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1. IIITRODUCTION
In large commercial buildings, interior spaces such as computer nooms, offices or

stones require cooìing for 12 months of the year. Accordingìy, the air.-conditioning
systems.use a large amount of energy to produce chilled waier. Moreover, the chilllers work contjnuously,. even during the periods of peak electricaì demand, including
heating and lighting, which usually coincide with the coldest winter temperatures.

The use of ambient energy for cooling will reduce both the energy consumption andthe electrÍcity bills. For an all-air sl stem, the use of free-c-ooìing through an
economizer system can provide such savings.

. The economizer system controls the dampers on the outdoor- ancl return- air ducts,i.e., amount of outdoor air brought in, which varies from minimum value of Z0% oithe total lup_ply air, up to a maximum value of 100%, in tenms of the temperatures
and the enthalpies of fresh and return air. The objectives are the folìowing: (a)
To obtain a-nixing_telperature equal to or lower than the leavìng coil tempãrature(Ts) t9.g. 13 C (55F)l; at this point, the cooling coil is shut õft an¿ no'chilted
water is required. (b) To reduce the cooting-coil joad when the outdoor temperatureis higher than the leaving coiì temperature. The jncrease of admission of outdoorair may reduce or even completeìy eliminate indoor air poìlution.

There are two types of economizer systems defined in terms of the measured para-
meters on outdoor- and return-air ducts. These are the dry-buìb temperature-
economizen and the enthalpy-economizer. The dry-buìb temperatuie-economizär system
controls mixing dampers and a cooling-coil va'lve in response to measurements oi the
dry-bulb temperatures of the outdoor and return air. The fotlowing summary state-
ments apPly¡ (a) When tìe dry-bulb outdoor-air temperature T¡g is- lower ihan the
supply-ai r temperature Ts (e.g. , 13 c), no cooì ing is r.equi-ied and the outdoo.air-flovl rate is increased to obtain thê desired sùpp'ly temperature. (b)-When the
{ry-bul b outdoor aj n temperature Tog is higher ttrån ine iupply ai r' tãmfárature
Jç but- is lower than the return aii- temper"aiure Tp (e.g., i2' c), ttren-ì'ñe posi -tion.of the. mixing damp.ers is changed to òlose the i.!cìrc"ulãteã aíñ ¿ucì cómplåt"lvand bring in only outdoor air. (c) When the dry-bu'lb outdoor-air temperatúre f¡i
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is higher than the return-air temperature TR, mix'ing is performed by using a mini-
mum outdoor-air flow rate. A drawback of this systen for the case T5(T¡g(T¡ is an
increase of the coo'ling coil load when the enthalpy of the outdoor air is higher
than the return-ajr enthalpy.

In order to obtain savìngs from the economizer system, even under unfavourable
conditions, the sensors on the return-air duct are set for T5¡¡ ( T¡, which is
caìled the switchover or cutoff ternperature. At this temperature, the position of
the dampers is suddenìy changed, thereby reducing the percentage of outdoor air from
100% to the minimum value. An appropriate selection of the temperature T5¡¡, which
depends on local weather conditions, reduces the risk of incneasing the energy needs
when the dry-bulb temperature-economizer system is used.

The enthalpy-economizer system controls the mixing dampers and the cooì'ing coi'l
valve jn response to measured values of the dry-buìb and wet-bulb temperatures of
the outdoor and return air. The only difference between this system and the dry-
bulb-economizer system is that the position of dampens is changed to the minimum
outdoor air when T5(T¡g(Tp and hs(hp.

The use of the economizer s.ystems in lilontréal has a large potentiaì for energy
savings, because the dry-buìb temperature is lower than 13 C almost 60% of time
during a year and jt is between 13 and 22 C about 24% of the tjme (Table 1). In
Table 1, we present the yeanly average number of hours of occurrence of different
temperature bins jn order to emphasize the climatic conditions in Montre'al, and
eventually to provide basic information for comparison with resuìts obtained under
other weather conditions.. The data are based on hourìy temperatures measured at
Montréal between 1974-1983I.

Table l. Yearly ayerage number of hours of occurence of
different temperature bins in llontreaì

betÍeen 1974-1983.

Dry-bul b
temperatu re
bin (c)

Mean coincident
wet-bul b temperature

(c)

-36.4/ -33.6
-33.6/-30.8
-30.8/-28
-28/ -25.2
-25.2/-22.4
-22.4/ -t9.6
- 19.6/ - 16.8
-16.8/-14
-r4/ -rr.2
-Lt.2/ -8.4
- 8.4/-s.6
- s.6/
- 2.8/
- 0/2.
- 2.8/
- 5.6/
- 8.4/

- t6.2
- 29.4
- 26.7
- 24.0
- 2t.5
- 18.7
- 15.9
- 13.3
- 10.7
- 8.0
- 5.4
- 2.7
- 0.1

2.3
4.9
7.6

10. 0

t2.6
14. 9

17.0
18. 6
20.1
2t.9
24.2

TT.2/ T4

-2.8
0
8
5.6
8.4
IT.2

16.8
8/19.6
6/22.4
4/2s.2
2/28
30. I

14/
16.
19.
22.
25.
28/
30.8/33.6
33.6/36.4

Number of hours
of occurrence

0
2

6

22
51
90

161
237
299
335
417
483
562
776
627
6r7
627
643
715
727
667
407
212

67
10

0



Previous studjes have indicated important reductions of the cooling-co-il load for
spring to fall operation when the economizer system js used. Zmeureanuz found that
the reductjgn of the cooling ìoad produced by the js 1700-4900
kryh/(1000 m3/h) per year (foi 24 holrs of opeiation 700 kt{h/(1óó0
m"/h) per year (for 12 hours of operation per day) expressed in
units of energy consumption per year (kllh/year) divi the air f'low
rate (mr/h or cfm). Usìng these units,^the results obtained for a particular capa-
city òf the HVAC system, ðxpressed in m3/tr or cfm, can be extrapolatä¿ tor any other
capacity. The natjo of the load reduction caused by the dry-bulb tenperature econo-
mizer to that caused by the enthalpy economizer lvas found to be between 0.69 and
0. 94.

0ther data for Montréal
(1000 m3/h ) per. ye^ar for
outdoor ai r of 20%. r
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indicate the expected energy savings of about
10 hours/day and 5 days/week operation with
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1835 kl.lh/
a minimum

Although several other papers have examined the energy savings due to the econo-
mizer systems, they do not apply djrectly to the llontréal climate, which is charac-
terized by the cold and relatively'long winters, and by the hot, humid and rela-
tively short summers. From this point of view, the present ana'lysis provides speci-
fic data for this particular location.

The reduction of the coolìng coil-loads can affect the operation of other compo-
nents of the systems such as the chiller or the cooling tower. Hence, the energy
savings for the entire system may be different from the reductiorr of the cooling-
coi I loads.

We present next a comparison, based on computer simulation, between the energy
consumption for a conventional cooling system with a fjxed amount of outdoor air and
for the cooling system with use of the economizer. The major components are pro-
per'ly taken into account. The analysis was performed over the ten year period
(1974-1983) for l'lontréal clinatic conditions.

2. DESIGl{ COI{DITIONS
The air-conditioning system used in th'is anaìysis has, on the air side a mixing

box, a cooling coi1, and suppìy and return fans. 0n the chilled-water side, it has
a chil ler, a cooìing tower and circulating pumps (FiS. 1).
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An air flow rate of 60,000 m3/h (35,000 cfm) with 20 % outdor air is supplied con-
tinuously at 13 C (55F) to the rooms, to keep the indoor air at 22 C (72 F) and 50%
R. H.

The design load in kW of the cooling coil is given by

Q=m(hl,l -hs), (1)

where m = air flow rate (kg/s), hN = enthalpy of the air entering the cooìing coiì
which equaìs the enthaìpy of the mixed air (KJ/kg), hM = a ho + (1-c) hn, a = pro-
portion of outdoor air, ho = enthalpy of outdoor ajr for the design conditions of
Montréal, (TOg = 29.4 C, T¡¡B= 22.2 C), ho = 65 kJ//kg (35.8 Btu/ìb), hR = enthalpy
of the return air = 44 kJ/kg, hs = enthalpy of air leaving the cooling coil = 34
kJ/kg. For these numenical values, we obtain a desjgn ìoad of ?84 ktl (80.8 ton).

The temperature of the chilled water enterìng the cooling coil is selected to be
6.7 C (44 F). The chilled-water flow rate is calculated to be 12.3 ì/s (195.1 gpm)
for a temperature rise of 5.6 C (10 F).

The nomjnal capacity of the selected chilleli s 286.6 klrJ (81.5 ton), and the
nominal compressor powen input is 80.5 klrl. The condenser js cooled by waten from a

cooling tower, the entering design temperature is 29.4 C (85 F), and the temperature
of the air ìeaving the system is 38.1 C (100.5 F).

The c_ooling towen was selected on the basis of needed range R and approach A. The
range is the temperature difference between water enteriñg and water leav.ing thecooling tower, i.e., R = 38.1 - 29.4 = 87 c (15.5 F). rñe approach is-iträ"¿ir_ference between the temperature of the existing water and the wäi-¡ulb outdoor tem-penature, i.e., A = 29,4 - 22.2 = 7.2 C (l3F). -

A cooling tower was selected with a rating factor of 0.9, a fan power of 5.6 k!,l
and a water-flow rate of 10.05 1/s (159.3 gpm).

since the outdoor condi;;n:sli:itttt Jr:',itått ftJ;.*:ljli.s coìr (Q) varies rrornits design vaìue (Qn). The energy consumption by the chilíer ana'äootinf towervgry w_i!h the load, and also because of modificaiions in the cljmatic conäìtionsthat affect the operation of the cooìing tower djrectly.
The electricaì enengy jn kt,lh consumed by chiller is

n

E6¡=Q¡NFLPR i lrlpn
i =1 NFLPR

where Q = nominal capacity of the chiller (286.6 kl,l), NFLPR = nominal full load
qoÏgr_ ratio (0.281 klrl/kl¡l), FLPR = actual full-load þ-ower ratio, FFL = fraàtjon offull-load power., n = number of operatìng houns of the chillen.

A curve-fitting technique was applied to the data available jn, the
manufacturer's catalogues in order to obtain the parameters that had been used inthe estimation of energy _consumption. For the particular chiller and coolinl-iower
selected the following relations are obtair ed:

FLPR/NFLPR = 1.54 - 0.587 ANCR, (3)

where ANCR = actual capacity to nominal capacity natio,

ANCR = - 0.37645 + 0.018131 T4 - 0.000103 T42 + 0.018134 Tr +

0.000128 T1 - 0.000117 T1 Ta, (4)

ì1 = temperature of the chilled water ìeaving the evaporator (FiS. 1). The tempera-
ture of water leaving the cooling towen and enter.jng the condenser (Fig. l) is

FFL)i, (2)
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Tq = 0.798851 - 0.II4572 T¡g + 0.005742 T¡g2+

1.118s5 T3 - 0.002585 T32 - 0.003257 T¡ Twa . (5)

The statistical analysis indicated for Eq. (3) a correlation coefficient R2 of
70.4%. The standard error in estimating the intercept and the slope in Eq. (3) was
about 3.77". For Eq. (a) the correlation coefficient was 96.2Í, and the standard
error was about 2.8%. For Eq. (5), the correlation coefficient was 99.9% and the
standard error about I2%. Since Eqs. (3) and (4) are derived from catalogues in
which 1-P units are usualìy used, the temperatures are expressed jn F.

The part-1oad performance is not currently available. Consequent'ly, the default
curve for.the chiller that is used in the DOE program was integrated in the present
analysis.a In this manner, we find

FFL = 0.088065 + 1.t37742 PLR - 0.225806 PLR2, (6)

where

pLR = Q/Qn .

The power (kll) rejected to the cooling tower is

QrwR=EcH+Qn.

(7)

(8)

Since the condenser temperature Ta depends first on the heat reiected to the
cooling tower Q1¡¡¡, and then also on the temperature T3 of the air entering the
cooì'ing tower, aiì iterative procedure must be used for each hour of simulation to
calculate these temperatures.

The chilled water and condenser water flow rates are assumed to be constant and

equal to the nomina'l value.

4. NII{ERTCAL RESULTS

As previously stated, the estimation of hourly, nonthly and a¡nual cooling coiì
loads and energy consumption was performed for the period 1974-1983. Average annual
values are presented jn Table 2.

The ratio between the annual energy use and annual cooling-coil load is 0.276-
0.303 for the dry-bulb-temperature economizer, 0.304 for the enthalpy-economizer and
0.353 for the conventional system. Thus, energy consumption represents only about
30% of the cooling coi'l 'load. This result corresponds to an average coeffìcient of
performance of the entire system of about 3.33.

The r.eduction of the coolinq-coil load due to the enthalpy-economizer is 1'104,473
- 636,493 = 7800 kl'lh/(1000 mr/h) per year. The ratio of the energy used by the
enthalpy-economizer system to that used by the conventional system is about 0.50 and

indicates that significant savings can be obtained through the use of ambien! energy
for cooling. These savings are estimated to be about 3300 kl,lhl(1000 m'/h) per
year.

Since the ratio of the energy used by the system with dry-bu'lb-temperature
economizer to that with enthalpy-economizer varies between 1.00 and 1.14, we can
conclude that by making appropriate selection for the switchover temperature' the
dry-bulb-temperature system will provide as much energy sav'ing as the enthalpy sys-
tem. The smallest amount of energy is used by the dry-bulb-temperature economizer
when the switchover temperature ia 17 C, i.e., 5 C lower than the return ajr tem-
perature. For this value of the switchover temperature, the energy consumption
almost equals that of the enthalpy economizer.
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Table 2. fuinual cooling load and energy consumption

Tsw (c)
System

DBT Economizer

Load (kl.lh)
Enersy (kl,lh )
Ene rgyll oad

ENT Economizer

Load (kl{h)
Energy
Ene rgy

(

/1
kl,lh )
oad

( DBT/Conv. )

(ENT/Conv. )

( ENT/Conv. )

CONVENTI ONAL

Load (ktrlh)
Energy (kl{h )
Energy/1 oad

(DBT/ENT)toad

( DBT/ENT)
'ene rgy

(DBT/Conv. ).,ou.

T7

640, 049
194,156

0.303

1.01

1.00

0.493

0. 498energy

I oad

ene rgy

Table 3 shows that the enthalpy-economizer system provides large savings between 50
and 100% from September to May, when it is compared with the convent'ional system.
He observe- that, from November to March, the enthalpy-economizer uses pen mont-h less
than 5% of the energy consumed by the conventiona'l system, i.e., theie js a demand
on the chiller for onìy a few hours. Moreover, if the dynamic responses of the HVAC
and control systems, which were neglected in this analysis, are taken into consider-
ation, then, because of the s'lower response, it may happen that no energy at all is
consumed by the equipment. This operation increases the energy savings'-due to the
enthalpy-economjzer. During the summer months (June to Auguit), thõ savings are
between 5 and 20% for both the cooling load and energy consumption. Hence, ãue totfe p_art'icular climatic conditions in summer and in winter in Montréa1, as pre-
viously described, the economizer system provides larger energy savìngs fróm fali to
spring, while during the summer months the energy savings are-between-5 and 17l,.

The monthly enengy-to-ìoad ratjo'for both the economizer and the conventjonal
systems approaches its nomjnal value (NFLPR = 0.281) from May to September. During
the_cold month-s_ (December-to February) and because of the lowen loads on the cooìingcoil' the chiller works less effjciently and, therefore, the energy-to-load ratjõ
increases mone than 100%.

22 2l 20 19 18

0.617

0.567

800,
220,

0.

87
87
27

1. 14

2

5

6

L.26

7 46,226
272,717

0.285

t.77

1. 10

0. 575

0.546

708,957
206,670

0.292

636,493
793,42I

0.304

104,473
389,527

0.353

1.11

L.07

0. 546

0.53

0.576

0.497

1 ,

67 2,367
200,292

0.298

0.518

0. s14

1.06

1.04

649,492
196, 003

0. 302

1.02

1.01

0.50

0. 503
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Table 3. llonthly cooling loads-and gnelgy consunptions (kllh) of the enthalpy
economizer as compared rith the conventionat cooling systen
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l1onth

Energy/Load

Conv

Jan.

Feb.

|tlar.

Apn.

May

June

July

Aug.

Sep.

Oct.

Nov.

Dec.

0.692

0.630

0. s10

0.395

0.327

0.302

0.289

0.296

0.322

0.372

0.437

0.605

0. 353Total

The reduction of the electrical the winter months,which coincide with hi.gher demand ne maximum eipecteaelectrical demand for the entire bui scribed pów..'iò tneuti l ity company is diminished. Th utiiiiv'ïomp.ny toreduce the peak ìoad, and to operate ns.

The cost of electrical elergy in the province of Québec for medium size consumersis:5^$0.0s49/kl'lh for the firs"t tzo trours or consumption, $0.0336/kl,lh for the next78'000 klilh' J0.0233/kllh for the remaining enèrgi- àãnthþtion. úsing ttresã rates,the savings for the present case study arievaluáie¿-io-¡é-$sqt+ p.. yËu..--- -

.The acquisition cost of an economizer system, including components such as outdoorair sensors, motor-valve actuator, gr,ylUulb. a1d- ãr,tf,ilpV changeoven controller,moduìating warer varvg gr.minim_um pôsition põt"ntiorétår-,-ís aboui-ssõ0.d0.- it.r._fore, the payback period is evaluaded to be about z monttli.

One can conclude that even under tlr. row price of electrica'r energy in theprovince-of Québec, the installation of an ecoüorii.r ryii"r is a very efficientmeasure for the building owners, with a very rast iefùrn ãi'investments. "

Loads (kl,lh ) Energy (ktlh)

Econ Conv.
Econ/Conv.

(%) Econ. Conv.
Econ.

TõñF
(%)

Econ

I2

438

9,491

64,069

131,454

180, 789

160,626

72,657

14,239

2,690

39

636,493

22,945

24,406

39,836

69, 504

r24,90I

158,515

190,419

177,101

128,605

85,224

54,301

28,916

1, 104,473

0.05

1.10

13.6

51.3

82.9

94.9

90.7

56. 5

16.7

5.0

0.14

57 .6

10

177

3, 451

20,612

39,811

52,392

47 ,604

23,396

4, 949

1,013

L7

193,42r

15,814

15,369

20,327

27 ,470

40,850

47 ,9L2

55 , 113

52, 398

4L,420

31,715

23,7I0

L7 ,424

389,527

0. 07

0.9

12.6

50. 5

83. 1

95.0

90.8

56. 5

15.6

4.3

0.1

49.7

0. 83

0.404

0.364

0.322

0.303

0.290

0.296

0.322

0.347

0.377

0.436

0. 304
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