
48
A case study of an
integrated decentralized
chilled water system
Solution maximizes utilization of existing chiller
capacity and upgrades overall campus air
conditioning while reducing machine operating hours
and operating and maintenance costs.

The campusof the University of Missouri at
Rolla, like manyothers,reflectsthechangesin
building technologythat haveoccurredover
the past half century-aperiod in which the
mechanicaland environmentaldisciplinesof
that technologywere changingat an expo
nential rate. The problem posed by such a
situation is one of periodically reevaluating
older buildings from a functional point of
view and arriving at decisionsas to whether
capital should be investedto upgradethese
spacesenvironmentallyand functionally or
whether they shouldbe abandonedto obso
lescence.

The Rolla campus at the time of this
undertakingconsistedof 30 buildings includ
ing thepowerplant,as shownin Fig.48-1.Ten
are served by moderncentral chilled water
cooling plants; nine of these systemshave
absorptionchillers, while the remainingone
hasan electric motor-drivencentrifugal unit.
Total installed chiller capacity is approxi

mately 1817 tons. Steamfor the absorbersis
suppliedfrom the power plant, which also
providessteamfor spaceheatinganddomestic
hot waterheating.The low-pressuresteamis
availableas a by-productof powergeneration.
Table 48-I lists the buildings havingcentral
chiller systems.

Cooling in the remainingbuildings is pro
vided by unitaryequipment,window units, or
both. Generally,only partial cooling is pro
vided in these structures.In service are 53
piecesof unitary equipmenttotaling424 tons
of capacity and 246 window units with a
combinedcapacity of 325 tons. Tables48-2
and48-3 showthe distribution of this equip
ment throughoutthe campus. -

A study was undertakento evaluatethe
presentandfuturecooling needsof the Rolla
campusanddeterminethefeasibility of devel
oping a singlechilled water plant. The objec
tives were to reduce energy consumption,
operatingcosts,and maintenancecosts while
increasingreliability andmaximizingthe use
ful life of the equipment.

Obviously, the existenceof approximately
1817 tons of chiller capacity could not be
ignored becauseof the capital investment
involvedand thelongservicelife that this type
of equipmentcanprovide.The challengewas
therefore to develop an integratedsystem
making maximum use of the existingcentral
plant type equipment.This led to the decen
tralized central plant concept in which the
existing chillers would be tied together by
chilled water loops.

An inventoryof theexistingchiller systems
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Fig. 48-1. Campusof the University of Missouri at Rolla. Buildings shown by shaded areas have central chilled water refrigeration plants.
Shaded piping shows Loops 1 and 2, Loop 1 at left and Loop 2 at right, in proposed construction phases to ultimately provide cooling to most
of the campus from the existing chiller systems. Together with the black piping, they make up the Sigma Loop envisioned in the third phase of
development. Installed capacity will handle virtually the entire campus because of diversity in building loads. Future piping connections for
the initial loops and final loop are shown by the circles on the piping layout. Buildings marked with asterisks are those considered for
inclusion in the Sigma Loop system. W

Buildings with central chilled
water cooling systems
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Table 48-1 Buildingsservedwith centralchilled watersystems.

wasfollowed by a thoroughanalysisof their
operatingcharacteristics.The systemevalua
tions providedrevealinginformationthat em
phasizesthe needto takeinto accountenergy
utilization in environmentalsystemsdesign.

This chapterdealswith the developmentof
the integratedchilled water system.Chapter
23 exploresenergy economicsconceptsand
shows how the work at the Rolla Campus
underscoresthe need for consideringthese
conceptsin all building designprograms.

Existing chiller systems
Descriptionsof the centralcoolingsystemson
campus are given in what follows. Flow
diagramsshowingmajor systemcomponents
werepreparedfor all of thesebuildings.

Table48-2. Unitary cooling inventory.

Installed
Building tons

Rolla Building 0.0
PhysicsAuditorium 25.0
Norwood Hall 5.5
Parker Hall 60.0
Fulton Hall 5.0
Harris Hall 37.5
Old Cafeteria 2.5
Old Metallurgy 2.0
Civil Engineering 35.5
Chemical Engineering 8.0
ChemicalEngineeringAddition 5.0
Electrical Engineering 23.0
Reactor 7.5
Life Science 17.5
T-lO 5.0
T-ll 20.0
T-C 7.5
Math and Computer Science 87.0

Total tonnage 423.5
Total number of units. 53

T denotes temporary buildings

* PhysicsAnnex-Itssystemincludesa 71-
tonabsorptionchiller anda crossflowcooling
tower with an indoor sump. The air side
systemincludesa 12-tonmultizoneunit, heat
ing-cooling unit ventilators on a two-pipe
distribution system, and fancoils on a two-
pipe system.Perimeterfinned-tuberadiation
is providedin somespaces.Spaceandpiping
arrangementshave been provided for the
future addition of anotherabsorptionunit
with associatedpumpsandcooling tower.

* New ChemicalEngineering Building-
This building, underconstructionat the time
of the study, is served by a single 380-ton
absorptionunit. The air sideconsistsof two
high-velocitycentralstationtype air handling
units supplying dual duct variable volume

Table48-3. Window unit inventory.

Building
Units

operating
Total
tons

Rolla Building IS 21.4
Physics 5 7.8
Norwood Hall 32 54.2
Parker Hall I 0.8
Fulton Hall 30 37.2
Harris Hall 12 12.2
Old Cafeteriaand T-6 2 3.2
Old Metallurgy 6 5.2
Civil Engineering 9 15.5
ChemièalEngineering 41 66.0
Mechanical Engineering 2 3.2
ElectricalEngineering 21 24.2
Reactor S 4. I
Life Science 3 3.0
T-l0 4 7.8
T-Il 4 5.9
T-l 4 - 2.7
T-2 9 10.7
T-4 Military Classroom 4 5.0
T-7 IMilitary Supplyl 3 2.8
ChancellorsResidence 8 7.5
Mining 26 24.4

Totals 246 324.8

Building Area, sq ft Equipment Installedtons

Physics Annex 14.800 Absorption 71
New ChemicalEngineering 78,600 Absorption 360
t.ibrary 85,600 Absorption 274
MechanicalEngineering 38,922 Absorption 200
StudentUnion 17,900 Centrifugal I IS
University Center 38.400 Absorption 204
Materials Research 28.600 Absorption 120
Math & ComputerScience 35.900 Absorption 123
Humanities& Social Science 30,600 Absorption 55
EngineeringScienceLab 42.400 Absorption 195

Totals 411,722 - 1817
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terminaldevices.The two centralstationcoils
are wild-flow devicesand representthe only
two "loads" on the chilled water system.
Computerrooms,which requireclosecontrol
of relative humidity, are provided with self-
containedair-cooled units, each of 7- ton
capacity.

* Library-The library is servedby a single
275-ton absorption unit located in a pent
houseequipmentroom. Theair sideconsists
of two high-velocitydual duct air handling
units locatedin a roomimmediatelyadjacent
to the chiller room.Thecooling coil banksin
the built-up units, running wild with an un
controlled cold deck, are the only chilled
waterusers. Heatdissipationis throughmul
tiple forced draft cooling towers locatedon
thç roof adjacentto the equipmentroom.

* MechanicalEngineeringBuilding-Only
the38,920sqft additionto this building, built
in 1967, has beenprovided with central air
conditioning.Thecooling sourceis a 200-ton
absorptionunit. On the air sideare 36 ceiling-
mounted four-pipe air handling units with
chilled water coils supplying terminal reheat
coil zones.Supplementalperimeterheatingis
donewith wall hung convectors.

* StudentUnion-This is the building that
employsthe electricmotor-drivencentrifugal
chiller. It is a 125-tonhermeticpackagedunit.
Thedistribution systemis a two-pipehot and

chilled water network serving three central
stationairhandlingunitsand44 terminalfan-
coil units.

* UniversityCenternewStudentUnion-
Chilled waterto cool the buildingis provided
by a 200-ton absorptionunit located in a
ground floor mechanicalequipment room.
Condenserwateris cooledby a roof-mounted
cooling tower. The chilled waterdistribution
is separatefrom the hot water distribution
four-pipe and suppliesthree multizone air
handling units and one small draw-through
conditioner. The kitchen makeupair unit is
not provided with a cooling coil.

* MaterialsResearch-A120-ton absorp
tion chiller locatedin a groundfloor equip
ment room supplieschilled water to a two-
pipe hot-chilled water distribution system
servingroom terminalunits, which includea
combinationof unit ventilatorsandfan-coil
units. Outside air is supplied to those units
towardthebuilding interior by anonpressur
ized central outside air intake duct system.
The cooling tower is locatedon the roof.

* Math & ComputerScience-Coolingis
providedby a 170-tonabsorptionunit located
in a penthouseequipmentroom.The cooling
toweris roof-mounted.Theterminalsystemis
suppliedby threehigh-pressurecentralstation
air handling units zoned south-interior-
north, which utilize terminalreheatunitsfor

condenser
‘.‘ L6" water system

Pi

or
chilled water pump P-2

future 680 gpm 15 hp
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Fig. 48-2. Flow diagram is forcentral cooling plant in Math & Computer Science Building. It is representative
of those prepared for all buildings with central plants.
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space control. A computer area is served
separatelyby five water-cooledself-contained
units for year-roundtemperatureand hu
midity control. Computer room units are
suppliedwith condenserwaterfrom the same
tower servingthe absorptionunit, but sepa
rate pumpsare provided. Flow diagramand
equipmentdatafor this systemare shownin
Fig. 48-2.

* Humanities & Social Science-Building
cooling is provided by a 135-tonabsorption
unit locatedin a central grade-levelmechan
ical equipmentroom. A terminal reheatme
dium-pressurecentral station air handling
unit is locatedin the sameequipmentspace.
This terminal reheatsystemprovidescondi
tioning for the entire first floor and interior
spacesandcorridors on the secondandthird
floors. A two-pipe unit ventilator system
providesconditioningfor thesecondandthird
floor classrooms,and the same piping loop
servestwo-pipefan-coil unitsin the officeson
thesefloors. Supplementaryheat by convec
tors and finned-tube radiation is provided
whererequiredin lobbies, entries,etc.

* Engineering ScienceLaboratories-The
completely air conditioned building is pro
videdwith chilled waterby a 200-tonabsorp
tion unit located in a basementmechanical
equipment room. The chilled water is cir
culatedthroughthreecentral stationair han
dling units that provide spaceconditioning
through high-velocity terminal reheatdistri
bution systems.The condensercooling water
is providedby a roof-mountedcooling tower.
Air handlingunitsandall othermajor equip
ment itemsare locatedon the lower level.

Plan for long range
Discussionswith the university staff andin
spectionsof the buildings not currently pro
vided with permanentcentral year-roundair
conditioningsystemsyieldedhelpful informa
tion with regardto long-rangeplanning.

Buildings consideredto be of sufficient
continuing value to campus operation to
warrant upgradingthrough the addition of
cooling apparatusthoughremotelyin many
casesbecauseof buildingagewere includedin

the initial integratedcampuscooling source
analysis.Thesebuildings are so indicatedby
asterisksin Fig. 48-I.

The Old Metallurgy Building was dropped
from the final analysisbecauseof its ageand
type of structure,which definitely rendereda
major investmentin central cooling imprac
tical from an economicstandpoint.Connec
tionsto theloopwereshownfor this andsome
other buildings not included in the analysis
becauseof their proximity to the proposed
campusdistributionrouting,however.Added
chiller capacitywould have to be installedto
handle buildings not included in the final
analysis.

Load analysis
After theinstalledairconditioningequipment
was surveyed,building cooling loads were
calculatedto determinehow they compared
with installedcapacity.A detailedcomputer
ized load calculatingprogram,availablefrom
a time-sharingcomputerservice,was usedto
generatethe load figures. The results are
shown in Table 48-4. The buildings that are
servedby machinerycapableof beingtied into
a loop systemhavea combinedpeak load of
1403tonsagainstaninstalledcapacityof 1817
tons.The arithmeticsumof thepeakbuilding
loadsis nearly 25 percentless than the avail
abletonnage.

It is apparentfrom these figures that the
chillerscanhandlemuch morespacethanthey
do now since oneof the major advantagesof
supplyinga groupof buildings from eithera
centralplant or an integrated1oop systemis
the noncoincidentnatureof thevarious peak
building loads.Load diversity would permit
thechiller equipmenttoserveadditionalbuild
ingswhoseindividualpeakloadsaddedto the
presentarithmeticload sumwould totalmore
than 1817 tons.

The major advantagesof the primary loop
systemare:

* Existing machinery is used as compo
nents of the basicsystem.

* The distributionsystemloop allowsfor
unlimited addition of building loads and
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chiller sourceswith campusexpansion.This
open-enddesignflexibility cannotbeachieved
with any otherconcept.

* Investment in piping is minimized be
causemainssizedto carry the summaryload
are not required.

* Pumpinghorsepowersareminimizedbe
causewater flow ratessufficient to carry the
summaryload are not required.

Loop analysis
In view of theabove,the sizingandroutingof
the piping loop are important factors. The
basicconceptof the campusloop systemis to
connecttheloadsandtherefrigerationsources
in series in such a way as to allow the loop
temperatureto rise as it satisfiesthe loads of
several buildings. Then the temperatureis
againreducedby anotherchiller to providefor

the cooling needs between that connection
and the next cooling source.

To best take advantageof this concept,a
thoroughanalysisof the loadson eachbuild
ing and their characteristicsof coincidence
with otherbuilding loadsat eachhour of the
year is needed.Thedesign condition,the time
of year that the1oopseesthe maximumload,
is then determined. -

After the maximum diversified load was
determined,a trial and error method was
employedto selecttheiooproutingthatwould
resultin the minimumdecrementof the cool
ing capability of the 100p. The analysis was
thenperformedat the various reduced-load
conditionsto determinewhich combinationof
load/source locations would result in the
minimum number of chillers to satisfy the
maximumnumberof loads.

Computerprogramsfor developingenergy

Table48-4. Calculatedcooling loads versusinstalledcapacities.

Building
Area.
sq ft

Cooling
load,
tons

Installed
capacity.

tons

t.oad.
sq ft

per ton

Buildings with central cooling systems

Physics Annex* 14,800 37 71 400
New ChemicalEngineering 78.600 268 360 293
library 85.600 144 274 594
MechanicalEngineering11967 addition 38.922 200 200 194
StudentUnion 17.900 122 ItS 147
University Center 38.400 166 204 231
Materials Research 28,600 101 120 283
Math & ComputerScience 35.900 87 23 413
Humanities& Social Science 30.600 123 155 249
EngineeringSciencelab 42.400 55 195 274

Totalsaverage 411.722 403 1817 293

Buildings with packagedand window units-

Parker Hall 25,500 54 60.0 473
MechanicalEngineering119491 7,200 84 0 205

New Metals Building5 4.050 20 20.0 202
Electrical Engineering 46.200 135 23.0 342

Civil Engineering 61.900 ISO 10.S 412
Harris Hall 18.2S0 72 37.S 254
Fulton Hall 29,300 98 15.0 300
Old Chemical Engineering 46.302 141 33.0 328
Mining 25.000 97 0 258
Physics 25.400 98 2S.0 260
Norwood Hall 50,900 40 15.5 364

Rolla Building 12.620 30 0 420
life Science’ 4.704 IS 17.5 314

Totals average 367.326 1134 257 330

Total load,all buildings,used in analysis 2435
Total installedchiller capacityused in analysis 1746

Not includedin Onal systemanalysis.Conirihntion811’hysicsAnnex chiller consideredlao small to warrant expenseof tvping it into
proposedmop. Old Metallurgy Building not listed in this table becauseof prior decisionthat it would he impracticalto installcentral
cooling in ii
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consumptionandpartload performancedata
wereusedto determinethe variousload data
andannualhoursof refrigerationrequiredfor
thedifferentloops.It wasnecessaryto modify
theseprogramsto obtainthe desiredinforma
tion. The programswere run for eachbuild
ing, andthe resultswere thenrun againstone
anotherfor thealternatecombinationsofloop
configurations.

Loop split into three phases
The developmentof the loop was split into
threephasesfor constructionbudgetingpur
poses.The first two call for the interconnec
tion of adjacentbuildings into two separate
loops andplacing thechillers into loop oper
ation. The thirdphasecallsfor theconnection
of the two 1oopsand extendingthe loop to
pick upbuildingsproposedto be servedby the
existing chillers. The loops in the first two
phasesare denotedas I and 2, and Sigma
Loop is the ultimate designseeFig. 48-1.

Theresultsof the loopperformancestudies
are shownin Figs.48-3,48-4,and48-5,which
are actuallywarped bar charts.The vertical
axesrepresenttonsof refrigerationcapacity;
on theright-handside aretemperatureranges
encounteredin 8 and 10 in. diameterpipe
loops.Thehorizontalaxesrepresentbuilding
cooling loadsin tons.Thechartsrepresentfull
loadbuildingquantitiesbecausesystemdiver
sity appliesto the ioop as a whole andnot to
individual buildings.

Temperatureof water enteringa building
from theprimaryloopis takenat thetail of the
appropriatediagonalarrow. Temperaturein
the 1oop after the water has returnedfrom a
buildingthat doesnothavea chiller is takenat
the headof the diagonalarrow. Temperature
in theioop afterthe waterhasreturnedfrom a
building that does have a chiller is found
oppositetheheadof theverticalarrow.Cool
ing of such a building is accomplishedwith
water from the primary loop beforeit enters

loop pipe size-

E

Fig. 48-3. Temperature-capacity gradient diagram for Loop 1 showsperformance of Loop 1 at lower left of
Fig. 1. Starting at left chilled waterfrom the loop enters Materials Research Building, absorbs building load
of 101 tonsangled line, then givesup 120tonsof heattothe building chiller vertical line, andre-entersthe
loop at a lower temperature than when it enteredthe building. Cycle is repeated throughout the remaining
buildings in the loop. Ranges of loop temperatures for 8 and 10 in. piping are shown at right. Dotted lines
show effect on loop temperaturesif the Electrical and Civil EngineeringBuildings were added to the loop
and cooled by the excesschiller capacity in the otherbuildings.

ëampus loop

lnns-.’

Full load no disersity
Total loads 610 tons
Total capacity 607 tons
laces,capacity 257 tons
Decremenlwith
future loads 28 tons

Building loads-
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Fig. 48-4. Temperature-capacity gradient diagram for Loop 2 shows performance of Loop 2 lower right in
Fig. 1. Again, angled lines represent building cooling loads, and vertical lines represent installed building
capacity.

L_ I

T
0

‘I

New Chenislny 268

stny 141

Union 126

Chemi

1
Material Research120 -

Full load - no diversity
Total loads 2435 tons
Total capacity 1746 lonn
Capaciry decnem,nt 660 tons
Ar 76% building diversity
tnmpenalureasshown I
eacesscapacity 42 tons

E

I
Building loado - Loop pipe size -‘ B in. 0 in

I I I I I I I I I II I I I I I

Fig. 48-5. Temperature-capacity gradient diagram for Sigma Loop-combinedLoops 1 and 2 plus other
connectionsFig. 1. Angled lines are building cooling loads,and vertical lines representinstalledchiller
capacities in buildingsthat presentlyhavecentralplants. Temperature rises in 8 and lOin, loopsareshown
at right. Closed loop temperatureswith systemdiversityaccountedfor are shown in parentheses.Dotted
lines showbuildings that would be cooled from chillers in other buildings. Not all buildings that have
connections to theloop in Fig. 1 are includedin theaboveanalysis sincetheageof somerenderseconomic
feasibility of adding centralcooling marginal or impractical.
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thechiller sothat thewaterenteringthechiller
is at a sufficiently high temperatureto gain
maximumcapacityfrom the chiller.

Loops have excess capacity
Examination of Fig. 48-3 revealsthat even
without allowing for diversity, there is an
excessof capacityin Loop I sincethetempera
tureof waterleavingthechiller in thelibraryis
lower than the temperatureof the water
entering the Materials ResearchBuilding.
Adding the Electrical and Civil Engineering
Buildings to the loop utilizes the excessca
pacity,assumingall individualpeakloadsare
additive. With the 70 percentdiversity factor
calculatedfor this loop, however,thereis an
excesscapacityof 240 tons.

Figure48-4revealsthatatfull load,without
allowing for diversity, there is an excess
capacityof 123 tonsin Loop 2. Allowing for
diversity, the excessis 350 tons.

SigmaLoop is shownin Fig. 48-5. The 70
percentsystemdiversity changesthe capacity
decrementof 689 tonswhenall peakloadsare
addedarithmetically to a surplus chiller ca
pacityof 42 tons. It shouldbe notedthat on a
diversified basis the temperatureleaving the
Old MechanicalEngineeringBuilding will be
approximatelyequalto thatenteringtheNew
ChemicalEngineeringBuilding.

Examinationof Sigma Loop routing and
loading in Fig. 48-1 and Fig. 48-5, respec
tively, showsthat theselectedroutingprovides
for the higher ioop temperaturesat buildings
not having centralchilled water systems. In
these buildings, designersneed only select
coolingcoilsandotherapparatusonthe bases
of theavailablewatertemperatureat thepoint
of connectionand the allowabletemperature
rangein the buildingloop. While thesearenot
difficult restrictions,it is importantthat they
be met if the integratedprimaryloop concept
is to be successful.

It shouldbe stressedthat thelimiting factor
is the maximumtemperatureat which chilled
watercanbe suppliedto a building load from
the loopandstill provideadequatedehumidi
fication and sensiblecooling in the building.
Of the two, the latent or humidity control
parameteris the more readily affected. The

survey of the facilities revealed that those
areas on campus requiring close humidity
control are provided with independenten
vironmentalcontrol systemswhoseinclusion
in the integratedcampussystemis not con
templated.Thus,the acceptabletemperature
rise of the loop is directly dependenton the
tolerable ranges of relative humidity for
normal occupant comfort. Based on the
ASHRAE comfort standards,ioop intercon
nectiondesignshouldbe basedon a 44 F inlet
to the coil with a 16 F rangeto achieve75 F
DB and 50 percentRH. With enteringwater
temperatureandcoil dew point swingsup to
49 and60 F, respectively,it was possibleto
maintain75 F DB with a maximumrisein RH
to 60 percent.Any futurecritical humidifica
tion applicationsshouldnot be connectedto
theintegratedsystem.All loadsthat represent
comfortcooling shouldbe connected.

Temperaturesof water enteringbuildings
havingchillers are kept as low as possibleto
minimize changesin existing apparatus.In
someinstances,additionalrows of coils were
required. In other cases,there is currently
exces-coilcapacitythat canbe utilized.

Loop pipe sizing
As statedabove,one of the advantagesof a
loop-type campussystem is that the series-
connectedload andsourceconceptresultsin
minimumpipe sizesfor an infinite growth of
summaryload. Two major considerationsin
pipe sizing are:

* Whatis the largestsingleload or source
that will be connectedwithout an accompa
nying sourceor load,as thecasemay be?

* Whatis theanticipatedfull load andpart
loadtemperaturedecrementthatcanbetoler
ated?

In the study, four basic sizes were con
sidered, 6, 8, 10, and 12 in. The assumed
maximum flows of thesefour sizes are 800,
1700, 3000, and5000 gpm, respectively.Pre
liminary analysisled to the rejectionof the 6
and12 in. loops, leavingthe 8 and10 in. loops
for furtherconsideration.

The tonnagerepresentedby a loador source
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connectionto the primary 100p is calculated
by dividing the productof flow ratein gpm,
500, and temperaturerange by 12,000. A
maximum temperaturerangeof 16 F in the
secondarycircuitsleadsto thefollowing limi
tations for a single load or chilled water
source:

* 8 in. primary, 1700gpm: 1133 tons.
* 10 in. primary, 3000 gpm: 2000 tons.

The flow rates representthe maximum
amountsof water that can be economically
circulated.

In applying theselimitationsto the system,
there is yet an additional restriction: The
chiller sourceif the limit is reachedmust be
applied at a point of maximum temperature;
otherwiseit cannotbeappliedat full capacity
16 F. The samelimitation appliesto a load,
calculatedas above, except that it must be
imposedat apointof minimumloop tempera
ture 43 or 44 F. Thus, in such cases the
maximum tonnagesabovewould have to be
reducedby afactordependingon thephysical
location of the connectionto the loop.

Figure48-6 is a diagrammaticillustration of
the method of interconnectinga building
systemwith the primary loop. Although dif
ferencesin the existingchilled watersystems

will necessarilydictatesomecustommodifica
tions of this schemein the variousbuildings,
the proposedconnection method can be

- closely approachedin all of the existingsys
tems.

Any future buildings that are planned
should include the general piping arrange
ment proposed,completewith valving and
blind openingsfor the eventualloop connec
tion.

As thefinal engineeringdesignis developed
for eachor any incrementalphaseof system
development,somechangesto the proposed
idealconnectionschemecouldbedictatedby
the ioop configuration.The basic conceptis
the relative arrangementof the chiller, load,
and loop connectionto achieve minimum
water temperatureto the load andmaximum
watertemperatureto the chiller.

Cooling at minimum cost
Summarizing,thepreviouslystatedobjectives
of integrating the presentlyisolatedbuilding
cooling systemsinto a single systemare as
follows:

* to optimize utilization of machinery;
* to minimize machineoperatinghours;
* to optimize energyutilization;
* to enhancereliability.

Fig. 48-6. Schematic diagram of proposed building connection to primary loop.
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Inherent in the above is accomplishing
campus cooling at minimum cost. In this
context, cost or economicvalues are to be
appliedto virtually all measurablequantities
to achievea commondenominator.Thequan
tities involvedare:

*
*

pated;
* energyconsumptionandcost;
* water;
* expendablematerialswater chemicals,

lubricants,etc..

To apply a quantitativeevaluationto the
Rolla campus,the three basicloop develop
mentsestablishedwereevaluated,eachin two
differentways:first, witheachbuildingsystem
functioning independentlyof the others-
assumingthata centralcoolingplantwould be
addedto buildings currently not fully air
conditioned; and second, with the existing
coolingsystemsintegratedinto the1oop in the
threephasesof development.This was ac
complishedby hourly load comparisonsin
corporatedwith the reduced or part load
characteristicsof each chiller system. The
following discussionsaddressthe energyand
operatingcost savingsachieved.

Energy requirements and savings
Energyconsumptionwasconsideredin terms
of thermal energy expressedin pounds of

useful machinerylife;
machineryreplacementcost;
maintenancecostsplannedandunantici

steamperhourandelectricalenergyexpressed
in kilowatt hours.The part-or reduced-load
steamconsumptionsfor the absorptionunits
weretakenfrom themanufacturers’cataloged
performancecurves.Although experiencein
operatingthe units indicatesthat thesecon
sumption rates are seldom realized in the
installedmachines,therewasno documenta
tion of this and manufacturers’data were
thereforeemployed.

The comparisonwas then made for the
isolated unit operation and the integrated
loop systemin the three phasesof develop
ment,and the results are given in Table48-5.
As canbeseen,the annualenergycostsaving
that canbe attributed to total campusinter
connectionon the Sigma Loop is approxi
mately$10,000.

Machine operation hours and costs
As statedearlier, oneof the majoradvantages
of the integrated loop vis-a-vis individual
systemsis the capability of operating only
someof the unitsunderconditionsof reduced
loading.Thevalueof machineoperatinghours
is less readily identified than that of energy
consumptionandvariesas a functionof plant
operatingand maintenancetechniques.The
monetaryvalueof machineoperatinghoursis
composedof the following values:

* Capital cost ofmachinery-All but one
small unit in the proposedsystemarelithium
bromide type absorption units. The basic
motivatingenergyin theseunitsis high-level

Table48-5. Amounts
integratedloopoperat

and
ion i

costs
n the th

of electricity and steam
ree phasesof developm

for both isolatedunit and
ent planned.

-

Condition

Electricity Steam
Quantity,

KWHR Cost, $
Quantity,

MIb per hr Cost, $

Loop 1 isolated
Loop 1 interconnected

530,668 9,021
404,507 6,877

18,821 30,114
16,291 26,065

Savings 126,161 2,144 2,530 4,049

Loop 2 isolated
Loop 2 interconnected

524,435 8,915
339,504 5,772

11,817 18,907
10,650 17,040

Savings 184,931 3,143 1,167 1,867

Sigma isolated 1,499,34-3 25,489 45,236 72,378
Sigma Loop 1,055,831 17,949 43,8Qp 70,080

Savings 443,512 7,540 1,436 2,298
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thermalenergy,which achievesthe refrigera
tion effectthroughtheevaporationof waterat
extremelylow absolutepressures,motivated
by a chemical processof brine adsorption.
Thus, the "wear andtear" on such a unit is
chemicalratherthanmechanical.It is reason
ableto estimatethe life expectancyof this type
of unit at 20 years, based on 3000 hr of
operationper year.Thus,the machinecanbe
estimatedto havea useful operatinglife of
60,000 hr. For simplification, the value of
operating hours was developed neglecting
valueof monies,intereston sinkingfunds,etc.,
and the comparisons were made strictly on a
cashvaluebasis.Assumingan investmentand
replacementcost of $250 per ton, average
machinesize of 181.7 tons, andthe 60,000hr
life expectancy,the depreciatedvalue of 1
operatinghr of a unit was set at $0.76.

* Maintenanceand operation cost-Cur
rent experienceon the campusindicatesthat
the laborand-materialscostsfor the existing
units are approximately$28,000and$12,000
peryear, respectively.Calculationsindicated
that the presentoperationresultsin approxi
mately26,417 machinehr peryear; thus, the
maintenanceand operationvaluewas set at
$1.51 per machinehr.

* Water and water chemical cost-Al
thoughthe use of water for condensingpur
poses is theoretically related to ton-hours
rather than operatinghours, researchindi
catesthat very few datahavebeen compiled
relating water consumptionto reduced-load
demands.It is reasonableto assume,however,
that there is a drift loss andcontrolledbleed
loss that exists in a cooling tower system
regardlessof the load on the system, even
assuminga constant temperature-loadrela
tionship.Thiscombinedlossthusrepresentsa
parasiticburdento systemoperation.In the
context of the study, however,the quantita
tive value of this parasiticloss was not de
termined,and-novaluewas assignedto this
consideration.

Adding the capitalcostvaluecomponentto
the maintenanceand operatingcost value
componentresultsin a machinevaluerate of
$2.27 per hr. This rate was applied to the

Table 48-6. Hours and value of machineoperation
for both isolated machine and integrated loop
operation in the three phases of development
planned.

- Hours
Condition per yr Value, $

Loop 1 isolated
Loop 1 interconnected

12,278
5,500

27,871
12,485

Savings 6,778 15,386

Loop 2 isolated
Loop 2 interconnected

11,809
3,700

26,806
8,399

Savings 8,109 18,407

Sigma isolated 62,264 141,339
Sigma Loop 13,176 29,909

Savings 49,088 111,430

calculatedoperatinghour scheduleshownin
Table 48-6 for the threesuggestedstagesof
development.The overwhelmingsignificance
of the integrated loop approach becomes
evident at a glance when the value of the

machinehoursavingfor theultimateor Sigma
Loop is seento be $111,430per year. Another
interesting correlation is that the machine
hours and associatedvalue for the Sigma
Loop areappreciablylessthanfor theexisting
nonconnectedmachineryby -approximately
one-half, which indicates that the existing
machineryessentiallycomprising the Sigma
Loop apparatuswould operate for fewer
hoursto handlethe entirecampusthan they
do now, handling only ten buildings.

Consider sources of inaccuracy
The valueof the savingsdevelopedaboveare
not without some degreeof inaccuracy.The
unit valuedevelopedis felt to beas accurateas
couldbe generatedwith thedataknown,and
it can readily be adjusted if desired with
further refinementof cost history. The ma
chineoperatinghoursdatawere developedby
calculatingthe loadsfor eachincludedbuild
ing, evaluating the energy and part load
profile for eachbuilding, andthencalculating
machine hours. To calculate loop machine
hours, all buildings on the loop were sum
marized as thoughtheyrespondedas a single
variableload; thenthe partload andmachine
hours were determined.This methodof corn-
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putation resultedin two-sourcesof inaccu
racy:

* Becauseof the loop capacitydecrement,
underconditions of extremelylow loading,
during which the programanticipatedonly
one machine,the temperaturerise limitation
couldbeexceeded,necessitatingtheoperation
of an additionalmachine.

* The computerizedcalculationsdid not
takeinto accountoperatingtolerancesbeyond
the mathematicallyideal condition.

The coupling of thesetwo potential inac
curaciescould resultin a significantdifference
betweenthe foregoingpredictionsandoper
ating experience.If systemperformanceis
adequatelymonitored,however,thedeviation
should not exceeda 100 percent increasein
actual loop machinehours over the number
predicted. This correction, applied to the
SigmaLoop, would decreasethevalue of the
savings to $81,520-still a very significant
amount. -

It should also be considered that just as
constructioncostscanbeexpectedto increase
in coming years,energyand operatingcosts
will likewise escalate.An analysisof current
market trends indicates that both of these
costswill increaseat a morerapid pacethan
constructioncosts during the comingdecade
becausemaintenancepersonnelcostsarepres
ently lagging behind constructionpersonnel
costs and the current energy shortagewill
undoubtedlyresultin significantcostincreases
in the nearfuture.

Monitoring system
To assistin gaining optimum value from the
integratedloop and to retain manageable
proportionsovertheextensivemachinerythat
will ultimatelybegatheredon campus,instal
lation of a monitoring systemwas recom
mended,beginningwith thefirst phaseof loop
development.

Minimally, direct transmissionto a central
panelshouldprovidetemperatureindication
at the entranceto eachload and eachchilled
watersource;iooppumpoperation;loopflow
indication;andlooppressureindication.Each
building could be provided with a failure or
"out of tolerance" indicating panel, with a
single signal for each building being trans
mitted to the centralconsole.

Experiencehasshownthat futureconstruc
tion planningfor campusesof thisnatureis at
best a fluid situation. Any provisions in a
centralor integratedenergy systemthat im
pose a restriction on planning or system
revisions canprove economicallydisastrous.
The future growth potential was therefore
studied thoroughly, and the results yielded
anotherplus for the integratedloop concept;
i.e.,sincebothchilled watersourcesandloads
canbe addedto the systemand their effects
controlledcompletelyby theindividual build
ing systemdesign engineer,the loop system
developedwill becompletelycompatiblewith
any future growth. The only primary loop
restrictionwould be if anysuchfutureload or
chilled water source,when translatedfrom
Btuh to gpm, exceededthetotal flow capacity
of the loop at the connectionpoint.


