as depicted in Figure 2. Since the enthalpy wheel is
lessthan 100% effective, only aportion of the energy removed
from the return air by the sensible wheel during reheat can be
recovered at the enthalpy wheel. This will be discussed in
moredetail later in the paper. The changein the operating cost
curve slope at low SATs reflects the possibility that, in some
applications and situations, terminal reheat may be required.
(Note: terminal reheat done at the spaces to avoid local over-
cooling is not to be confused with the heat recovery reheat
performed by the sensiblewheel inthe DOA S unit). The sharp
vertical dip at the point wherethedry-bulb temperature (DBT)
and the DPT are equal reflects adrop in the fan power when

PW, first and
operating costs

Life Cycle Cost

PW, operating
costs

First cost

Neutral
Temperature

DBT =DPT
Supply Air Temperature (SAT)

Figure2 Hypothetical life-cycle cost, as a function of the
supply air temperature.

the sensible wheel is removed. The consequence of the first
hypothesisisaprediction that the life-cycle cost will follow a
trend, as depicted in Figure 2.

Hypothesis Two

The second hypothesis concerns theimpact that lowering
the supply air DPT has on the performance of both the DOAS
equipment and the parallel sensible cooling equipment. Good
practice (Sterling et al. 1985) suggests that the space relative
humidity be maintained between 40% and 60%. With a
summer space design temperature of 78°F (26°C) (ASHRAE
1999), the range of room DPTs is only 52-63°F (11-17°C).
Since the ventilation air supplied by the DOAS unit is
designed to remove the entire space latent load, its supply air
DPT must be lower than the desired room DPT. The supply
ventilation air DPT can be easily determined, given a knowl-
edge of the space latent loads and the ventilation air flow rates.

Part (a) of the second hypothesis predicts that lowering
the space design DPT will increase the first cost of the chiller
and may increase its operating cost. These predictions are
based upon a knowledge of chiller performance. Lowering the
chilled water temperature below the standard 45°F (7°C)
derates the chiller and may increase the kW/ton to operate it
(pumping costs not included).

Part (b) of the second hypothesis predicts that even an
11°F (6°C) reduction in the space design DPT, and, hence, the
temperature of the chilled water serving the terminal equip-
ment, will substantially reduce the size of the terminal equip-
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ment and the associated first and transport energy costs. The
rate of heat transfer for thetwo parallel terminal sensiblecool-
ing equi pment types considered in thispaper, fan coil unitsand
ceiling radiant cooling panels, is nearly proportional to the
temperature difference between the inlet fluid temperature
(dictated by the space DPT) and the space design temperature.

Hypothesis Three

Thethird and final hypothesis concerns the need for, and
the energy use of, terminal reheat. It is hypothesized that for
many of the most common design occupancy densities
currently found in buildings, terminal reheat will be needed 44F 55F 78F
sparingly, if at al. The relationship between the envelope DBT e a0 (26C)
loads and the sensible internal generation from lighting and
equipment necessary to just balance the sensible cooling that
is performed by the required design occupancy-based venti-

lationair flow rateswill beexplored later inthepaper. Inaddi-  on the psychrometric chart in Figure 3 and assigned four
tion, this paper will attempt to make a case for not supplying  regions, A, B, C, and D. Table 1 identifies how the DOAS
currently a common practice in all-air VAV systems. four regions. Since this paper is focused upon the summer

~ The authors wish to emphasize that this paper is NQfesign conditions and operation, discussion will be limited to
intended to prescribe a specific set of supply air conditions fqggions A and B.

DOAS-parallel sensible cooling applications. Rather, it is

intended to offer guidance to the design engineering commu- When the OA is in region A, the enthalpy wheel does a
nity in selecting the supply air DBT and DPT. Later in thevery effective job of precooling and dehumidifying the OA to
paper, where the three hypotheses are analyzed, a genét&ondition close to that leaving the sensible wheel. The pre-
methodology for selecting these variables will emerge. Theonditioning substantially reduces the cooling load seen by the
analysis portion of this paper will only address some of thé&hiller and the deep cooling coil. In region B, only free reheat
major interrelated issues in the decision-making process. TH@ supplied by the sensible wheel when the desired SAT is
role of optimal control will not be addressed in the papergreater than the desired supply air DPT.

Neither are winter operating conditions addressed, except as

they impact terminal reheat and water side free cooling. TheSgE|. ECTION OF THE DOAS SUPPLY AIR

topics have been omitted primarily because the DOAS angdrY-BULB TEMPERATURE

terminal sensible cooling equipment selection is most

Figure3 Four regions on the psychrometric chart.

profoundly impacted by summer operating conditions. This section will provide support for hypothesis 1, which
predicted first and operating cost benefits for SATs well below

DEDICATED OUTDOOR AIR SYSTEM neutral. In order to provide a concrete example, a 10,000 scfm

OPERATION OVERVIEW (5.5 kg/s) DOAS unitis investigated, based upon Atlanta, Ga.,

A detailed presentation of the DOAS operation is docuhourly typical meteorological year (TMY) data. The illustra-
mented in two other ASHRAE papers (Mumma and Shankon is based on a six-day week, excluding Sundays, and 12-
2001; Mumma 2001b). Therefore, only an overview will behour days starting at 7 a.m. and ending at 7 p.m. Further, this
provided in this paper, with the aid of the psychrometric charillustration is based upon a constant supply air DPT of 44°F
The DOAS components operate in a manner appropriate f¢r°C). A 44°F (7°C) supply air DPT results in a 52°F (11°C)
the OA conditions. The possible OA conditions are illustratedpace DPT, assuming 20 scfm (0.01 kg/s) of OA per person

TABLE 1
Control Status of the DOAS Equipment
Region Enthalpy wheel CTL Cooling coil CTL Sensiblewheedl CTL
A 100% speed for max. effectiveness Modulate to hold 44°F (7°C) LAT  [Modulate to hold55°F (13°C) SAT
B Off! Must not modulate Modulate to hold 44°F (7°C) LAT  [Modulate to hold 55°F (13°C) SAT
C Modulate to required DPT Modulate to hold 55°F (13°C) LAT |Will modulate off
D Modulate to required DPT Will modulate off Modulate to hold 55°F (13°C) SAT
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and that al of the latent loads are from human occupants.  the space than is required with the 44°F (7°C) SAT. In the case
Finally, for thisillustration, it is assumed that the return air ~ of 55°F (13°C) SAT, the parallel terminal cooling equipment
conditions are 78°F (26°C) DBT and 40% RH. must remove 37,100 TH (130,400 kWh) more sensible heat
A model simulating the performance of the DOAS unitfrom the space than would be required with the 44°F (7°C)
(Mumma and Shank 2001) was used to compute the pedAT. Column 5 of Table 2 summarizes the TH of cooling that
design and annual results presented in Table 2. The simulatiarust be provided. It is the summation of the DOAS annual TH
was performed assuming identical supply air DPTs for threand the parallel system TH for each SAT to work against the
different supply air dry-bulb temperatures. Column 1 of Tablesame space sensible cooling loads. Contrary to what one might
2 identifies the three SATs as 70°F (21°C) (26°F [14°C] oinitially think, decreasing the SAT reduces the total annual TH
reheat with the sensible wheel), 55°F (13°C) (11°F [6°C] off cooling required. And the difference is not trivial. A 70°F
reheat with the sensible wheel), and 44°F (7°C) (no sensib(21°C) SAT requires 13% more TH than a 55°F (13°C) SAT
reheat or wheel). As expected, the total ton hours of coolingnd 23% more than 44°F (7°C) SAT. And, the 55°F (13°C) SAT
needed at the cooling coil is greatly reduced as the supply agquires 9% more than a 44°F (7°C) SAT requires. These
temperature is elevated. Column two of Table 2 contains thoseimbers are based upon an assumed enthalpy wheel effective-
data. The cooling coil ton hours (TH) for the 70°F (21°C) SAThess (ASHRAE 1996) of 0.85. The percent differences would
are only 43% as much as when no reheat is added with the even greater if the enthalpy wheel effectiveness were less.
sensible wheel (i.e., 44°F [7°C] SAT). The 55°F (13°C) SATThe peak load on the DOAS cooling coil, with an OA condi-
requires only 75% as many TH of cooling as the 44°F (7°Qjon of 84°F (29°C) and 147gr/Ib (0.021 kg/kg) humidity ratio
SAT case. Column 3 illustrates the sensible cooling that i&conditions with the highest enthalpy during the occupied
available from 10,000 scfm (5.5 kg/s) of air at the varioushours in Atlanta), is presented in column 6 of Table 2. As
SATs when the space temperature is maintained at 78¥xpected, the peak cooling coil (CC) load decreased with
(26°C). As expected, when the temperature differencencreasing SAT.
between the supply air and the room air increases, the sensible This is a good place to demonstrate why the energy
cooling capability of the supply air increases. With the SATsonsumption increases (column 5 of Table 2) as the reheat
chosen, the supply air temperature to room air temperatub®y the sensible wheel increases. Notice that the peak load
difference is as low as 8°F (4°C) and as high as 34°F (18°@y the CC with the 44°F (7°C) SAT (no sensible wheel) is
making the sensible cooling capability vary by a factor o47 ton (165 kW). In the case of 70°F (21°C) SAT, the 44°F
425%. For now, it is assumed that no terminal reheat i67°C) air leaving the cooling coil is sensibly elevated to
required for any of the three SATs. To provide an equivalenf0°F (21°C) by the sensible wheel. At the same time, the
basis for comparison, a 70°F (21°C) SAT will require that th&8°F (26°C) return air is sensibly cooled by the same
parallel terminal cooling equipment (column 4 of Table 2)amount or by 23.4 ton (82 kW). Since the enthalpy wheel
remove 87,600 TH (308,000 kWh) more sensible heat froreffectiveness is only 0.85, the cooling coil load could only

TABLE 2
Annual Cooling and Peak Design Loads for Three DOAS SAT, Supply DPT = 44°F (7°C)
Col.1 2 3 4 5 6 7 8
Combined

cooling at the
DOAS coil and the

Difference cooling that must

Annual space
sensible cooling

between the
sensible cooling
available from thg

be done at the
terminal to make
up the difference

Peak load on theg
terminal
equipment to meg

Annual cooling| available from | DOAS at the giver between the give the same peak log
required atthe| the DOAS SAT and a 44°F| SAT temp. and |Peak CC load ol as the 44 SAT cag Total peak
SAT DOAS supply air (7°C) SAT 44°F (7°C). the DOAS, could meet. load
°F (°C) TH (kwh) TH (kwh) TH (kwh) TH (kKwWh) ton (kW) tons (kW) ton (kW)
70 (21), 48,150 27,000 87,600 135,750 27 22.5 49.5
Neutral (169,000) (95,000) (308,000) (477,300) (95) (79) (174)
55 83,100 77,500 37,100 120,200 39 9 48
(13) (292,000) (272,500) (130,400) (422,600) (137) (32) (169)
44 110,700 114,600 0 110,700 47 0 47
@) (389,000) (403,000) (389,000) (165) (165)
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be reduced by 20 ton (70 kW). The equivalent of about 3.4 Based upon the potential first cost savings and associated
ton (12 kW) of available cooling has been lost in thisreheat ~ operating cost savings, there is a strong incentive to abandon
process. the practice of supplying air from dedicated outdoor air

Ten thousand standard cubic feet per minute (5.5 kg/s) ~ Systems at a neutral temperature.
of ventilation air, supplied to a 78°F (26°C) space from the
DOAS unit at 70°F (21°C), 55°F (13°C), or 44°F (7°C) willSELECTION OF THE DOAS SUPPLY AIR
provide 7.2 ton (25 kW), 20.7 ton (73 kW), or 29.7 ton (104PEW-POINT TEMPERATURE

kW) of sensible cooling, respectively. Column 7 of Table 2 Hypothesis 2, introduced above, predicted that lowering
shows the deficiency in sensible cooling capacity of thehe supply air DPT would have a negative impact on the size
ventilation air at various supply air temperatures comparegind operating cost of the chiller serving the building and a
to 44°F (7°C). A comparison of the sum of the peak DOA$ositive impact on the first cost and operating expenses of the
CC loads and the deficient sensible cooling load that must Byrallel terminal cooling equipment. In the section above,
supplied by the parallel system for equivalency (column 8 ofjealing with the selection of the supply air DBT, the building
Table 2), illustrates that SAT has little impact on the chillefpads were not a factor so long as it was assumed that the sensi-
size. Although lowering the SAT is slightly favored. ble cooling loads were sufficient to avoid terminal reheat.
This illustration supports hypothesis 1, which predictedHowever, selection of the DPT must consider the entire build-
that lowering the SAT would reduce both first cost and energing peak design load and annual THs. By way of illustration,
consumption. These findings are based on the assumption tieansider that the 10,000 scfm (5.5 kg/s) of ventilation air, used
terminal reheat was not necessary, a subject to be addres&sn example throughout this paper, is serving a building with
later under the section entitled “The Role of Terminal Reheaa peak design sensible cooling load (does not include the OA

on Selecting the DOAS Supply Air Conditions.” loads) of 75 ton (264 kW). The impact of selecting equipment
within the rather narrow range of room dew-point tempera-

PARALLEL SENSIBLE COOLING EQUIPMENT tures of 52-63°F (11-17°C) (corresponds to a 78°F [26°C] DBT

FIRST COST DIFFERENCE ESTIMATES and 40-60% RH) will be illustrated next, following a charac-

_ terization of a chiller, fan coil units, and ceiling radiant cooling
As presented above, 10,000 scfm (5.5 kg/s) of air at 55°Fanels.

(13°C) can remove 13.5 ton (47 kW) more sensible heat than
air at 70°F (21°C). And 44°F (7°C) air can remove 22.5 ton (7 pical Water-Cooled Chiller Performance

kW) more sensible heat than air at 70°F (21°C). Assume that . .
fan coil units, designed to remove 19 Btu/h per cfm (11.7 W 1he capacity and energy use rate for a commercially
per n¥/s) and cost approximately $6/cfm ($12,608nare available water-cooled chiller is as depicted in Figure 4
used as the parallel terminal units. With a 55°F (13°C) SAT

from the DOAS unit, the cost of the fan coil installation could 12
be reduced by $51,200. With a 44°F (7°C) SAT from the

DOAS unit, the cost of the fan coil installation could be 15 )
reduced by $85,300. Next, assume ceiling radiant cooling | \ = | °aP/03P45J>
panels, costing approximately $8/($86/nf) and capable of | hwithwitdS
removing approximately 30 Btu/l*f{95 W/nf) of heat
(Conroy and Mumma 2001), are used as the parallel terminal
units. With a 55°F (13°C) SAT from the DOAS unit, the cost
of the ceiling radiant cooling panel installation could be
reduced by $43,200. With a 44°F (7°C) SAT from the DOAS
unit, the cost of the fan coil installation could be reduced by
$72,000. These appear to be significant savings in what might
be about a 60,00¢75600 n?) building (the approximate size

of an office building requiring 10,000 scfm [5.5 kg/s] of venti-
lation air).

Based upon the very small difference in peak loads for the
different supply air temperatures, no difference in the chiller 085
first cost is realized.

Finally, if the sensible heat recovery wheel could be elim-

11

1.05

09 i I E— NG

Dimensionless Capacity and kW/ton

inated from the DOAS unit, a first cost savings of approxi- 0'835 40 45 50 55
mately $2/scfm ($3600/kg/s) might be expected. This @9 Chilled Water Temperature, F (C)  *'°©)
translates to a first cost savings of about $20,000 in a 10,000

scfm (5.5 kg/s) system. Figure4 Typical water-cooled chiller performance.
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30 Typical Ceiling Radiant Cooling Panel Performance

o FCU, Btu,hr;erCFM For the upper and lower bounds of the space DPT, it is
assumed that the ceiling radiant cooling panel can be fed with
——CRCP, Btuhr per sq-ft | chilled water at 66°F (19°C) and 55°F (13°C), respectively.
. Typical cooling capacity (Conroy and Mumma 2001), as a
25 : function of inlet fluid temperature, for a ceiling radiant cool-
ing panel performing sensible-only cooling in a space at 78°F
(26°C) is depicted in Figure 5 (solid line). The capacity of a
unit area of ceiling radiant cooling panel drops precipitously
as the chilled water inlet temperature is elevated, in this case
— from 30 Btu/h per f (95 W/nf) at a 55°F (13°C) inlet fluid
temperature to 10 Btu/h pef 32 Wi/nT) at a 66°F (19°C)
inlet fluid temperature. That represents a 67% derating of the
equipment. Clearly, ceiling radiant cooling panels are more
sensitive to increases in inlet water temperature than fan coil
units.

20 _—

15

Sensible Heat Removal, Btu/hr per unit of ratin

Estimating the First and Operating Cost
Differences for the Chiller and Parallel Sensible
Cooling Equipment with a Constant 55°F (13°C)
SAT and Varying Supply DPT

10

55 60 70
Inlet Fluid Temperature, F To facilitate this analysis, Table 3 was developed. Some

of the data in columns 2 and 3 are repeated for convenience
Figure5 Typical fan coil and ceiling radiant cooling panel from Table 2. However, anew row has been added in Table 3
(CRCP) performance in a 78°F (26°C) room.  to reflect the performance of a DOAS unit supplying satu-

rated 55°F (13°C) air without the sensible wheel and repre-

sents a new supply air DPT (55°F [13°C]). The data in column

(Carrier 1998). If it is assumed that the 52°F (11°C) roorft @re based upon an annual energy simulation for the hypo-
design DPT is achieved with 40°F (4°C) chilled water at théhencal bu_lldlng requiring 75 ton (26_4 _kW) of s_en3|ble cool-
DOAS, it may be noted from Figure 4 that the chiller is derated'd at design. That hypothetical building required a total of
10% when compared to a 45°F (7°C) chilled water temperz_;”vooo TH (763,000 kwh) of se_nS|bIe cooling for the year
ture. It may also be noted that for this example, the kwi/tof! Atlanta. Therefore, the values in column 4 of Table 3 are
(dashed line) has increased by 10% (from 0.72 to 0.79 kwi/tofje difference between the annual sensible cooling THs
when the chilled water temperature is 40°F (4°C) rather thapfovided by the DOAS unit (presented in column 3) and the
45°F (7°C). It will be assumed that the 63°F (17°C) roonRuilding total sensible coollr_lg requirements. That difference
design DPT is achieved with 45°F (7°C) chilled water. Care iepresents the annual sensible cooling that must be borne by

needed in selecting the DOAS cooling coil to produce 44cghe parallel sensible cooling equipment. The values in
(7°C) air with 40°F (4°C) water; however, it is possible. column 5 are the summation of the TH of cooling required at

the DOAS unit, column 2, and that borne by the parallel
equipment, column 4. Therefore, column 5 is the total TH of
cooling that must be provided by the chiller and will be used

For the upper and lower bounds of the space DPT, it ilé'i_ter to compute the operating cost estimates in combination

assumed that the fan coil can be fed with chilled water \'f"th the data in Fig_ure 4. The values in columns 6-8 are peak
66°F (19°C) and 55°F (13°C), respectively, without c:ondejp ad values that will be used later to compute the first cost
sation on the piping or the cooling coils. Typical COOIingestlmates in combination with the data in Figures 4 and 5.

capacity as a function of inlet fluid temperature for a fan coil ~ The information presented in Table 3 and Figures 4 and 5
unit performing sensible-only cooling in a space at 780ps used to produce Table 4. The first three rows of Table 4
(26°C) is depicted in Figure 5 (dashed line). The capacity dPply to the chiller. Column 3 of Table 4 presents the first
a given size fan coil unit drops precipitously as the chilleccost of the chiller, obtained by first dividing the design chiller

water inlet temperature is elevated. In this case, it drops frotaad in column 2 by its rating, relative to a 45°F (7°C) chilled

19 Btu/h per cfm (11.7 W per is) of airflow at a 55°F water temperature, from Figure 4 (solid line). That value is

(13°C) inlet fluid temperature to 11 Btu/h per cfm (6.8 W peithen multiplied by the assumed first cost per rated ton of
m3/s) of airflow at a 66°F (19°C) inlet fluid temperature.$1000 ($3516/kW). For example, row 3, column 4, of Table 4
That represents a 42% derating of the equipment. is (91 ton/0.9) - $1000/ton = $101,000.

Typical Fan Coil Performance
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TABLE 3
Annual Cooling and Peak Design Loads for Two Supply Air DPT, SAT 55°F (13C)

Coal. 1 2 3 4 5 6 7 8
Combined cooling at
Difference between| the DOAS coil and
the sensible cooling|the cooling that must
available from the be done at the
Annual space | DOAS at the given | terminal to make up Peak load on
sensible cooling| SAT & the building the difference the terminal
Annual cooling | available from sensible load, between the given equipment to
Supply required at the the DOAS 217,000 TH, SAT temp. and 44°F| Peak CC load| meet the peak| Total peak
DPT/DBT, DOAS, supply air, (763,000 kWh) (7°C), on the DOAS, load, load,
°F (°C) TH (kWh) TH (kWh) TH (kWh) TH (kWh) ton (kW) ton (kW) ton (kW)
55/55 72,000 77,500 139,500 211,500 39 54 93
(13/13) (253,000) (272,500) (490,500) (743,600) (237) (190) (327)
55/44 83,100 77,500 139,500 222,600 39 54 93
(23/7) (293,000) (272,500) (490,500) (782,700) (137) (190) (327)
Note: New DBT below
44/44 110,700 114,600 102,400 213,100 47 44 91
717) (389,000) (403,000) (360,000) (749,300) (165) (155) (320)
TABLE 4
First and Operating Cost Estimates for the Chiller and Terminal Cooling Equipment
Col # 1 2 3 4 5
Chiller operating energy
Chiller first cost at | consumption, based upon TH
DBT/DPT Supply, Design chiller load, $1000/ton-rated from Table 3, Annual operating cost,
Row # °F (°C) Ton (kW) capacity kwWwh based upon $0.09/kWi|
1 55/55 93 $93,000 148,000 $13,300
(13/13) (327)
2 55/44 93 $103,000 176,000 $15,800
(23/7) (327)
3 44/44 91 $101,000 168,000 $15,000
717) (320)
Fan coil size based upon Fan coil operating kWh
design load and capacity assuming 2 in.w.g. (500 Pa)
DBT/DPT Supply, | at the design space DPT, Fan coil cost at $6/cfm|  pressure drop and 3744 | Annual operating cost,
°F (°C) cfm (m3s) ($12,600/n3/s) operating hours based upon $0.09/kW
4 55/55 59,000 $354,000 70,200 $6300
(13/13) (28)
5 55/44 34,100 $204,600 40,600 $3600
(23/7) (16)
6 44/44 28,000 $168,000 33,300 $3000
(7/7) (13)
Radiant panel size based| Radiant panel pumping
upon design load and energy, kWh, assuming a
capacity at the design 30-ft head (90 kPa) and a 5°H
DBT/DPT Supply, space DPT, Radiant panel cost at (3°C) delta T for 3744 Annual operating cost,
°F (°C) ft2 (m?) $8/ft? ($86/nT) operating hours based upon $0.09/kWHh
7 55/55 64,800 $518,000 7000 $630
(23/13) (6000)
8 55/44 21,600 $173,000 7000 $630
(23/7) (2000)
9 44/44 17,600 $141,000 5600 $504
717) (1640)
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The annual energy consumption, column 4 of Table4,is  provision of Standard 90.1 explains why nearly all VAV
the product of the appropriate column 5 row from Table 3~ systems use terminal reheat, at least for the perimeter zones, to
and the kW/ton for the appropriate chilled water tempera-  avoid overcooling at off design, low cooling load conditions.
ture. For example, thevalueinrow 2, column 4, of Tabledis ~ When VAV box minimums are set to ensure ventilation (i.e.,

222,600 ton-h - 0.79 kW/ton = 176,000 kWh. the VAV boxes are not allowed to shut off), terminal reheat is
The values in column 5 are based upon an assumed simjitérequently required at off design operating conditions to
energy rate of $0.09/kWh. avoid overcooling. This practice is common for VAV systems

The next three rows, 4-6, focus on the first and operatindesigned to supply 55°F (13°C) air, as well as for low temper-
costs of the fan coil units serving as the parallel sensible-onlyture systems designed to supply air from 40°F to 50°F (4°C to
cooling units. The size of the fan coil units (i.e., air flow rates)10°C). Few VAV systems are designed with supply air temper-
is obtained by dividing the peak load that the terminal equipature reset to avoid terminal reheat because, as currently prac-
ment must handle selected from the appropriate row of columited (Ke and Mumma 1997), there are essentially no energy-
7 of Table 3 by the capacity for the appropriate entering chilledaving benefits.
water temperature (either 55°F [.130C] or 66°F [190.C]) from Given the current situation, the authors see that VAV
Figure 5. For example, the value in row 4, column 2, is (54 ton

_ _ Fos) systems supplying air at 55°F (13°C) or lower, employing
12,000 Btu/h/.ton)./,ll Btu/h per cfm = 59’000. cfm (2 terminal reheat with fixed minimum VAV box settings to
The fan coil unit's fan motor annual operating kWh Calcu'ensure ventilation would always be supplying more air than a
lation is based on an assumed fan efficiency of 74%, a fan pr y PPlyIng

sure differential of 2 in.w.g. (500 Pa), and continuougBQAS un.lt employing terminal reheat. The required box

! . minimum in the case of VAV systems would always be set to
operation for the entire 3744 hours of occupancy. The PUMReliver a greater volumetric flow rate at the fixed minimum
ing energy associated with the fan coil units, while nob?x settings (due to the multiple spaces equation and the crit

computed here, is expected to be about the same as for the cell- o
P P ical Z of Standard 62) and a constant volume DOAS unit.

ing radiant cooling panels to be discussed next. fh first and i i i
The next three rows, 7-9, focus on the first and operatinéecause ot the severe 1irst and operating cost penailies asso-

costs of the ceiling radiant cooling panel units serving as th jated with supplying the DOAS air at a neutral temperature

parallel sensible-only cooling units. The total area of ceilin nd the (_:u_rrent p(jr%gtlcle Of. ugln% te.rmlinal r%rgaztsln VA;V
radiant cooling panels is obtained by dividing the peak loagYStems: itis very di icult to justify designing a -paral-

that the terminal equipment must handle from the appropria 8' system W'th_ a suppl_y air temperature above. 55°F (13°C).
row of column 7 of Table 3 by the capacity for the appropriatgontmls’ asubject that IS beyond the scope Of, this paper, could
entering chilled water temperature (either 55°F [13°C] or geopasily be used to furthgr improve the economic benefits of the
[19°C]) from Figure 5. For example, the value in row 8,/0Wer supply air conditions.
column 2, Table 4, is (54 ton - 12,000 Btu/h/ton)/30 Btf/h/ft Since VAV systems frequently employ terminal reheat,
= 21,600 ft (2000 nf). let us explore design occupancy densities below which termi-
The ceiling radiant cooling panel annual pump operatingnal reheat is not required. Focus is placed on systems where
kWh calculation is based on an assumed pump efficiency @fie minimum airflow to the space is dictated by the ventilation
80%, a pump pressure differential of 30 in. w.g. (90 kPa), a 5%equirements. CurrentlyANS/ASHRAE Sandard 62-1999
(3°C) temperature rise, and continuous operation for the entirequires some activities to receive 20 scfm (0.01 kg/s) per
3744 hours of occupancy. person and others 15 scfm (0.008 kg/s) per person of ventila-
The first and operating cost estimate data presented tion air. Standard 62 also lists the maximum design occupancy
columns 3 and 5 of Table 4 support the second hypothesiser 1000 # (93 n?) for various activities. When the airflow to
which predicted that the chiller’s first and operating costs space is at the minimum to satisfy the design ventilation
would increase with decreasing DOAS supply air DPTs. It alsgequirements, it is possible to determine the envelope and
supports the prediction that the size and annual operating cosinsible internal generation loads that to just balance the cool-
of the parallel sensible cooling equipment both decline withing capability of that air. Internally dominated buildings that
decreasing DOAS supply air DPTs. The magnitude of savingsomply with ANSI/ASHRAE Sandard 90.1-1999 generally
in first and operating costs for the parallel terminal sensibl@ave a UA value of approximately 0.09 Btu/h-°F (0.05 W/°C).
cooling equipment greatly overcome the negative impact af this were applied in an energy balance with assumed
lowering the DOAS supply air DPTs on the chiller. Thereforegymmer and winter OA design temperatures of 90°F (32°C)
the design goal should be to maintain the space DPT as lowgsd 20°F (-7°C), respectively, the internal generation from
would be considered good practice or about 52°F (11°C). |ights and equipment required to make terminal reheat of the
DOAS supplied air unnecessary can be computed. That has
THE ROLE OF TERMINAL REHEAT ON SELECTING been done for the various design occupancy figures that
THE DOAS SUPPLY AIR CONDITIONS appear inANSI/ASHRAE Sandard 62-1999 and is presented
ANSI/ASHRAE Sandard 90.1-1999 (ASHRAE 1999) in Figure 6. The figure illustrates a summer (dashed lines) and
does not permit terminal reheat except where required to mewinter (solid lines) design condition, with 44°F (7°C) and
ANSI/ASHRAE Sandard 62-1999 (ASHRAE 1999). This 55°F (13°C) supply air temperatures, with design ventilation
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flow rates of 15 and 20 scfm (0.01 kg/s) per person design S
occupancy, and with the spaces occupied and unoccupied (16 ‘
combinations). The worst possible case is line “L” (the one on
top). It is a winter condition, so the envelope is providing

Ventilation | Occupied, -
cfm/person| fraction Left of the lines,
T 1 terminal reheat

Line Season
Identification| DBT, F
A 90

sensible cooling, the supply airflow rate is based on 20 scfm " ¢ | w|u| = | f ; t?a?{émﬁ?n‘é?‘l'f{imte;
(0.01 kg/s) per person, the SAT is 44°F (7°C), and there is o I E §§ gg zg E Ef:ni;gti:':
nobody in the space. Under these worst conditions, itmaybe & || ¢ | o [s]| = | k| rine Oz o 10
noted that the balance point design occupancy density (and, & ™| T | [u| % | @ | 7| |Gl
hence, the supply air flow rate pet éf building) at 3 W/ s xR e B | T | A e
(32 Win) (internal generation from lighting and equipment) Ewll W | als] 5| AT A
is about 7 people/100G°93 n?) and at 5 W/ft (54 W/n?) is SR N R N U RS I (. SRR
about 17 people/1000°f(93 nf). Standard 62 notes that 7 B, = P L
people/1000 ft (93 n?) is the maximum expected in office | el

)

buildings. If the spaces were under the same conditions as just
discussed, but with the design occupancy present (line “K”),

of the Ligh
[6,]

.

‘ H

T

the balance point design occupancy density at 32\(@2t W/ c a / ' T
m?) is about 10 people/100G {83 nt) and at 5 W/ft (54 W/ g 4 s gl
m?) is about 25 people/100G f93 nT). Elevating the SAT to £ s e e i
55°F (13°C), and otherwise maintaining the same conditions 2 ——M

as discussed above, the unoccupied and occupied balance 1 —"“g |
point design occupancy density at 3 W82 W/nT) are o L EE T

about 10 and 20 people/1000(@3 n?) and at 5 W/ft (54 W/ o 10 20 3 40 5 6

m?) are about 25 and 47 people/106q%3 nt). The balance Occupancy/1000 sq-ft. (93 m’)
point design occupancy is much higher in the summer when ‘

the envelope contributes to the cooling load. The balance
point design occupancy is also higher with the lower 15 scfrT'\:
per person ventilation rate. Clearly, there are many situations
where terminal reheat will not be a significant energy user if

required at all. ) . . .
Consequently, for many building applications encoun"® terminal reheat would be required for many building appli-

tered, terminal reheat will seldom, if ever, be necessary Witﬁatlons' That hypothesis was also confirmed, and the reasons

the DOAS-parallel system approach at supply air temperae-Xplored‘

tures of 55°F (13°C) or even as low as 44°F (7°C). Conse- N conclusion, it is recommended that for DOAS applica-
quently, the old paradigm of supplying the OA at a neutralions coupled with distributed parallel sensible cooling equip-

igure6 Internal generation balance point for terminal
reheat.

temperature needs to be reconsidered. ment, the supply air dew-point temperature be low enough to
maintain a summer space RH no greater than 40%. That means
CONCLUSIONS AND RECOMMENDATIONS a SUpp|y air DPT around 44°F (7°C). Likewise, the Supply air

) N DBT should be at or below 55°F (13°C). In cases where the
~ The DOAS supply air conditions have been addressed iflesign occupancy density is very high and terminal reheat is
this paper. Currently, nearly all systems employing dedicategbquired, the terminal reheat energy should come from a

OA systems supply air at or near neutral thermal conditiongecoverable source such as a chiller, engine, or other if possi-
The intent of this paper was to challenge that practice. At thgie

outset of the paper, three hypotheses were advanced. The first

hypothesis predicted that for a given supply air dew-poinREFERENCES

temperature, supply air dry-bulb temperatures below neutral

would result in both a lower first and operating energy costé*>HRAE. 1996.1996 ASHRAE Handbook—HVAC systems
That hypothesis was confirmed. Based upon the results 2@nd equipmentAtlanta: American Society of Heating,
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condition, supply air DPTs that would provide space relative ~ can Society of Heating, Refrigerating and Air-
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hypothesis predicted that with supply air dry-bulb tempera- tial buildings Atlanta: American Society of Heating,
tures lower than neutral, i.e., 55°F (13°C) or less, minimal or  Refrigerating and Air-Conditioning Engineers, Inc.
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