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ABSTRACT

This paper presents the results ov both a perfcrmance and an economic assessment of the evapo-
rative-cooling potential for office buildings in 11 US climate zones, Evaporative-cooling
systems of the direct and combined direct/indirect type that are part of the heating, venti-
lating and air-conditioning {HVAC) system were evaluated. Thermal storage strategies were not
considered in this study. The DOE-2 buflding-energy-analysis computer program was used to sim-
ulote the evaporative--cooling performance of typical single-story and multistory office build-
ings

Performance results are presented as energy and p2ak demand reductions for each type of office
building in each ¢'wmate 2one. Economic results are summarized as investinent targets and ag-
gregate/energy cost savings,
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iNTRODUCTION

As part of & US Department of Energy assosement of passive salar cuoling technologies, the
l.os Alanns National Laboratory has studied Lhe evaporative cooling potential for new office
butldings in the US. The overal) Passive Cooling Technclogy Assessment Project, conducted
Jointiy by Lawrence Berkeley Laboratory, Los Alamos National Laboratory, and Booz Allen and
Hamilton, Inc., included performance and economic studies of several passive cou:ing tech-
nologies applicd to office buildings. The project description, methodology, and resu'ts are
presented in Ref, {1].

In its parl of the study, Los Alamos determined system performance, as well as energy and cost
savings, rosulting from alternative configurations of a direct and a combined direct/indirect
evaparative conling syrtem, Only evaporative cooling systems integral to the heating, venti-
lating, and alr-conditioning (HVAC) system were stuaied: the wet-ckin tyves, such as sprayed
roofs or roof ponds, werc not consfdered. Ferthermore, thermal storage strategies were not
considerad tn Lhis study.

Two types of prototypical office buildings were simulated_hour by hous for a year using the
(0E--¢ butlding unﬂrqy analysis computer program. A 929 m¢ (10,000 fL7) single-story and a
9,290 w’ (100,000 ft?) multistory office building ware simulated in 11 US cVimate rones that
reprasentad solar, dry-bulb temperature, and humidity conditions in these geographic climate
reglons, A base case butlding, with & conventional vapor compression cooling systom, was es.
tahlished for cach bullding type as a reference against which energy, demang, and cost sav-
ings were compared,

Pertormance results were determined in terms of the electrical energy use for cooling and the
peak electrical demand for the building., These results are presented in dotaf) below,

*Work eporsored by the US Oepartment of knergy, Office of Solar Heat Vechnologles,



2 Control Strategies

Economic results are summarized in terms of investment tarqgets and aggregate energy cost
sivings for geographic regions corresponding tu the climate zones. PDetails of the economic
analysis are presented elsewhere [2].

APPROACH

Base Line Office Bui’dings

Two base 1ine office buiidings--a& small, one-story building anc a large, ten-story building--
were defined as references for this assessment as representativa of future new office build-
ing construction. The base line buildings were not meant to represent innovative, energy-con-
serving designs, but were choser to reflect average current design practice. The small offica
building was typical of speculatively built and leased space, whereas the lirge structure typi-
fied an owner-built and -occupied office building. Bcth were intended to provide an energy
performance benckmark from which to draw meaningful comparisons between the alternative passive
cooling strategie, evaluated 1n the Passive Cooling Technology Assessment Project. Detailed
definitions of the base line buildings are given in Ref, (1].

Climate Zones

Eleven regions were used to describe the range of climate conditions for cooling in the US.
The procedure for selection of these regions is described in Ref. [3). Weather parameters
were selected to represent the salient climate characteristics of each Standard Metropolitan
Statistical Area (SMSA) in the US. SMSAs were grouped toqether to form a region and then
population-weighted regional averages of the climate parameters were used to determine which
single SMSA best represented the antire region. The set of climate regions selectad, and the
climate center cities chosen to represent each region, are shown in Fig. 1, Weather tapes of
Typical Meteorvlogical Jears (TMYs) for the center cities were used in the DOE-2 simulations.
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Evaporative Cooling Processes Simulated
Two evaporative cooling procesies were simulated and evaluated in this study:

e Direct evaporative cooling - in which an air stream is passed through an air washer
which reduces the dry-bulb temperature while increasing the moisture content, and

e Indirect evaporative cooling - in which two air sticams are passed through an evapo-
ratively cooled heat recovery ynit; the air stream o) the wet side undergoes a direct
evaporative cooling process that in turn cools the other air stream through a sensible
heat e:change process. The dry side air stream dry-tulb and wet-bulb temperatures are
both reduced. Because the wet and dry streams do not mix, moisture is not added to
the supply air in this part of the process.

whereas the first method has been evtensively develuped over many years, the latter has been
more recently developed; many commercial uaits are available from which to determine basic
operating characteristics.

Evaporative Cooling Systems Simulated
For this study these evaporative cooling processec were combined to form two distinct systems:

e Diract system - in wnich a direct evaporative process alone is used (Fig. 2), and

e Direct/indirect system - in which the indirect process is used to precool the air
before it enters the direct evaporation air washer (Fig. 3), The well-known psy-
chromftaic paths followed in this two-stage avaporative process are described in
Ref. (4].

For both of these systems, the auxiliary system included a conve tional rhilled water rocling
coil/centrifugai chiller system,

Algoritrmrs representing these Systems were added to the DOE-2,1A computer program so thst the
analysis could be conducted; constant a‘r washer and heat recovery neat exchanger effective-
nesses were used, For the indirect evaporative process, outside ai- enters the wet side of
the evaporative heat recovery unit 3t a dry-bulb temperature Tpg and Is reduced to tempera-
ture T), as shown in Fig. 3:

T = Tog - "1elTpg - Twg)s (h

where "¢ = 0.85 is the effectiveness of tne evaporative process and Tyn i: tne wet side on-
tering wet-bulb temperature, This cooled air then exchanges heat with thc incoming outside
suppiy air on the dry side cooling it to Tp:

T2 = Tog - "nlipg - T1)s (2)

where Ny = 0,65 is the effectivenass of the heat recovery unit, A bypass is included with
the indirect evaporative cooler so that 3 sufficient flow of putside afr is mixed with the
cooled supply als to maintain & mixed air temperature downstream of the bypass, FJ. equadl to
the cold deck temperature, Tg.

For the dircct process, the temperature of the incoming supply alfr stream, 13, s lowered to
Tq, as shown in Fig. 2:

Tqg == T3 - npp\T3 - THU‘J)n (3

where ngg = 0.85 is the cffectiveness of the Jirect evaporetive cooler and Tyy 3 ¥s Lhe wat.
pulb temperature of the air entering the air washer, 1f the temperature of thé alr leaving the
air washer is lower than the cold deck temperature, that 13, T4 < Te, the hypass will divert
sufficient flow so that the cold deck setpoint {s maintained, [f the temperature of the ab
leaving the afr washer {s greater Lhan the cold deck temperature, that is, Tq > T, the con.
ventional coll s used to iower the tamperature of tne supply air tu the cold deck set-poing,
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Tc. No bypass operation is required when T4 = Te. Auxiliary power required to operate
the evaporative coolers was neglected ir the simulations, as was any additional parasitic
pressure 10ss across the evaporative cooling components.

Operation of the Systems Simulated

The evaporative cooling systems were allowed to operate only during the cooling season, a
period of approximately 5-1/2 months, whose length was set such that heating loads were not
increased in the swing seasons by the operation of tae evaporative cooler. This period was
adjusted for each climate. In both system configurations, the space humidity was canstrained
to not exceed 70% relative humidity; the cooling coil/cold ceck temperature was lowered when-
ever this constraint was not met.

The modes of cperation for these two systems are as follows:
e Direct (see Fig. 2)

(1) 1C0% outside air was used whenever the operation of the air washer could save
energy over the conventional coil alone. iLogic checks were made to determine
if the enthalpy of the air leaving the air washer was greater than the mixed air
enthalpy of the conventional system operating at minimum outside air fractinn.

(2) Minimum outside air was used with the air washer bypassed whenever there was no
advantage to using the washer,

e Direct/Indirect (see Fig. 3}

(1) 1C0% outside air was put through both the wet anc dry side of the heat recovery
unit; that is, whenever it was advantageous to use avaporative coo'ing (as deter-
mined by the 1ggic checks mentionea above} tne two coolers were operated in series
with 100% outside air, The heat recovery urnit provided sensible precooling ( low-
ering both dry-bull and wet-bulb temperatures) so that the air washer performance
was improved; this strateqy provided two-stage evaporative cooling.

(2) 100% outside air was put through the dry side of the heat recovery unit (and air
washer) with return air exhausting through the wet side, This mode provided im-
proved performance fcr the heat recovery cooler for those operating conditions
where the return air enthalpy was less than Lhe outside air enthalpy. A logic
check was made here to determine whether this stretegy or mode ' should be usec,

(3) Minimua outside air and conventional cooling was used; the two evaporative coolers
were Yypassed when it was not advontageous tc use them.

Clher possiblr operating modes wili he evaluated in future studies.

RESULTS

Performance

Ennual base ~ase energy consumption for cooling and related energy savings for the evaporative
coolina systems predicted by DOE-2 and expressed on an absolute and fractional basis are pre-
sented in Tables | and 2. As expected, the hetter perfo,mance of combined direct/indirect
evaporative cooling strategy Snows it to be a more attractive option than direct evaporative
cooling alone.

For the single-story office building, the fractional cooling energy saved by the direct/
indirect evaporative cooling strategy is highest in the Pacific Northwest at 43.4% and lowest
in the Gulf Coast at 3.7%1. For the multistory office building, the fractional energy saved
ranges from a high nf 23.4% in the Central Mountain region to a low of 2.5% in the Gu'f Coast,
Note the strong climate dependence of evaporative cooling: only minor savings are possible in
very humnid regions,

The fractional enorgy savings are lower for the multistory office building because its cool-
ing energy -onsumption, per unil of fioor area, is lower tnan that for the single-stlory build-
ing, Both the cooling energy consurption and cooling energy savad in the myltistory building
are lower, per umit of floor area. becduse the cooling cquiprent is more efficien. and the
economizer operalion allows more ventilative cooling in the multistory bui'ding. Hence, the



Table 1. Annual evaporative cooliny potential of one-siory office building.

9

Cooling . . b : . Electric demand -
consumptionb Cooling eng.gy saved Cgolxng Ele;tr;c reduct ion E;e;g:;c
base building GJ (10" Bru) ener3y demanc (kW) emanc
2 6 saved base building ——- _— reduction

Region GJ (10° Btu) Dir Dir/Ind (%) (ki) Dir Dir/Ind (3)
Pacific 66.4 (62.5) 19.6 (18.6) 28.8 (27.3) 43.4 48.9 0.C 6.7 13.7
Northw:st
California 109.8 (l04.1) 20.7 (19.6) 3?.5 (30.8) 29.6 53.0 -0.9 3.8 7.2
Coast
Fresno/ 154.9 (146.8) 24,1 (22.8) 40.6 (38.5) 26.¢ 63.0 n.o0 -3.2 -5.1
E1 Paso
Desert 208.1 (197.2) 20.8 (19.7) 43.2 (40.9) 20.7 67.4 -0.3 -3.8 -5.6
Southwest
Central 74.9 (71.0; 26.5 (25.1) 31.3 (29.7) 41.8 53.9 0.9 2.3 4.3
Mountain
Northern 96.7 (Y1.7} 18.1 (17.2) 22.8 (21.2) 23.1 62.1 0.6 0.6 1.0
Ti~r
Great 92.6 (89.7) 15.6 (14.8) 19.2 (18.2) 20.2 59.2 0.0 0.0 0.0
Lakes
Nor theast 98.5 (93.4) 12.4 (11.8) 17.1 (16.2) 17.3 59.5 -0.3 -0.3 -0.5
Snuth 1a1.2 (i33.8) 10.4 (9.9) 15.2 (14.4) 10.8 63.9 -0.3 -0.6 -0.9
Gulf 200.1 (:89.7) 5.0 (4.7)y 7.4 (7.0) 3.0 67.1 0.7 c.0 0.0
Coast
Central 166.7 (158.0) 22.1 (20.9) 26.6 (25.2} 15.9 66.8 -0.3 -0.: -0.4
Texas

sajbajea3s 1043uU0)

aCold deck temperature = 15.6°C (60°F). Relative humidity = 70%.

bCoo‘-ing consumption and energy saved include energy delivered to the chillers, cooling tower, fans, and
cooling water pumps.



Table 2. Annual evaporative conling potential of multistory office huilding,

tlectric demand

coﬁ?f’.lgﬁ?mb Cooling energy saved® Cooling féectr;c reduction E;“";C
base uilding 6J (10° 8tu) enery emand (kW) emanc
5 - savd base building : reduction

Region GJ (10" Btu) Dir . Oir/Ind _(5)y (kW) Oir 0ir/Ind %)
Pacificd 545.6 (517.1) 57.0 (54.0) 103.0 (97.6) 18.9 512.7 -6.4 56.1 | R
Northwest
California? A833.5 (790.0) 53.9 (51.1) 113,3 (107.4) 13.6 550.8 -18.2 25.8 4.7
Caoast
€resno/?2 1343.7 11273.Y)  121,9 (115.5) 294.4 (279.0) 21.9 675.9 -32.2 -36.3 -5.4
£l Paso
Desert 2007.6 (1902.8) 163.1 (154.6) 368.8 (349.€) 13.4 755.6 -5.6 12.0 1.6
Southwest
Central 732.4 (694.2) 117.4 ;111.3) 171.7 (162.7) 23.8 594.5 39.) 58.0 9.8
Mountain
Northern 845.2 (801.1) 35,8 (33.9Y 71,2 [(67.5) 3.4 624.1 -0.6 0.0 0.0
Tier
Great 186.7 (B840.4) 70.5 (66.8) 110.8 {(105.0) 12.5 641.4 0.9 2.1 0.3
Lakes
Northeast 361.1 (816.2) 31.0 (29.4) 67.0 (%3.5) 7.8 598.6 0.0 0.6 0.1
South 1181.3 (1119.7) 24.2 (22.9) 61.4 (58.2) 5.2 642.3 -3.5 -3.5 -0.5
Gulf 1827.6 (1732.2) 17.1 (16.2) 45,9 (43.5) 2.% 697.6 2% -2 -1.3
Coast
Centrald 1389.9 (1317.4) 56.4 (53.5) 88.6 (854.9) 6.4 720.5 -?26.1 -28.1 -3.9
Texas

3Cold deck temperature = 15.6°C (60°F), for all other regions cold de-k temperature = 12.8°C (55°F),
Relative humidity = 70%.

b(‘.ooling consumption and energy saved include enerqy delivered to the chillers, cooling tower, fans, and
cooling water pumps.

sbp1g 430 404 leiiualod 613 dea3

L
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differences i the mechanical equipment selected for the base line buildings favors the imple-
mentation of evaporative cooling in smaller, rather than larger, office buildings. This un-
intentional bias results from the size factor difference between the two base line buiidings
used.

A more important measure of potential is the absolute cooling energy savings. Four regions,
namely the California Coast, Fresno/El Paso, Desert Southwest, and Central Mountains, rank as
top performers for both single- and multistory bugldings. with energy savings for the direct/
indirect system ranging from 31-43 GJ (30-41 x 10° Biu) for the sma'l office building to
113-369 GJ (107-350 x 106 Btu) for the large building. These regions are characterized by
either Mediterranean, Rocky Mountain, or desert climates. However, substantial energy savings
are shown for all regions.

The peak electric demand is shown to be reduced in some climates by the use of evapordative
cooling and increased in others. In the cases where the peak electric demand is reduced, the
benefit is achievea because some of the peak cooling lcad is met with evaporative cooling,
which uses less electric power than the vapor compression cooling system that it is displacing.
For cases where the peak ele:tric demand increases, it usuaily results from an increase in fan
power over the base line case. However, peak electric demand is not strongly influenced by
the evaporative cooling systems studied.

fconomics

An economic evaluation of the evaporative cooiing systems potential was conducted by the Econo-
mics Group of the Los Alamos National Laboretory. Detdiled results of their analysis, for sev-
eral passive cooiing technologies, are oresented in Ref. [2]). A few highlights are shown in
Tabies 3 and 4.

The larges: aggregate potential savings for evaporative cooling resulted for the California
Coast region, as shown in Table 3. The aggrejate base case cost and savings shown in Table 3
are the typical electric utility bills or typical electric utility bill saving a¢iociated with
each class of office building, either large or small, as summed within each class and totalled
for both classes. Over $1.2 miilion in direct savings from electric utility bills could be
realized annually at current utility rates if the direct/indirect evaporative conling systems
described were implemented in al: new office byildings, both single-story and multistory, to
be built within this region. More then B0.5 million could be saved in the Central Mountain
region. The fractional electric utility Lill savings ranged from 0-8% over all rugions,

Although the actual costs of implementing these processes were not determined. investment tar-
qets commensurate with a 25-year pa2yback were determined assuming typical economic and tax
n.rameters. Thase targets are éhown in Table 4. Ffor example, one could afford to invest
$.5.19 gross e (82,34/gross ft°) of Fioor space in evaporative cooling equipment for small [¢
2,323 (25,000 fte)] office buildings constructed in the California goast region and brea%
even in 25 years. For the single-story base line office building, this amounts to a 323.400
investment. If tne equipment could be purchased and installed for less than this amount, then
the investment would pay back with utilijty bill and tax savings in less than 25 years. Further-
rore, investment targets exceed 21.53/m? ($2.00/ft2) for small office byildings in the
California Coast, Central Mountain, and Fresno/E1 Paso regions. Investment targets for large
office buildings [> 2,323 m (25,000 ft2)]) were somewhat less, but exceeded §16.15

($1.50/5t2) in both the Central Mov..ain and Fresno/E1 Paso regio.s.

CONCLUSTONS

The performance and economic results of this evaporative cooling assessment study support the
following conclusions.

e In office buiidings, a direct/indirect evaporative cooling system performs better than
a direct evaporative conling svstem alone,

o The energy savings resulting from the use of evaporative cooling systems in office
buildings located within the US is greatest in the Mediterranean, Rocky Mountain, and
dgesert climate regions. *

e CEvaporative cooling therma. performance of office buiidings is more closely reiated to
the type of mechanical systems installed than to the size of the building.
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Table 3. Annual aggrega‘ed dollar savings for small and larce offic: buildings.

DPirect/Indirect

Base case evaporative
costs savings (%)
Region g;\ S;) _
Pacific Northwes. 2,063,300 79,895 (4)
California Coast 31,734,700 1,261,207 (%)
Fresno/E1 Paso 5,326,400 316,972 (6)
Desert Southwest 5,844,100 287,395 {5)
Central Mountain 6,420,300 548,154 (8)
Northern Tier 7,574,200 126,889 (2)
Great Lakes 42 808,500 1,258,401 (3)
Northeast 59,856,400 490,615 (1)
South 13,530.990 248,590 (2)
Gul¢ Coast 32,127,600 115,741 (0}
Certral Texas 13,801,600 152,2.0 (1}
United States 226 088,530 4,880,059 {2)
Table &. Irvestment targets in §/0° !Slftz) for a 25%-year period of analysic.
Direct Direct Direct/Indirect Direct/Indirect
Region one-story multistory one-siory multistory
Pacific 0.86 0.08) 0.22 (0.02) 1.29 (n.1Z; G.43 (0.04)
Nortnwest
Zalifornia 13.67 11.27) 1.94 (0.18) 25.19 (2.34) 19.44 (0.97)
Coast
Fresnc/ 12.70 (i.18) £.81 (0.54) 21.64 (2.01; 16,36 (1.52)
El Paso
Desert 3.44 (0,32) 2.80 (0.26} 7.75 (0.72} 5.89 (0.54)
Southwest
Centra: 20,77 (1.93) 15.72 ('.46) 30.25 (2.81) 24.65 (2.29)
Mounta:n
Northern 2.26 (0.21) 0.43 (0.04) 2.69 (0.25) 0.97 (0.03)
Tier
Great 1,74 (0.44) 3,12 (9.29) 6.14 (0.57) 4,74 (0.44)
Lakes
Northeast 2.91 (0.27) 0.97 (0.09) 3.98 (0.37; 1.72 (0.16)
South 2.58 '0.24) 0.54 (92.05) 3.88 (0.36) 1.40 (2.13)
Gulf 0.05 (0.06) 0.1l (0.0l) 0.86 (0.08) 0.32 (0.03)
Coast
Centirgl 3.12 (0.29) -~ 4,31 (C.40) 0.22 (0.02)

Texas
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e Peak electric demand in office buildings is relatively insensitive to the evaporative
cooling systems studied.

e The largest aggregated utility bill savings for new office buildings buil: in the US
with direct/indirect evaporative cooling systems can be realized n the California
Coast region.

e Investment targets for direct/indirect evaporative cooling systems suggest that these
systems can be built cost effectively for office buildings in the California Coast,
Central Mountain, and Fresno/£l Paso regions of the US.

e Additional research is needed :0 verify the evaporative cooling modificalions made in
the DOE-2 compute~ program.
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