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Abstract

Due to large strain placed on the utility grid during times of high commercial and
industrial electricity usage, more emphasis is being placed on reducing energy use during these
peaktimes.One of the more popular methods of radggeak enengusage ishe applicationof
cold thermal energy storage (CTES) syste@EES systems utilize high efficiency chillers to
create ice during times of low power consumptionlecreased energy coshis ice isthenused
to supplement building cooling capigcduring peak energy consumption.

Although CTES is becoming more populrequency of implementation in the United
States is still relatively low. Low implementation likedtemsfromt h e e n gnfamileaety s 0
with the syster@s desigrandthe difficuty of performingthesyse més | i f e cycl e co:
Though research may be done to overcome desiigmiliarity, thesignificantamount of time
requiredto determine if CTES isconomically vable for a project is still an obstaclehus, a
simple tme efficient initial analysis tool is needékdhis report introduces an Excel based tool
which provides a cursory project specific conservative economic anfayse viability of
CTES.

Thetool outlined in this reporincorporates the many variables which influence CTES
design, including the cooling load profile, utility structure, equipment information, and the
system configuration of the projeétn example analysidemonstratinghe capabiliy of the tool
is completed at the end of the repditte ability of the tool to quickly provide conservative
payback results for CTES systeaids the designer in deciding whether or not to continue with

further economic analysis.



Table of Contents

LISt Of FIQUIES.......iiiiiiiiiiiiii ittt eme e e e e e e e e e e s smnns s s s s nnnnnnnnnnsnenes V]
IS A = 0] =TS OO ¥/ [
=70 [Tt (o o DR PP RTRPPPR viii
(@ gF=T o] (= g S [ ] 1o To 11 [ox 1[0 o PSPPI 1
UIIEY RAEES. ... ee et e e et e e e e e e e e e s ammmr e e e e e e e e e e e e e aeanans 2
Latent ENEIgy STOTAQE. ... ...t ieeee et eeeee e e et e e e e e at e e enana e e eaeees 5

Full Load vs Partial LOoad STOrage...........uuuuuuiiiiiiiieeeeeiiiiiiiiiss e e e e e e e e e e s smesnns s e e e e eeeaaaeaes 7
CTES Equipment ConfigUIation.................uuuuuiiireeeeeeieeicise s ememrain e e e e e e e e eeaaes 9
AQVANTAgEDT CTES ... .. i 10
Disadvantages Of CTES........ooo e e e e e e e e e 12

(@4 0= T (=] g o To ] B PP PP PPPPPPPPPRPPPPPT 14
ASSUMPLIONS & CONSIIAINTS.......coviiiiiiiiiii e e e emrer e e e e e e e e e e e e aeeaeeen s 15
Load Profile INfOrMAatioN...........euuiiiiiiiii e eneees 16
Demand Chargand Billing Period............coooiiiiiiiiiiiiee e 17
Excluded Days and Utility Peak HOULS...........ooooeiiiiiiiiii e 19
Default EQUIPMENT VAIUEBS..........oveiiiiieie et eree s e e e e e e e e e e e e e e eeeaeens 20
COSE & SAVINGS.....cciiiiiiiiiiiiiit e e e emeer e e e e e e e e e e aeeaesaaaeraaaaaaaaaaaaaees 21
SYSIEM CONTIGUIALION . .....eiiiiiiiiiiiiiie ettt mnee e n e e e 21
User WalKtNrOUGD ........uiiic e 22
L= U3 (= 1 PP PPPPPPPPPRRRP 22
Importing Cooling Load Profile.............ooooriiiiiee s 24
PrOJECT ULIITIES. ...eeeeeeeieee et eeees bbb 29
EQUIPMENT INFOMMALID. .....eiiiiiiiiiiiiie e 33
ANAIYSIS RESUILS.....coiiiiii e e e e e e e s 34
ECONOMIC ANAIYSIS.....coiiiiiiii et eeeeee e e e e e e e e e et e e anaeeaeeaeenaes 37
Chapter 3 Case Study ANAIYSIS.........uuuiiiiiiiiiiiiiiieeeiiiiiiceeeee e 43
Case 8udy #1i Florida Power & LIGhL..........c..uuuiiiiiiiiiiiieeiiiiiieeeeeeeee e 46
1A - Miami, FlOrda.......cooo i DO

1B - Kansas City, MISSOUN.......iiiiiiiiiiiieeei et e e e e e mmme et s e e e e e etaan e e eaeeanns 50



Case Study #2 NOrthWeStern ENEIQY......cciiiiieeeeeiieieiieieees e e e e e e e e eeeeeeeaaaasmmmeeeeeeeennnnnnn 54
20N\ 1= o TR e (o o = T 55

2B - KanSas City, MISSOUN.........uuuuuuuiiiiiis e e eeeeiiiiiesass s e e e e e e e e e e eaneess s s e e e e e e eeeeeeeeeeeeennnnns 57

2CT BilliNngS, MONTANA........cciieeeiieieeeeeeeeeee et mmme e e e emmrnnnes 59
Case StUAY ANAIYSIS......ccooiiiiiieeiiii et eeer s e e e e e e e e e e e e anenraaaeeeead 61
Chapter 4 CONCIUBION......eiiiiiiii e eee e e 64
BIDIOGIraPNY ... e e e 66
Appendix A- TOOI CalCUIALIONS...........uiiiiiiei e ceee e e e e e e e e eeeer e s e e e e e e e e e eeeeeeeeeraaann. 67
Daily Load CalCUIAtioNS............covuiiiiiiiiiimeeeeee e eeremsas s e e e e e e e e e e e e e e e eeaneee s 67
MONENIY ULHILY COSES. ..o eiiiiiiii i eeee s e e e e e e e e e e eeeeeeee e 71
Appendix B- Miami Load Profile Data...............uuueeiiiiiiiieeeiiiiiiiiiieeeeeeee e 7’7
Appendix C- Kansas City Load Profile Data...................uvuviicceiiiiieieiicce e e 83
Appendix D- Billings Load Profile Data..............cceeeeiiiiiiieeeii e ceeeeeeeeeeeee e 89



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.

Figure 19

Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.

List of Figures

U.S. Maximum Demand Charges (McLaren, 2017)...........uuuuvuuiiiccmeeeeennnnnnnnnnns 5
Full Load Storage Daily Load Profile...............uuueiiiiiieeeiiiiiiiiiiiiecceeeee e 7
Partial Load Storage Daily Load Profile...........oooovviiiiiicciiiceeeccee e 8
Separate Building and CTES Load ChillerS.............uuueiiiiccceeeeeiciiee e 9
Combined Building and CTES Load Chillers...........ccooooiiiicce 10
TRACE CLG Demand Tab......ccooviiiiiiiiiiiimeeeeiiiiis e e e e e 17
011V ] o 10 L = T A PSP 18
ULility INPUE TAD (B).eeeveiiriiiiiiiei e et eees e e e e e e e e e e e e e e ee e e aaan s nnne s 20
Change Log Tah... ..ot 23
REAME TaD......iiiii e e 24
C00liNG LOA INPLIL ...t eee et e e e e e e e e e e e e e e emmmees 25
IMpPOorting LOAdS StEP ONE........covviiiiiiiiiie et erreersa e e e e e e e 26
Importing LOadis StEP TWQ........ccooiiiiiiiieiiiiieeee e 27
IMporting LOadiS StEP TRIEE.........uiiiiiiiiiiii e 28
IMPOrting LOAAS STEP FOUL........cviiiiiiiiiiee et 28
Importing LOads StEP FIVE........ccooiiiiiiieeeeee e 29
Project Information Tah............oouiiiiiii e 30
ULty INPUE TaK.....co et 32
Equipment INPUL Tab......ueeee e 34
RESUILS TaD (A).. e e e e e e e e e e e e e amanaa s e e e s 35
RESUILS TaAD (B).. oo eeiiiiiieeeeee e e e e e e e e e e e e amanan e e as 36
RESUILS Tab (L) eeeeeieiiieiiiiee e eeer s 37
ASHRAE CliMate ZONES.....coii e e e e e eeeeeeeeeeeeee ettt 44
NorCTES Monthly Utility Calculations (A).........oouuiiiiiiiiiii e 73
NorCTES Monthly Utility Calculations (B).........cooeevviiiiiiiiiiieeen e, 74
CTES Monthly Utility CalCulations (A)........uuueieiieeieiiiiieeeiiiiieiieeeeeeeee e 75
CTES Monthly Utility Calculations (B)..........uuuueeeeiiiiiiieeeiiiiiiiieieieeeeee e 76

Vi


file:///C:/Users/user/Downloads/Masters%20Report%20Final_jak.docx%23_Toc6300649
file:///C:/Users/user/Downloads/Masters%20Report%20Final_jak.docx%23_Toc6300650
file:///C:/Users/user/Downloads/Masters%20Report%20Final_jak.docx%23_Toc6300651
file:///C:/Users/user/Downloads/Masters%20Report%20Final_jak.docx%23_Toc6300652
file:///C:/Users/user/Downloads/Masters%20Report%20Final_jak.docx%23_Toc6300653

List of Tables

Table 1. ANNUAI CTES SAVINGS .....uuuutiiiiiiiiiiiiii ettt e e e e ammmr e e e e e e e e nees 38
Table 2. EQUIPMENT SIZING COSL....uiiiiiiiiiiiiiieii e meee s 39
Table 3. Net Present Cost Analysis Variables..............ccccovvieeeeiiiiieevveeeeee . 40
Table 4. Equipment Input INformation............ccccoeeeeeeiiieeeiiiiie e eeeeeeeeeeeeeevieeee e eeeeeeeeen 4D
Table 5. GSDTL ULility COSIS.....ccoiiiiiiiiiiiiiteeee s eeeeas bbb e e e e e e e e e e eenes 47
Table 6. Economic Analysis RESWILEA ... 49
Table 7. EconomiAnalysis RESUILS 1B ...........coooviiiiiiiiiiiiceeeeeeri e 51
Table 8. Economic Analysis RESWLEC ...........ooviiiiiiiiiiiiimr e 53
Table 9. Economic ANalysiS RESWIRA ........uuiiiiiiiiiiiiie e 56
Table 10. Economic Analysis RESWIBB ............cccouiiiiiiiiiieeeiii e 58
Table 11. Economic Analysis RESWIBC ...........ccoiiiiiiiiiiiiieeeii e 60
Table 12. Case StUdY SUMMAIY.......ciiiiiiiie e ceeeiie e e e et rene e e e e e e e e e e eeareere s 62
Table 13Daily CTES Load CalCulations...........cccooeeeeeiiiiieeeiiii e eeeeeeeeeeeemeee e 68
Table 14. Daily CTES Load Variables.........ccccoee e eeeeeeeeeeee e 69

vii



Dedication

| would like to dedicate this report tbose who mean the world to nrey family, my
professors, and the many friends | haae the honor of working alongsitt@oughout my
college educatior.promise to never forget thessonsve have learnednemories we have
made and beeswe havedrunk.Without each and every one of you, my success would not be

possible.

viii



Chapterl-l nt roducti on

As a larger portion of electricity generation is transitioning to renewable resources, such
as wind and solar, electrical utilities are feeling the impact of significant grid dynamics created
through the fluctuating electricity production rafeom these energy sourd@ssseltet al, 2018)

The resultingstrainfelt by theutility grid duringthe highest commercial and industrial consumer
electricity usage, also referred toesak demand timebas placed greater emphasistion

reduction ofenergyconsumptiorduring these timesStrategies such as the use of batteries,

proper installation and implementation of a building automation system (BAS), and distributed
power generation have all been utilized for demand reduction togjffeett(Oathout, 2016)

Another proven approach fpeak reductionor the reduction of peak energy usage by a building
or group ofbuildings,is cold thermal energy storage (CTES) systems. CTES systems utilize high
efficiency chillers to create ice dag times of low power consumptian decreased energy cost,
both typically experienced at nigfithis iceis usedo supplement buildingooling capacity

during peak energy consumptidnstead of running the chillers at a capacity to address peak
load comlitions at least a portion if not all the chilled water is directed through tanks holding the
ice created during off peak demand tim&ishough CTES is becomingmore popular choice to
reducedemand on the grid armtovide utility savinggo building ownersaround the United

Statesthe frequency of new projeximplementing these systems is still relatively IGis low
implementation rate in new projediisely stemsfrom two primary barriersengineer8

unfamiliarity with the systei@ desigrandt he di f fi culty of performing
cost analysis. Though research may be done to overcome the hurdle of design familianity and
depthlife cycle cost analysis tools exist for CTES systemssitpeificantamount of time

requiredto determine if CTE$s economically vable foraproject is still an obstacl@o help



overcomethis, a simple, time efficient initial analysis tool is needBds report introduces a

tool which provides a simple project specificonservativeeconomic analysid his toolis

intended to serve as a cursory analisiassisthe design teanm making the decision to move
further into more complex arttne-consumindife cycle investigationoof CTES This report
alsocomparsthree case studies using the tmotletermine the viability of CTES for each
application Besides introducing the tool itself, this repattoduces to the reader the importance
of utility rate structuresn thepracticalityof CTES asa design option as well as disces€TES

functionality, configuratioroptions advantages and disadvantages

Utility Rates

Though CTES has many cost saving applications, its proper implementation depends
the load profile of the building, which is affected by how the building will be utilizedtand
occupancy schedubnd the correspondingility rate structureThe load pofile of the building
refers to the cooling needed to satisfy the building Eschhour of a given dagver an
operational yeaiThe utilization of the building refers to the behavior and activity level expected
of the occupantduring the hours of buding occupancyOathout, 2016).The load willriseas
the space increases in activity and occupant dengitgiricrease in loats amplified the hotter
the exterior conditionsurrounding the buildingCTES savingsire enhanceuh applications
wherelarge differences in loadccur;thereforejt is important to correctly model the building
load profile with applicable occupancy scheduldss large loading difference plays to the
advantages of CTES systems, allowing the peak load to be reduced log sxtiess energy
usage to times of otherwise lower energy usage throughout th€tagis mosteconomically

viablewhen the energy rate structure differs throughout the\#h. this fluctuating rate



structure, buildings which experienegh occupancyuring daytime working hours and little to
no occupancy throughout the nighitl see large utility savings when utilizing CTES systems
This occupant schedule allows for large savings in utility costs from the utilization of CTES
becausehelarge coolingoad seemuringthe daycoincides with the highest energy raidsle
very little cooling load is experienced night when energy is least expensi&ech facilities
include offices, schools, cotinalls, campus buildings, retail stores, subway stations, and places
of worship Habeebullah2007). These factors of building use and ocnapare easilynodeled
using programs such aRACE700 by Trane, wére a full building hourly load profile may be
obtained.
The location and utility structuie the projechave a very significant effect on the cost
of utilities for a building. Due to the large variations in seasonal weather and energy production
betweerregions within the United States, the amount charged by the utility company, and the
different rate packages they offer, are unique to that physical area. Accordisggettet al
(2018)within the articlefiStrategies to Increase Deployment of Renewdbsisg Cool Thermal
Energy Storage,
Amany electric utilities are incretasing th
renewable energy sources (primarily wind and solar) to comply with legislative mandates
or other driving factors. For exampleleetric utilities in California are being driven by a
codified target of achieving 50% of electricity procured by retail sellers and publicly
owned utilities originating from renewable sources by 2030. As more renewable energy
generation is deployed, elect utilities have increasingly felt the impacts of significant

grid dynamics created by the rapidly changing electricity production rates from



renewable energy sources that occur coincidently with variations in thesnd

el ectricilptdy demando
Thusin the coming yearsnoreutility companieswill have to do things such as modify the
utility structure to encourage users to find ways to decrease their energy use during peak use
time. Locations with averageutdoortemperaturesequiringsubstantiatooling within buildings
will be most likely targeted firdtecause the air conditioning imposes a large electrical demand
with few opportunities for reduction without sacrificing occupant comfort and productivity

Utility providers offer different rate paeesfor commercial consumewshich outline
commercialutility charges. As a result of the daily energy demand approaching the limits of the
ontline power generation capacity, rate packagften offer price differences between hours of
high energy consuntipn (onrpeak hours) and hours of low energy consumptionge#k
hours). Thisbilling structureallows building owners to save money by implementing load
shifting systems, such as CTES, while also freeing up emeesgy to be utilized by other
customergluring high consumption periods (McCullough, 19&ihce there are many different
types of utility rate structures, the tool presented in this paper will concentrate on the most
common structures.

In order toencouage reduce@eak energy usage, a demand chasgommonly
incorporated withinutility rate packagef®r commercial customer3he demand charge ($/kW)
is typically applied to the maximum energy uséd®/) during onpeak hours for a given
payment periodOnce the demand charge amount is deterdhitie full amount is chargexvery
month within the payment perioDemand rate siictures vary depending dime power provider
thoughin most instancesignificantly impact the end utility costghis impact depnds on the

location of the utility provider as demand chargesbilling periodfiuctuate greatly throughout



the country, shown in Figure Within the United States, it is common for electrical demand
charges to account for half of the total electriddity costs for a building (Oathout, 2016).
Since CTES systems reduce the peak loads experienced throughoutltyesteiyng the
cooling energy use to effeak hoursthe demand charge for a given payment pearegreatly

reduced, resulting in largaavings throughout the year.

Maximum Demand
Charge ($)

> 30
20-30
10-20
1-10
0

| NoData

Figure 1. U.S. Maximum Demand ChargegMcLaren, 2017)

Latent Energy Storage

To minimize building utility expenseselectinghe CTES systemwhich provides the
most economic benefit must bevestigatedLatent energy storage is the most common form of

thermal energy storager HVAC applications. In the latent energy storage process, phase



change material (PCM), acting as the storage medwmmaterial wheh retains a change in
temperaturehanges phases during the charding creationand dischargingice melting)
processsin order to satisfy the required cooling load. This process allows latent energy storage
to satisfy equivalent cooling loads to sdile energy storage, while requiring much smaller
storage volume and maintaining nearly constant operation tempeiasiam{ 2017). PCMs
such as eutectic salts iceare commonly utilize@s the storage materiallatent energy storage
systems

Whencomparing the different storage materials for latent energy storage, ice has been the
most popular within the HVAC ithedhiglestiatgnthed hi s i
of fusion of all common materials, high density, safety, appropriaterfismperature (at sea
level, the melting or freezing poinf [32°F))a nd i ns i g nKobietala201lb). leceasat , 0 (
storage material within late@TES may be further categorized into static processes, where heat
transfer takes place via a soligrace, or dynamic processes, which allow the storage material
and the heat transfer material to come in direct contact. The static processes of ice thermal
storage include external and internal meltacecoil, and encapsulated ice thermal storage
systens, while the dynamic processes are comprised of ice slurry ahdineesting storage
systems (Kosi et al, 2015).

Although there are multiple design types for CTES ice storage systenmpst
common design within commercialiilding applications ighe static procesmternal melt
system (Kosi, 2015). In this static process, secondary coolant is circulated during the charging
and discharging process, in order to freeze and melt the storage material, respectively. The
storage material, commonly plain wateeve leaves the storage tank withis design $ilvetti,

2002). Due to the simplicitgf the internal melt desigits decreased initial cost when compared



to the other ice melt desigresd its popularity for commercial building applicatiomgernalice

meltis the focus of this report and the associated tool

Full Load vs Partial Load Storage

Beyond thalesigndecision tause static processternal melt, a designer must also
consider full or partial loadtoragefor each applicationn full load storage, thentirebuilding
cooling load is handled by the CTES system during peak haaiustrated irfFigure 2, where
thepeak hours, showin bold, arefrom 8 amthrough4 pm. This allows the chillers to enge the
ice storage during ofbeak hours when the cost of electricity is considerably less. Full load
storage may be utilized to great affect when the cost per KWh is the primary ecéexiorien
the monthly utility bill, where there is a large cost difference between theeak and oipeak

hours Habeebullah2007).

Loyl o]

Load (kW)

TT T T TTTT

8 10 12 14 16 2 22 24

Hours of Day, (Bold On-Peak Hours)

TrTTTTTTTT

Figure 2. Full Load Storage Daily Load Profile



A more commonly utilized design scenario @FES is partial load storage. In partial
load storage, only a segment of the peak load is handled by the CTES sgssdwnn Figure
3, where the designated peak hours no longer directly impact the function of the CTES system
This design allows forhie building electricity consumptioto be spread out uniformly
throughout the day, effectively eliminating any laggale spikes of energy usagictuation in
energy use can prove to be very costly wthenbilling rates are structured g highest
demand charge for one payment peigdpplied to every month within the peridthr example,
aspike ina buildings energy usen ahot summer dawhen air conditioning igh highest
demand could require the same demand charge be paid for the mesttt®d(assuming a 12
month payment pérd). Partial load storage is best employed when the demand charge costs
would be the governing economic factor of the monthly utility bikfeebullah2007). Since
demand charges are prevalent in commercial utility rates, partial storage has beeashivsen

design scenario utilized within the analysis of this repod the associated calculation tool

A A |

Load (kW)

8 10 12 14 16 L 2

Hours of Day, (Bold On-Peak Hours)

Figure 3. Partial L oad Storage Daily L oad Profile



CTES Equipment Configuration

There are two primary equipment configurasautilized withinpartial loadCTES
systems. The first uses separate building and CTES ¢$jillshown in fgure4. In this design,
the6 B u i | HWllers)@handkthenormal (norpeak)building loadandoperate independently
of thedCTESC h i |, which saddle thexcess load occurring during the pe@kis
configuration allows CTES systems to be installed on existing projects without extreme
alteration to the existing chiller system. The building ciifdeand CTES chillgs) each have

their own respective life cyclesitial costs,maintenance costs, salvage vajued efficiencies

BUILDING
CHILLERS
BUILDING
LOAD
h 4 h 4
CTES ICE
CHILLERS STORAGE

Figure 4. SeparateBuilding and CTES Load Chillers

The second commonly used CTES equipment configuration wsseglachiller orset of
chillers which handlgboth the building and the CTES loa@isgure5). In this design, the

chiller(s) areable to produce two different water temperatures, at twordiftesfficiencies,



dictated based on functiercharging the ice storage or handling tieemal (norpeak)building
load.Thesechiller(s) because of their more complex functimawvean increased initial cost and
maintenance cosbmpared with othechillers. However, the chillgs) life spanin yearsis
typically lower due tancreased run houtsandlingboththe building loadand storage load but

also because of the hours functionaig lower efficiency.

COMBINED
CHILLERS < m <

BUILDING
LOAD
h 4 oA
ICE
STORAGE

Figure 5. Combined Building and CTES Load Chillers

Advantagesof CTES

The primary reason for employing CTEShg opportunity to reduadtility costs.This
system can be used to shift the cooling load of the building to periods of rezhwed
consumption, thus reducing the impacts@bling load peakenthe electrical system (Arcuet
al, 2017).These spikes in energy usage are discouraged by utilitgartes through the
implementation of demand charges, or charges applied to the peak energy usage experienced per
month.When demand charges amngplemented within a utility structureartial loadCTESmay

be utilized tomanage the power needed for buifgisooling shifting the energy use to times of

10



reduced consumption in order to create a more uni@ectrical demanébr the building. lithe
specified utility rate structure does not include a demand chiatwad CTEScanbeused to
completely elninate the building load during on peladurs shifting this load to off peak hours
where the utility costs are most likely reduced.
Besides the utility cost savingbe initial cost ofCTES systembavealsobeen found to
besignificantlyless expensivthan alternate electrical storage systems of equivalent cooling
load Rismanchi, Bet al, 2012)Thechillers utilized for the production of ice within a CTES
system need to be as efficient as possible to counteract the loss of efficiency accruedhkerough
freezing process. Thigptimizedefficiency leads to an increase in initial prfoe thechiller and
must be combined with the cost of the ice storage banks, pipes, pump(s), and instalthtion
construction cost€Evenwhen consideringheseadded osts involved witlCTESsystem the
reduction in total required chilleapacity to cover the system peak loaay result in initial cost
savingdfor the cooling system as a whol€his savings is properly explained in an example
from filce Thermal Storagesystem Selection and Desdagoy J. M.McCullough(1988)
A €] a church may have afiveehouopkeriod) gcecutrimga d o f
once a week. Rather than installing@ton system to operate for five hours to provide
the 250 torhours of coling, afive-ton system may be installed to operate and store
cooling for 50 hours. The same total cooling capacity (25ehtmurs) is produced, and
the system cost is substantially reduced, even when the cost of the storage equipment is
i ncl ypdlg do
As shown in the previous example, buildings with high load consumption during occupied hours
and low consumption during nactcupied hours, such as schools, places of wonsgal

storesetc, are perfect utilizers of CTES.

11



Decreased environmental impact is also considered an advantage of CTES systems.

According toRismanchi, Bet al(2012)in AEnergy, exergy and environmental analysis of cold

thermal energy storage (CTES) systé@ms,

A[ é ] e importance of demand reduction and demand management has made the

energy storage technologies a valuable technique to act as a balance between supply and

demand of energy. Shifting electric expenditure tpoffa k hour s has
benefit of @creasing sourcfossil fuel] energy usage and consequently reducing the
amount of(p.8dmi ssi ono
By shifting energy consumption to ngeak time periods, less fossil fuel energy souaces
neededo supplement the energy produced bnyemgable sourceduringoff-peak periodsThus,
the reduced peak energy usage ultimately results in a reducfossil fuel consumption, and

therefore harmful emissisn

Disadvantagesof CTES

AlthoughCTES systemsayhave a lower initial cost, there are situatiamsvhich they
are more expensiv@he system requires high efficiency chilléngically 85% efficiencyor
higher)to combat the loss of efficiency due to the productiorc@fwithin the storage banks.
High efficiencychillers have a considerable increase in initial owstrstandard efficiency
chillers(typically 84% efficiency or lowerandrequiremore maintenance toaintain peak

efficiency. Commonly these costs are overcome by the savingsdurcedchiller size A small

a

maj

increase in maintenance costs may be experienced due to the ice storage, though this value will

be minimal compared to the maintenance costs of the chillers themselves.

12



Another shortcoming aETES is the increase in required system spalteoughCTES
has the potential to decrease the required chiller capacity, thus decreasing the physical size of the
chiller(s), the additional requirement of multiple large ice storage tanks ultimatphndshe
footprint of the systemiVhile theseice storageanks requira largermechanical roonthis may
be solved by externally locating the tanks above gratbeying the tanks belograde If the
ice banks are to be buried, the initial cost of the system must increase to accourtdifer the
excavation costas well as an increase associated with more labor intensive maintenance

Even though there are disadvantages associated with CTES systems, the utility saving
advantages often outweigh the former. These cost savings are heavily affecteprbyithesl
utility package and theystem design criterjavhichmay be simplified to common design
conditions for this cursory analysis todhesedesigncriteriaare considered in tHeTES
analysis toolntroduced in Chapter 2, where design simplifications and constraints are explained

in depth.

13



Chapter2-To o |

The CTES tool proposed within this report aimgtovide the designer with a
conservativeeconomic analysis faprojectto implementCTES This worst case analysis is to
serve as a cursory analysis to assist the designitetlia decision to movaheadwith more
thorough,complex and time consuming CTES economic investigatidime purpose of this
chapter is to introduce the CTES tool whitas been developedercel and to provide a
detailed walk through of the tofwr the user.

Eighttabsare usedo organize theequired inputinformation and resultsn the excel
file. These tabs are color codedd@monstrate necessanjormation.Thetwo red tabs require
no user input and are there to display information such as version changes or step by step guides.
Thefive green tabs require user input, such as project, utility, or equipment informéten.
single Bue tabis used to differentiate tHeesultstab from thefive previoususer input tabsThe
48 remainingabs which alternate between yellow and pn& reserve for monthly load
calculation tabs whichre only usedby the tool for CTES load calculatioasd require no user
interface The two colors simply allow the user to easily identify which calculation tabs are a part
of each month.

To provide a general omgew of the arrangemente tool starts with eight tatog
various colors to indicate their purpo3ée first tab,Change Logis colored in red anghows
general changes between versions of the CTES toolR&ae Metab, which is also redfollows
afterwardsdisplaying constraint information as well as a step by step guid®wto import a
cooling load profile into the tool. Nexatrefive green tabsvhichrequire user input. ie TRACE
CLG Demandab allows the user to import in the cooling profieni TRACE700 by following

the steps on thead Metab. The Project Informationrequiresthe input of general project
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information.The Utility Input tabis nextand is the locatiowhere theuserinputs utility
information specifido theutility package. After this, thEquipment Inputab allows the user to
specify key analysis information for the equipment such as efficiencies, life expectancy, and unit
costs. Thdinal green coloredab is theCooling Load hput This tab onlyrequiresuser input if
loads from TRACE700 were not imported into FTRACE CLG [@mandab. Finally, theResults
tab, highlighted in bluesummarizes the information entered into the previous tabs and displays
the economic anaysin a printable formafThered coloredJtility Calcstab displays the
complete economic analysis calculatiofise remainder of the tab8VEEK, -SAT, -SUN, -
MON, display load calculations for each weekly design period for every month.

This chapter wil discuss the assumptions and constraints pertaining to the tool, while
al so providing a brief overview of the functi
Besides tool functionality, this chapter will aldiscusghe life cycle cost analysidilized. A
more completdackgroundn theeconomic calculations conducted by the tool are discussed in

Appendix A.

Assumptions & Constraints

Since there are a range of different CTES systems and applications available, the tool
presented in this report is limitedttze following constraintto ensure functionality and to
minimize complexitylt is important for these desidimitationsto be filly understood by the
user befoe any data input has occurredissection will cover theesignrestrictionsutilized

within the CTES tooln thesameorderas the workbook sheet tabstlined above
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Load Profile Information

The load profile for a builingis not generated by this tool but instead the modeling
needs to be performed by the user priauttlizing this tool as it is required inputhere are
many programs that can be used to attain the necesfamydtion regarding the cooling load
for the building This tool has been formattedtbe Building cooling / heating dematriide
exported fromRACE700version 6.3.4nay be copied intthe TRACECLG Demandab
without edit(the first greerab at the bottom of the spread shestpwn in kgure6. When
completing the economic calculations, the t@dérsto this tab for the cooling loadbroken
down intoWeekday, Saturday, Sunday, and Mon{tasadings highlighted in yellow within the
figure). Monday is calculated separately since the l@adthis day tend to increaas the
building cooling systems compensate for the higher space temperatures programmed for
weekendoperation Theremaining information included in trexportedTRACE700 file
Building cooling / heating demansinot utilizedwi t hi n t he t sonlyihdudeanal ysi
in the tool for ease axportingcooling demandrom the TRACE700 softwardf TRACE700
loads arenot available and different program is used to determine the load prafike cooling
loads may be manuglinputin theCooling Load Inputab. This will be further explained in the
General Operatiorsection.The precision of the results obtained from this tool rely on the
exported cooling loads being accurdfberefore, it$ good practice to check over the utilized
load profile and assure that adput is correct and thduilding schedules, such as occupancy,

lighting, etc., areised.
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B C D | E F G H 1y K | L | M N | o P Q R S T | u \ W
January Typical Weather (*F) Design 'Weekday Saturday

Sunday Monday
Hour OADB 0AWB Htg (Btuh) Cig (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) | Htg (Btuh) Cig (Tons) Htg (Btuh) Clig (Tons)
1 626 59.4 -842,138 1322 -926.485 139.8 -307.095 56.5 -397.033 532 -1,037.310 1282
2 61.9 58.7 -876,654 127.0 -939.437 1379 -304.221 56.0 -405,676 52.4 -1,049.344 126.9
3 61.5 S8.7 -893,165 1265 -949,565 1365 -308,680 55.1 -413.880 516 -1,083,117 1263
4 61.4 58.8 -807,233 1216 -956,834 135.1 -312,772 541 -432,697 50.8 -1,054,952 1258
5 61.8 §9.2 -919.423 1322 -961.423 1339 -325,140 8§32 -446,062 50.1 -1,051.040 1252
6 62.8 60.2 -928,682 1316 -962.967 1329 -358,007 §24 -461.168 496 -1,041,893 1249
7 64.4 61.8 -821,452 1309 -948.630 1323 -381.042 51.9 -469.451 492 -1.024,237 1249
8 66.4 638 -869,284 1307 -801,945 1320 -379.809 515 -469.051 49.0 -993,909 1252
9 68.5 654 -404,642 1349 -478.297 1362 -347.276 51.3 -438.346 489 -727.157 129.9
10 704 €6.2 -266,357 151.8 -320,999 1491 -311.818 514 -400.814 492 517,574 141.9
" 721 66.6 -200,440 169.0 -247,404 1616 -283,457 521 -362,704 50.1 -536.821 152.0
12 731 662 -127,953 167.6 -194916 185.5 -264,707 538 -332.018 §1.8 -436,687 1521
13 735 658 -265,621 169.8 -357,043 1547 -253.184 559 -309.079 54.1 -520.847 153.4
14 733 65.7 -86.101 185.7 -150,556 165.5 -241,299 58.0 -284,605 $6.3 -317.132 1644
15 729 653 -87.507 2028 -138,139 176.9 -235,847 59.6 -270.350 58.0 -254,428 176.2
16 723 649 -163,685 187.2 -271.576 162.4 -246,772 60.6 -277.443 §9.1 -329,452 1626
17 75 645 -393,442 1824 -545,988 159.6 -257,658 61.3 -287.133 60.0 -579,502 159.9
18 704 643 -509.603 1813 -659.610 158.2 -269.326 614 -299.949 60.1 677,898 1585
19 69.3 64.0 -802,080 176.7 -749.944 1532 -285171 59.7 -318.681 585 -762,161 153.5
20 681 632 674972 170.9 814731 148.8 -312,574 579 -347.103 56.6 -823,367 150.0
21 66.8 626 664,286 1636 -779.787 1488 -340,475 56.9 -374.239 5.7 -787.390 149.0
22 656 618 -757.718 159.2 -859,424 1465 -356,013 56.0 -391.214 549 -865,194 146.7
23 64.4 60.7 -799.493 155.2 -887,739 1445 -369.315 55.1 -409.702 54.0 -892,845 1446
24 63.4 §8.8 -827.774 1518 -905,332 1426 -384,253 541 -423624 §3.2 -906.351 1428
February Typical Weather (°F) Design Weekday Saturday Sunday Monday
Hour 0ADB OAWB Htg (Btuh) Cig (Tons) Htg (Btuh) Cig (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clig (Tons) Htg (Btuh) Clg (Tons)
1 61.9 57.8 -857.876 1522 -907.430 1422 -301.599 579 -382.322 55.1 -1.031.232 1320
2 60.5 56.7 -882,822 148.9 -926,796 141.0 -301,280 574 -399,103 54.0 1,046,882 130.2
3 59.4 56.1 -904.439 1457 944,566 139.0 -308,894 56.2 -410,142 52.9 -1,053.623 1291
- $8.5 55.8 -923,043 1429 -959,863 137.0 -316.031 55.0 -426,348 51.9 -1.058.414 128.0
S 57.9 554 -938,635 1404 -971.477 1353 -333.394 538 -437.931 s1.0 -1,058.086 127.0
6 578 556 -850.563 1382 -980.110 1337 -369,935 527 -452,055 50.1 -1,054,138 126.0
7 58.3 56.3 -944,825 136.4 -973.405 1324 -402,555 518 -470,758 493 -1,041.244 125.2
8 59.7 §7.8 -857.451 135.2 911,522 131.4 -386,722 51.0 -449.248 486 -1,000.0%6 1248
9 61.9 596 -382,356 1405 -480,541 1354 -345292 50.6 -413,580 484 -725,981 1293
10 647 60.5 -256,708 159.7 -321,882 1482 -309.620 505 -382.948 434 613653 141.0
" 67.6 61.5 -191,096 176.5 -252,946 160.8 -283.876 51.4 -356,019 494 -514,103 1525
12 703 827 -126.289 1721 -194,462 185.4 -262,169 532 -326.238 51.3 -434.232 152.3
13 725 64.1 -259.377 1738 347,220 156.5 -246,478 56.2 -298.610 544 -509,390 155.2
14 740 649 -87,549 191.2 -135,660 169.4 -230,823 59.3 -268.131 576 -303.186 168.3
15 745 649 -88.435 2096 -121.373 1816 -218.975 60.9 -248.046 59.4 -213,308 180.7
16 743 648 -160,035 1947 -241.333 167.0 -228,779 625 -253.066 61.0 -302,093 167.2
17 738 6486 -384,897 1912 -505,489 1843 -238,927 638 -264 414 624 -529,493 164.6
18 729 644 -485,438 181.0 613275 163.8 -248,479 645 -273,309 63.2 824,295 184.1
19 7 645 -566,519 1875 -698.476 160.7 -260,525 638 -286.962 625 -705.041 161.0
20 703 842 632,691 180.1 -763,707 155.0 -283634 61.2 -313,520 60.0 -769,322 1558.3
21 68.7 635 -619,185 1726 -733,846 183.1 -311,896 596 -340,974 58.4 -741,597 153.4
22 €7.0 621 -733.640 1656 -822,386 1506 -334,140 $8.5 -363.863 §7.4 -828.281 150.8
23 652 606 -785,075 160.4 -856,645 1482 -350.297 57.4 -382.801 $6.3 -859,323 1484
24 635 58.9 -820,715 1558 -879,985 1459 -365,578 56.2 -399,393 §5.2 -880.619 146.1
March Typical Weather (*F) Design Weekday Saturday Sunday Monday
Hour OADB OAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) = Htg (Btuh) Cig (Tons) Htg (Btuh) Clg (Tons)
1 705 86.4 -750,796 162.8 811,747 1519 -262,727 61.9 -322.621 60.6 -947,264 1445
2 69.7 65.4 774,669 159.2 -832,170 149.1 -260,237 61.5 -332.209 §9.5 -978,957 1414
3 69.0 653 -795.781 155.9 -850,400 1469 -266,358 60.6 -339.921 58.5 -976,226 1403
4 68.5 851 -813.837 152.9 -864,459 145.1 -272,124 59.5 -346,678 §7.5 -980,022 139.2

»

TRACE CLG Demand _ Cooling Load Input | Project Information | Utiity Input  Equipment input  [JRESHRSN RS -

Figure 6. TRACE CLG DemandTab

Demand Chargeand Billing Period

This CTES analysis tool allows for the demand charge to be specified towards the top of
the Utility Input tab, shown in Figure .7The demand charge ($/kW) is typically applied to the
maximum energy usage (kW) during-paak hours for a given payment peridte user
defineddemand charge amountappliedto every month within theilling period. Only one
demand chargealuemay bespecified.This CTES analysis tool does not have the capacity to
accommodatedemand charges which change throughout thewbih may be seen in some

utility contracts.
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For the economic calculations utilized within this tool, the billing pemodt be
specified through a dregown liston theUtility Input tab, shown in figure .7This list provides
the user with the billing dmpns of monthly, quarterly, semainnually, and annuallyndependent
of the billing option picked he tool always cous January as the starting month, regardless of
the option choserif a different starting month is specified within the desired utility package, the

resulting economic analysis conducted by the tool will be incorrect.

CTES ECONOMIC VIABILITY TOOL

VERSION:
Last Edited:

3. UTILITY INFORMATION

Utility Provider: Florida Power & Light
Rate Package: GSDT-1
Demand Charge Cost: 10.83 S/kW
Additional Charges: 25.46 $/Month
Billing Period: Quarterly
Utility Costs:
On-Peak Cost: 3.136 ¢/kWh
Off-Peak Cost: 2.513 ¢/kWh

On-Peak Rating Period:

Peak Days: Mon-Fri
Sat & Sun: Off-Peak
Excluded Peak Days: 1

Peak Hour Chart

, Weekday | Sat & Sun
Hour Time

Peak Hour | Peak Hour
1 12:00 AM No
> 2 1:00 AM No
- - 3 2:00 AM No
4 3:00 AM No
m 5 4:.00 AM No

: 6 5:00 AM No =
L o Project Information Utility Input Equipment Input -

Figure 7. Utility Input Tab (A)
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Excluded Daysand Utility Peak Hours

On theUtility Input tab, the orpeak rate period must be specified for each month,
highlighted with green in Figure 8. Within this set of inputs, the days where {peadhour
utility price inaease is applied may be definddhes e days are referred to
the tool. By default, Monday through Friday must bepeak days, while Saturday and Sunday
have the option of being gueak or offpeak days. The hours defined asp@ak oroff-peak
within the Peak Hour Chart will be used for all weekdays and cannot differ from Monday
through Friday. The epeak rating period section also allows for the number of excluded peak
days within a given month to be stated. This number accourttsefpeak days designated by
the utility rate packagm which increasericing for specifiedhoursdoes not applyThese days
areomitted by theutility because of the reducddmand during national holidayBy default, all
excluded peak days usethe ool g | o0 a dSaturdag mpteh e oi. Thi s assump
the number of calculations performed by the tool, while retaining the same resulting accuracy of
economic calculations.

When inputting the utility i nénpeakioiurefon spe
the day specified by the utility contranust be set. This information can be set through a yes/no
dropdown menu und e r onihdeverlpatianyof thidildykinpitab) r o
shownhighlighted in yellowin Figure8. Thistool is configured to only work with static greak
and offpeak hoursas well as static cost values during these hfmureach monthTherefore,
thistool cannot be used if thetility package has ratchetirmgsts applied ton-peak hours
(pricing changsthroughout the dgyIf the utility package does not include a cost difference
betweeron- or off-peak hours or if these hours are not specifiedsaneeutility cost per kWh

should be used for both gueak and ofpeak values as sp in Hgure8.
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Utility Costs:
On-Peak Cost: 3.052 ¢/kWh
Off-Peak Cost: 2.429 ¢/kWh
' On-Peak Rating Period: |
Peak Days: Mon-Fri
Sat & Sun: Off-Peak
Excluded Peak Days: 1
Peak Hour Chart
Hour Time Weekday | Sat & Sun
Peak Hour | Peak Hour

1 12:00 AM No
> 2 1:00 AM No
S 3 2:00 AM No
4 3:00 AM No
m 5 4:00 AM No
: 6 5:00 AM No
T 6:00 AM Yes
: 8 7:00 AM Yes
9 8:00 AM Yes
m 10 9:00 AM Yes
q 11 10:00 AM Yes
12 11:00 AM No
13 12:00 PM No
14 1:00 PM No
15 2:00 PM No
16 3:00 PM No
17 4:00 PM No
18 5:00 PM No
19 6:00 PM Yes
20 7:00 PM Yes
21 8:00 PM Yes
22 9:00 PM Yes
23 10:00 PM Yes
24 11:00 PM No

Figure 8. Utility Input Tab (B)

Default Equipment Values

Since this is a preliminary analysis tool, in many instartbesiiser may ndtave
establishedaluesassociated with theosts, life, salvage value, and efficiency of ¢théler(s).
To resolve this issue, default values are provimetheEquipment Inputabfor each variable in
textboxes which popip when the desired cell is selectedr the default costof the normaand
high-efficiency chillers, the values were taken from the average withiR&h®eans Mechanical

Cost Data 207 (Gordian, 2017)The values regarding thee banks were estimateding
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information fromCALMAC (E. Rudolph, personal communication, Ma;2019. Of course

the more accurate the information for the specific project the more reliable the results.

Cost & Savings

It is important for the user to know this tool is meant to be an initial step in the CTES
system selection process. The inforratdisplayed within th&®esultstab displaysonservative
figures basedn the input data and the assumptions listed above. If the information and
assumptions entered in the tool correctly apply to the desired project, the tool will quickly
determine the pper bounds of payback period expeci#ue results from this tool show the
expected payick period of the project under conservatigaditions. Thusa morecomplete
economic analysis caluctedater may provide a significantly reduced payback period for the
project. It is up to the designer to decide if tohaservativeesults produced from this tool are in
an acceptable range for the projétcthe user is accepting of these results, adcédlle economic

analysis stillwill needto be conducted

System Configuration

As described in Chapter 1, the configuration of the system plays a crucial role in the life
cycle cost analysis of CTES. These configuration variables inthed€TES system option for
eitherpartial or fullstorage, as well as how the chillers are camid. The CTES tool described
within this reportonly provides an analysis of CTES using partial storage. This storage option
allows for thedischarging ice tank® only handle a segment of the peak building load, while
distributing theCTEScharging loadequally throughout the day. This tool is also only valid for

two differentchiller configurations. The first valid configuration use® sets ofchillersi one
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setfor handling the building load and tléhersetto address th€TES charging loadlhis
configuration allows CTES systems to be installed on existing projects without extreme
alteration to the existing chiller system. The second valid chiller configuration utilizes a set of
chillers which provide cooling for the building and charging the C3iatultaneously. In this
design, the chiller(s) are able to produce two different water temperatures, at two different
efficiencies The temperature of water woulgépendon whetheits operation i€harging the ice
storage or handling the normal (Apeaak)building load.Each ofthese specific system

configurationsverediscussedn Chapter 1.

User Walkthrough

The following section provides a general walkthrough of the CTES tool. This
walkthrough will follow the required stepeededo acquire accuratesults from thanalysis
tool. As previously stated, this tool is meant to be an initial step in the analysis of &3T&S
viable option for building coolingTherefore, a full economic analysis will need to be completed

once the designer gatisfied with this cursory analysis.

Initial Steps

When first opening the CTES toBkcel file, the user will be greeted withbox at the
top of the page containirtge title of the tool, the toalersion and the last timtéhe content was
edited Thisis common among every tab in the CTES tool, as well as in the analysis. léssilts
displayed athe top of kgure9. Besides the version informationigtire 9 illustrates theChange
Logtabfrom the prospective of the uséthisinitial tab simply dedils the changes which have

been made to the previous version of the tool, organized by the tab affected.
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5 CTES ECONOMIC VIABILITY TOOL

4 VERSION: 1.4.1

5 Last Edited: 1/24/2019

&

7

8 Change Log

9

10

11 1) General Bug Fixes

12

13 A "Utility Calcs” Tab

14 3. Corrected the formulas within the equipment sizing cells
15 to function when "cost/unit" is set to "S / Ton."

16

17 B. Monthly Load Calculation Tabs

18 3. Changed the Y-Axis of all load profile charts to auto size
19 to provide a more aesthetically pleasing overview.

20

21

3 Change Log README TRACE CLG DEMAMND Project Infol ... (4

Figure 9. ChangeLog Tab

Once theChange Logab has been read through, Besad Metab shalld be opened,
shown in kgure10. This tab provides a disclaimer for the tool and emphasizes the design
restriction of partial storage being the only valid storage option for this analysis to be accurate.
Scrolling down on this tab reveals step by step instructions on how ta éxpuilding cooling

load profile from TRACE700 and import this data into the CTES analysis tool.
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CTES ECONOMIC VIABILITY TOOL

VERSION: 1.4.4
Last Edited: 3/13/2019

*  This tool is to be used solely as an informational tool. The data
provided within this tool is based on average values depending on
location, provided cooling load profile values, utility provider, etc.
Before acting on any selection recommendations provided by this
tool, a full economic analysis should be conducted in order to
confirm that the desired system would benefit the project.

«x This tool is applicable only to part load CTES systems, where peak
load energy usage is shifted to periods of lower consumption.

kW Usage per Hour (Partial Load)

= 19
170
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 M4
Hour of Day

mBuiding Load Chilers = CTES Discharging = CTES Charging

=1
s

N
-]

TRACE700 Load Profile Exporting

In order to save time inputing data within the "Cooling Load Input” tab, copy
the Cooling and Heating Load Profile results file from TRACE700 into this

el bar £all inatho ctane lictad hal

3 | Change Log Read Me | TRACE CLG Demand | Cooling Load Input Project Informat

Figure 10. Read MeTab

Importing Cooling Load Profile

To successfully import a cooling load profile from TRACE700 into the CTES analysis
tool, the user must follow the steps presented oRélael Metab. If a different program is used
to determine the buildingooling load profile, the load valuesust be manally entered,
individually, on theCooling Load Inputab, shown in Figuré&l. This tab will automatically

populate if data from TRACE700 is copied into TTRACE CLG @mandab.
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[ ]
2 CTES ECONOMIC VIABILITY TOOL
3
4 VERSION:
5 Last Edited:
6
7
8
9 Note: If the "TRACE CLG DEMAND" tab was copied from the
10 Trace700 Exported file, this section does NOT need any other
11 user input. If a file was not exported, the Hourly Cooling Load
12 profiles for each month must be inputed manually.
13
14 January Hourly Cooling Loads
15
Weekday Saturday Sunday Monday

16 Hour
i (Tons) (Tons) (Tons) (Tons)
18 1 12 am 1398 56.5 532 1282
19 2 1 am 137.9 56.0 52.4 126.9
20 3 2 am 1365 551 516 1263
21 4 3 am 1351 541 50.8 1258
22 5 4 am 13349 532 501 12532
23 5] 5 am 13249 524 455 1249
24 7 B am 132.3 5149 492 1249
25 8 7 am 1320 515 480 1252
26 g 3 am 136.2 513 439 1299
27 10 9 am 1491 514 492 1419
28 11 10 am 1616 521 501 1520
29 12 11 am 155.5 53.8 518 152.1
30 13 12 pm 1547 559 541 1534
31 14 1 pm 1655 58.0 56.3 1644
32 15 2 pm 176.9 596 58.0 176.2
33 16 3 pm 162 4 60.6 591 162.6
34 i7 4 pm 1596 613 60.0 1599
35 18 5 pm 158.2 514 60.1 1585
36 19 B pm 1532 587 585 1535
37 20 7 pm 149.8 5749 56.6 150.0
38 21 8 pm 148 8 56.9 557 1490
39 22 g pm 1465 56.0 549 1467

4« r L TRACE CLG Demand Cooling Load Input Project Information

Figure 11. Cooling Load I nput

Utilizing TRACE700, the building cooling load can be imported then CTES analysis
tool by following the five steps illustrated on tRead Metab and shown in the following
figures. Before beginning the import process, it is good practice to cheekufilization
schedules used within the program are accurate and applicable to the project. Without accurate

loads, the results from the CTES analysis tool will not be valid for the project. Once the file has
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been reviewednd the user is confident in thesults thenproceedo step one, shown in Figure
12.

% TRACE™ 700 - C:\USERS\USER\DESKTOP\GRADUATE REPORT\TRACE\TRACE FILE\HS 01-29-19.TRC = O X
File Edit Actions View Options Libraries Templates Alternatives Setup Window Help

NsEHE R ERuQ YL ¢ B QBT TRANE®

Alternative 1

Enter Project Information
e |Cleate Rooms Gl

Select Weather Information | Billings, Montana

Create Templates 24 Templates

Create Systems 1Systems
|| Assign Rooms to Systems 241 Assigned Rooms
‘f Create Plants 2 Plants
System Assignments

No utility rates defined
0($)

02/04/2019 - 02:47 PM

lFerelp, ress F1 { NUM‘ Y/
[EOEEIC, press | o BlesLailB

Figure 12. Importing Loadsi Step One

The first step is for TRACE)Ot o cal cul ate the | oads by cl i
View Resultso button.ulTheofi€aleahafasignentd h¥®new
SystemandEnergyalternative options should be chetlarked. Start the calculation by clicking
the fAiCalcul ateo button. Once the calculations
This will open t hehoéinihiFgwd3Res ul t so0 scr ee
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View Results

: Close
Altemnative: 1V W [ 4q0 Reports selected: ﬁ_

Print

Profiles ‘ Economic -
Preview

™ System load ™ Parameters __' Export...

I ¥ Building cooling / heating demand | - Clear Al

Liidl

™ Building temperature
[ Building humidity
[~ Cooling Tower Analysis

Select All

i

r
- Energy Consumption -
Graph
A Profiles
[T Monthly T C e
[ Equipment I Energy
[ Utility peak Iz
[~ Summary
Design Reports I Analysis Reports I [ ASHRAE / LEED Reports ] Detailed Reports

Figure 13. Importing Loadsi Step Two

The second step of importing building loads from TRACE700 is to export the loads into
an Excel file, illustrated iniguresl3andl4. To do thi s, navigate to t
on t he AVi ean Gheesherk, cheaxarkshe box foBuilding cooling / heating
demandand cl i ck on tMa fHxmsormptod .ntqg hHuhtet @nReport
will open, shown in Figuré4. Following the third step, change tB&port Formatdropdown
meru to fiMicrosoft Excel (*.xls)o and select a

exported Excel file.
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Report Export Options = O X

Export Format Microsoft Excel (" xis) v

Destination Folder |C:\USERS\USER\DESKTOP\G| Browse

OK Cancel

Note: An export folder, HS 01-29-19 Exports, will be created
in the directory selected.

Figure 14. Importing Loadsi Step Three

Next, proceeding with the fourth step, open the exported fildmyindight all the rows
startingwiththdi J anuar y 0 r o vwgurelb. Orceatetloads hagedbeen highlighted,
right click and copy this information. Proceeding to step five, return to the CTES analysis tool
and navigate to thERACE CLG [@mandab. Highlight all the cells in this sheet by clicking the
small triangle at the top left of the page, shown in Fidére

a7 January Typical Weather (*F) Design Weekday Saturday Sunday Monday

53 Hour 0OADB OQAWB Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons) Htg (Btuh) Clg (Tons)
626 59.4 -54.962 1657 -69.710 189.6 -74,228 184.9 -74,222 185.1 -T14.219 185.1
61.9 5687 -62.000 167 4 15,176 184.7 -78.589 1828 -78.584 183.1 -78.581 183.1
615 587 65,968 168.4 -78,558 1824 -82,160 1811 82151 1813 82,148 1813
814 588 68,395 1703 82817 180.8 -85.119 1795 -85.110 179.7 -85,106 179.8
6138 59.2 -72.305 1708 -86,325 1789 -88,289 178.4 -83.278 1785 -88.273 1785
6238 802 -74274 1710 -580.491 1768 -50,950 1776 -50.540 17738 -90.935 17738
-75,099 1712 -90,386 176.5 -50,401 177.4 -90,389 7S -90,333 ALrEs
66.4 63.8 -66.256 1725 82618 177.0 -82,602 178.0 -82,593 178.1 -82,588 178.1
68.5 65.4 -30.769 1772 -57.100 178.5 -57.075 180.6 -57.066 180.7 -57.061 160.8
0.4 86.2 -15.000 186.4 -31.081 1832 -31.060 184.3 -31.050 184.4 31,047 1684.4
721 86.6 -5.591 197.8 -16.094 188.0 -16.076 180.1 -16.069 1802 -16.064 180.2 -
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Average: 9360776119  Count 3990  Sum: -35046745.79 H 0 - 1 +  100%

Figure 15. Importing Loadsi Step Four
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Ready 23 Average: -132763,7668 Count: 3990  Sum: -497067543 H -—F—+ 100%

Figure 16. Importing Loadsi Step Five

Once the entire sheet has been highlighted, right click and paste the information copied
from the exported TRACE700 load Excel filéhe building load profile should now be correctly
imported into the CTES analysis tool. The tool will refer to the cooling loads for the designated

weekly periods of Weekday, Monday, Saturday, and Sunday to calculate the CTES loads and
utility costs for he project.

Project Utilities

After successfully importing the cooling loads into the CTES tbel user may move on to the
Project Informatiortab, shown in ilgure 17. This tab is for project information which may be
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helpful for documentation purposesich as project name, number, location, etc. This
information will be referenced on tliResultstab for printing. Additional information for
individual cells is provided in the form of a text box, shown in Figire/ien working on this
tab, as well as thigtility Input andEquipment Inputabs. This information includes a description

of the cell content and expected values for the cell.

A B C D E F G H
1
2 CTES ECONOMIC VIABILITY TOOL
3
4 VERSION:
5 Last Edited:
]
Fi
8
9 1. PROJECT INFORMATION
10
1 Project Name: Test Project | Note:
12 Project Number 24 T F'.I'EjElIt Infu:l'rjnaticrj &
. Site Information will be
13 Firm Name: GradResearch placed on the "Results"
14 tab for user
documentation purposes
= only.
16 2. SITE INFORMATION
17
18 Location: Miami, FL
19 Building Type:  Elementary School
20
21
1 v .. | TRACE CLG Demand Cooling Load Input Project Information

Figure 17. Project Information Tab

Once the general project information has been documented, the project utility information
will need to be entered into thd#ility Input tab, shown in l§ure 18. On this tab, the utility
provider and rate package may be specified. This information is only for documentation purposes

and will be included in thBesultstab but is not used as part of any calculations. The next pieces
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of utility information needed arthe demand charge, additional monthly charges, and the billing
period. The demand charge will be applied to the largest kW usage throughout a given billing
period and then charged to each of the months within this period. The additional monthly charges
include costs such as customer charges, storm charges, etc., which are applied to each month.
The billing period may be selected through a drop down menuhétiptions of monthly,

guarterly, semannually, and annuallydelow the general monthly chargesdahe billing period

are sections devoted to the utility costs and peak hour designations for each month, shown in
Figure B. Here, the ofpeak and offpeak utility costs may be specified, in cents/kWh. Saturday

and Sunday may be specified aspmak daysgdays when the hourly gpeak utility cost applies,

or off-peak. The number of excluded days for national holidays may also be entered per month in
this area. Once the previous information is entered, the hours designated though the utility
packageasepeak pricing may be entered using a drop

scrolls down the spreadsheet, these options are replicated for every month.
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[ ]
2 CTES ECONOMIC VIABILITY TOOL
3
4 VERSION:
5 Last Edited:
&
7
3
. 3. UTILITY INFORMATION
10 Utility Provider: Florida Power & Light
- Rate Package: G5SDT-1
. Demand Charge Cost: 10.83 5 kw
. Additional Charges: 25.46 5/ Month
14 Billing Period: Monthly
15 Utility Costs:
16 On-Peak Cost: 3.052 ¢/kwh
17 Off-Peak Cost: 24329 ¢/kWh
13
19 On-Peak Rating Period:
20 Peak Days: Maon-Fri
21 Sat & Sun: Off-Peak
22 Excluded Peak Days: 1
23
24 Peak Hour Chart
25 . Weekday | Sat & Sun
26 Hour Time Peak Hour | Peak Hour
27 1 12:00 AM No
28 >‘ 2 | 100AM No
29 S 3 2:00 AM No
30 4 300 AM Mo
31 m 5 400 AM MNa
32 s ] 5:00 AM Na
33 7 6:00 AM Yes
34 : g 7:00 AM Yes
35 o 2:00 AM Yes
36 m 10 9:00 AM Yes
37 ' 11 1000 AM Yes
38 12 1100 AM No
39 13 12:00 PM No
40 14 1:00 PM No
41 15 2:00 PM No
42 16 300 PM No
43 17 4:00 FM Mo
44 18 500 PM Mo
45 15 6:00 PM Yes
46 20 700 PM Yes
a7 21 AN PK Yac -
LI Project Information Utility Input Equipment Input

Figure 18. Utility Input Tab
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Equipment Information

Once the utilitycontent has been definethe equipment information must be specified.
This is done on thEquipment Inputab, shown in lgure19. This tab is broken into three
sections; economic informatida be entered in the top most section, default@d&Schiller
system information in the middle sectifthe base system to which CTES is being compared)
and CTES chiller system information in the bottom most section. The equipment cost units may
be switched betwee$tkW and $/Ton if desired. jubn selecting aell, default values will be
provided within a text box, shown Figure 19. These values were found througB Means
Mechanical Cost Data 201Gordian,2017andCALMAC data (E. Rudolph, personal
communication, March 6, 2019)he slvage value for theystems may be included as a
percenageof the initial cost, however, it is recommended for these values to remain at 0% for
theconservativanalysis. Besides the equipment cost information, the CTES system
configurationneeds tde specifiedConfiguration A specifies one chiller for handling the
building load while a different chiller addresses the CTES chargingGmadiguration B
utilizes a set of chillers which provide cooling for the building and charging the CTES
simultaneouslyThese configuratianare detailed within Chapter 1 in Figures 4 and 5. These

figures are also provided on tRguipment Inputab, below the editable information.
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B C D E F G H J

CTES ECONOMIC VIABILITY TOOL

VERSION:
Last Edited:

4. COMPARATIVE SYSTEM SELECTION

Compounding: Annually
Interest Rate: 5%
Inflation Rate: 2%
Period of Analysis: 50 Years
Equipment Cost Units: S/Tkw
System Type: MNon-CTES
Initial Cost: 217 S/ kW
Annual Building Chiller Maintenance Cost: 30.7 S/ kw
Life Cycle 15 Years
Salvage Value Percentage 0.00%
Building Chiller Part Load Efficiency: 80%
System Type: CTES
System Configuration: Configuration A (Separate)
Initial Building Chiller Cost: 217 [ $/kwW [Note:
Initial CTES Chiller Cost: 340 5/ kW Initial Cost of building load chiller
Initial Ice Storage Cost: 43 5/ kw Configuration A: Default values of 217
Annual Building Chiller Maintenance Cost: 30.7 $ / kw | /kWand 764 5/Ton found as average
Annual CTES Chiller Maintenance Cost: 76.5 S/ kW EcciDL;:;t;;T s Means Mechanical
Annual lce Bank Maintenance Cost: 3 S/ kW - v I )
Building Chiller Life Cycle 15 Years e s
Building ChillergSalvage ValueYPercentage 0.00% =i Al s
CTES Chiller Life Cycle 20 Years
CTES Chiller Salvage Value Percentage 0.00%
CTES Ice Bank Life Cycle 25 Years
CTES Ice Bank Salvage Value Percentage 0.00%
Charging Derating Factor: 75%
Building Chiller Part Load Efficiency: 80%
CTES Chiller Part Load Efficiency: 0%

TRACE CLG Demand Cooling Load Input Project Information Utility Input Equipment Input -

Figure 19. Equipment Input Tab

Analysis Results

The final tabrequiring user interactiqiiResults presents theata entered for the analysis
including project information, utility costs, equipment costs, economic values, etc., entered
throughout the previous tafiSigures20, 21, an®2). This tab alsgpresents ahart displaying
the conservativanonthly utility cost differences between the two systémen-CTES and
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CTES the system costs, the net present and the equivalent uniform annual costs, as well as the

paybackperiod. Thisnformation is set up to print on two pages for documentation purposes.

A B C D E F G H [ J K L M
CTES ECONOMIC VIABILITY TOOL
VERSION:
Last Edited:
Results
Utility Cost
Month Peak / Off- Peak (¢/kWh)

1. PROJECT INFORMATION January Peak Hours 6.51
Off-Peak Hours 6.51
Project Name: Test Project Peak Hours 6.51

. February
Project Number 2A Off-Peak Hours 6.51
Firm Name: GradResearch Peak Hours 6.51
March Off-Peak Hours 6.51
2. SITE INFORMATION April Peak Hours 6.51
Off-Peak Hours 6.51
Location: Miami, FL May Peak Hours 6.51
Building Type: Elementary School Off-Peak Hours 6.51
, Peak Hours 6.51
3. UTILITY INFORMATION e Off-Peak Hours 6.51
Jul Peak Hours 6.51
Utility Provider: Florida Power & Light o Off-Peak Hours 6.51
Rate Package: GSDT-1 August Peak Hours 6.51
Demand Charge Cost: 4.14 S/ kw Off-Peak Hours 6.51
Additional Charges: 0 5/ Manth Peak Hours 6.51

September
Billing Period: Monthly Off-Peak Hours 6.51
Peak Hours 6.51
October Off-Peak Hours 6.51
Peak Hours 6.51
November Off-Peak Hours 6.51
Peak Hours 6.51

December
Off-Peak Hours 6.51

| S Cooling Load Input Praoject Information Utility Input Equipment Input Results JAN-WEEK

Figure 20. ResultsTab (A)
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B C D E F H J
4. COMPARATIVE SYSTEM SELECTION
Compounding: Annually
Interest Rate: 5%
Inflation Rate: 2%
Period of Analysis: 50 Years
Equipment Cost Units: S/ kw
System Type: MNon-CTES
Initial Cost: 217 5/ kw
Annual Building Chiller Maintenance Cost: 30.7 5/ kw
Life Cycle 15 Years
Salvage Value Percentage 0.00%
Building Chiller Part Load Efficiency: 80%
System Type: CTES
System Configuration: Configuration A (Separate)
Initial Building Chiller Cost: 217 S/kw
Initial CTES Chiller Cost: 340 5/ kw
Initial Ice Storage Cost: 43 5/ kw
Annual Building Chiller Maintenance Cost: 30.7 5/ kw
Annual CTES Chiller Maintenance Cost: 76.5 5/ kw
Annual lce Bank Maintenance Cost: 3 5/ kw
Building Chiller Life Cycle 15 Years
Building Chiller Salvage Value Percentage 0.00%
CTES Chiller Life Cycle 20 Years
CTES Chiller Salvage Value Percentage 0.00%
CTES Ice Bank Lite Cycle 25 Years
CTES lce Bank Salvage Value Percentage 0.00%
Charging Derating Factor: 75%
Building Chiller Part Load Efficiency: 80%
CTES Chiller Part Load Efficiency: 90%

Cooling Load Input Project Information Utility Input Equipment Input Results Ll

Figure 21. ResultsTab (B)
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A B C D G H J K L
Monthly Utility Cost CTES O
y v Duri n Cost/Month w/
CTES uring .
CTES Savings
Month Non-CTES CTES Savings Month? E
January 528,531 528,449 582 Yes 582
February 526,546 526,528 518 Yes 518
March 530,838 530,725 5113 Yes 5113
April 532,246 $31,800 5447 Yes 5447
May 533,578 533,105 5473 Yes 5473
June 526,343 $25,308 51,035 Yes 51,035
July 527,893 526,940 5952 Yes 5952
August 529,148 $27,914 $1,234 Yes 51,234
September 526,853 525,524 81,329 Yes 51,329
October 526,599 525,358 51,241 Yes 51,241
November $23,550 522,834 5716 Yes 5716
December $23,414 522,763 5651 Yes 5651
Annual Savings = $8,290
Months Running Per Year = 12
L. Equivalent
. Annual Maintainance .
System First Cost i Net Present Cost Uniform Annual
Cost
Non-CTES $248,427 535,146 51,499,113 558,264
CTES $338,344 847,317 1,909,695 474,221
Simple Payback = 49.53 Years
¥ .. | Cooling Load Input Project Information Utility Input Equipment Input Results 12

Figure 22. ResultsTab (C)

Economic Analysis

As previously discussed, the init@bolingload profile data is to bealculated using
TRACE700 or a similar prograrand brought into the toorl'his daily load informatinis used to
determingheload covered by the CTESstem.The chiller(s) must addredsetremaining
cooling load which results in energy consumptiome @itility costs per montlassociated with

operding these chillergs calculatedvithin the Utility Calcstabusing the values entered on the
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Utility Input tab.An in-depth explanation of #secalculatiors is given in Appendix AThese
total monthly utility cost$or theNon-CTESand CTES systes) shown in blackarecompiled in
Table 1to show the potential savings provided from CTIESs table compares the utility cost
utilizing nonCTES and CTES systems to determine the savings per nstiativn in greenlf
any savings are psent the CTES will bes e t ondirothefmext column anfibr the Net Present
Value calculations within the next sectidrhe economic analysis will take in to account how

many months out of the year the CTES system is working and change the CTES life span

accordingly.
Table 1. Annual CTES Savings
Monthly Utility Cost . c;E: :; CD“IMDMIh w/

Month Non-CTES CTES Savings | Month? CTES Savings
January $19,361 $18,649 §711 Yes $711
February $18,531 $17,822 $710 Yes $710
March 520,160 $19,469 5690 Yes 5690
April 523,171 520,319 52,851 Yes 52,851
May $23,674 $20,821 $2,853 Yes $2,853
June $21,418 $18,691 $2,727 Yes $2,727
July $23,534 $18,077 $5,456 Yes $5,456
August 523,855 518,479 55,376 Yes 55,376
September 522,769 517,358 55,411 Yes 55,411
October 522,263 $17,210 55,052 Yes 55,052
November 519,838 514,715 55,123 Yes 55,123
December 519,845 514,725 55,120 Yes 55,120

Annual Savings = $42,083
Months Running Per Year = 12

The next step in the economic analysito calculate the expected equipment size for the

nonCTES and CTES systems. These calculatasrsompleted in &ble 2 The equipment sizes
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for the CTES and ne@TES systems will not be equal since the equipment are sized based on
the maximum block load experienced and the CTES system reduces these maximunih&ads.

estimatedoad size either in kW or Tons as specified on thguipment Inputab,for each item

is determined by the maximum hourly energy consumption experienced throughout the year,
respective to each equipment type. These maximum energy values are then multipliezbbl the
values either in $/kW or $/Torspecified in the&equipment Inputab to find the first cost, and

annual maintenance cost of the equipment.

Table 2. Equipment Sizing Cost

Equipment Sizing Cost
Annual Annual
] First Cost . . .
CTES ltem Size (kW) ($/kW) First Cost | Maintenance | Maintenance
Cost ($/kW) Cost
Mo Building Chillers 1145 217 $248,427 30.7 535,146
Yes Building Chillers 605 217 $131,273 76.5 546,278
Yes CTES Chillers 271 340 §92,106 76.5 520,724
Yes Ice Banks 2674 43 $114,965 3 58,021

After the equipment sizis determinedthe following equations and associated variables
are used to calculate the net present cost for the system. The real interest rate is first found by
subtracting the nominal interest rate by the inflation rate provided withiaghgment Inpt
tab. Equation 1 is then used to find the effective annual interest rate. Onsddtigl, the net
present cost of each piece of equipmsgtlculated using §uation 2whenthe period of

analysis is less thahe life of the equipment, orgation 3whenthe period of analysis is
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greater than the life of the equipmenhie values used within these equations are explained in

Table 3.

e bep— 4

£ Equation 1

Equation 2

Thr b el

| e it Tge Equation 3

Table 3. Net PresentCost Analysis Variables

Purchase Cog8) m = Expected guipment Life Cycle Leng{iears)
Annual Maintenance Co¢$) L= Equipment Life Cycles Completéfthin Period of Analysis
Equipment Salvage Val@®) K= Equipment Life CyclRrogresDuring Incomplete Life Cycle

Effective Interest Ratéxb)

# of period = (Compoundings per year) x (Years)
Real interest rate = nominal interest ratenflation rate

Compoundings per Year

These equations were found by altering the net present cost equation tof fihall

variableswithin alife cycle cost analysis. This includes incorporating the number of completed

life cycleswithin the period of analysisilong withthe initial cost and material salvage values

which accompany them, and value of the equipment life ififlneycleis notfulfilled in this

period For the CTES chillers and ice banks, the life cycle is adjusted based on the number of

months the CTES system is in use throughout the year. This adjusted life cycle is then used

throughout the calculation to determine the nunabe@ompleted life cycles and the progress of

any uncompleted life cycl&or example, a set of chillers serving the CTES ice tanks may have

an expected life cycle of 10 years before unit replacement is needed and the period of analysis
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for this example ig5 years. This chiller set successfully completes four full life cycles within
this period, while the fifth life cycle remains incomplete. This inclateocycle needs to be taken
into consideration separately since the equipment still has five yeargedited life available at
the end of the analysis period. In the equations listed above, the four completed life cycles
would represent the ALO valwue, while the inco
by dividing t he dompeedtmé ey theexpectdd fe oycle ofithe 6 s
equipment. This would result in a life cycle progress ratio, K, of 0.5 for the example described
above.These calculations are completed independently for the building chillers, CTES chillers,
and ice bank#o achievea net present cost for each. These values are then added together
resulting inthe total net present cost of the CTES systéthe equipment configuration has
been speci fi e d(CGombinddC nd EqEpmerdalnputab,nthen th€TES
chiller calculation used the life cycle length of the lower efficiency building chilles is
because the chiller will be used more oftemandle the building loaat a lesser efficiency.

The last calculations completed within the economicyaimhbre for the Equivalent
Uniform Annual Costs (EUACsand Simple Paybaclkfter the net present cost of both systems
arefound, the EUAds calculated for both using tHeture valueequation, shown below in

Equation 4.

rr=frd | Equation 4

Finally, with this annual cost, the Simple Payback can be calculated. By subtracting the
nonCTES system EUAC from the CTES system EUAC, the system cost difference may be
found. Thisinformation, used in conjunction withe annual savings found from Talllemay

be used within Buation5 to find the Simple Payback.
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Equation 5

These results, along with the utility and equipment values specific to this project, are
summarized within th&esultgab, which may be printed for user documentatidow that the
assumptiosand constraints pertaining to the tool, as well as the functionality of the tool, are

known, two case studies arealuated andre discussed in depth in Chaer
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Chapter3-Case Study Anal ysi s

In this chapter, two case studies will be discussbhd.samelementary school building
is used in alcomparisonsThe school building has a floor area of approximately 163,000 square
feet andserves a year round school application therefasssithedied for full occupancy
throughout the entire yearhe load profiles resulting from the building skin and internal sources
are calculated using TRACE700 and are provided in Appendif2sT® simplify the load
calculation processhé loads due to ventilah and infiltration are not included in the load
profiles for these exampleShree cities of different climate types from the ASHRAE Climate
Zones, shown ifrigure 23are used for the analysis in both case studidsmi Florida (Very
Hot, Humid), Kansa City Missouri (Mixed, Humid), and Billings Montana (Cold, Dry). The
different regions provide a large variationcimolingloads for the proposed school building
which will exhibit the impact of cooling demand on the practicality of CTES sys{Enes
variable that changes between the two case studies is the utility rates applied. As presented in
prior chaptersyltility rate structure are avery influential component on the justification of
CTES systemsUsing the building load profile for the schoolthree climate zones two
differentutility rate structure are applied for comparison. To ensure the analysis is as realistic
as possible, utility ratefsom Florida Power and LiglendNorthWestern Energgre usedThese
utility providers were chosen sia they are the largest commercial utility providers in Florida
and Montana respectively and providey different rate structure&lorida and Montana were
chosen for the utility package locations due both states experiencing largely different climatic
conditions and the | imitations on each stateds
densitiesThe equipment information will remain the same for both case studies, sh@ahlén

4, and will remain independent of project locatigeeping the hilding constructiorand
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equipment informatiogonstant while varying the location and utility rate packagetended to

demonstratevhich variabls aremore influential when designing CTES systems.
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Table 4. Equipment Input Information

Compounding: Annually
Interest Rate: 5%
Inflation Rate: 2%
Period of Analysis: 50 Years
Equipment Cost Units: S/ kW
System Type: Chiller
Initial Cost: 217 S/ kw
Annual Building Chiller Maintenance Cost: 30.7 S/ kW
Life Cycle 15 Years
Salvage Value Percentage 0.00%
Building Chiller Part Load Efficiency: 80%

System Type:

Chiller w/ CTES

System Configuration:

Configuration B (Combined)

Initial Building Chiller Cost: 340 S/ kw
Initial CTES Chiller Cost: 340 S/ kW
Initial Ice Storage Cost: 200 S/ kw
Annual Building Chiller Maintenance Cost: 76.5 S /KW
Annual CTES Chiller Maintenance Cost: 76.5 S/ kW
Annual Ice Bank Maintenance Cost: 3 S/kw
Building Chiller Life Cycle 15 Years
Building Chiller Salvage Value Percentage 0.00%
CTES Chiller Life Cycle 15 Years
CTES Chiller Salvage Value Percentage 0.00%
CTES Ice Bank Life Cycle 25 Years
CTES Ice Bank Salvage Value Percentage 0.00%
Charging Derating Factor: 75%
Building Chiller Part Load Efficiency: 80%
CTES Chiller Part Load Efficiency: 90%
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Case Study #1i Florida Power & Light

The first case study will use the GSD2Tcommercial utility rate packagénce the
building used for the analysis falls under the medium commerciab®défined byhe Florida
Power and Light utility provider. This package specifies a demandecloaf®0.83/kW with
$25.46 of additiondieesper month. The billing period for this case study has been chosen to be
monthly; in lieu of quarterly, seraannually, or annually. Monthly was selectdce thisbilling
period optiorprovides the least CTE®W&NQs per yeaexperiencingaround 3 percent less
savings than the serannually billing period, which sees the largest saviiigs. onpeak hours
are designated as follows; @eak hours of 6AM to 10AM and 6PM to 10PM for Novembér 1
through March 3%, on-peak hours of 12PM to 9PM for Aprifithrough October 31 Off-peak
hours are used for all other time periods. Exclude@eak days include Thanksgiviagy;
Christmas day, New Year ds day, Memdheutidity Day,
costs for ompeak and offpeak hours of each month are given in T&blEhis information
remainsconstant for each of the 3 locations used within the case Sthdyollowing sections

discuss the results of the CTES economic analysis conducted by E&tGol.
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Table 5.

GSDT-1 Utility Costs

Utility Cost
Month Peak / Off- Peak
/ (¢/kWh)
Peak Hours 3.136
January
Off-Peak Hours 2.513
Eak Peak Hours 3.136
Ry Off-Peak Hours 2.513
Mok Peak Hours 3.136
b Off-Peak Hours 2.513
s Peak Hours 3.136
April
Off-Peak Hours 2.513
e Peak Hours 3.136
-/ Off-Peak Hours 2513
Peak Hours 3.876
June
Off-Peak Hours 2.546
Peak Hours 3.876
July
Off-Peak Hours 2.546
Peak Hours 3.876
August
Off-Peak Hours 2.546
Peak Hours 3.876
September
Off-Peak Hours 2.546
" Peak Hours 3.136
e Off-Peak Hours 2.513
Nouwinib Peak Hours 3.136
i Off-Peak Hours 2513
Peak Hours 3.136
December
Off-Peak Hours 2.513
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1A - Miami, Florida

The first city chosen for this case study
Humi do section of the ASHRAEFi@urei23aadtuses& one s,
design outside air temperature9dfF dry bulb and’8.2F wet bulbfrom theTRACE700
version 6.3.4 weather profile databatkedesign peak cooling load for this locatior6B0 tons.
The more complete monthlgad profile data caldated using TRACE700 for the elementary
school located in Miami, Florida, is provide in AppendixXU&ing the utility package
information from GSDT1 of Florida Power and Light, and the equipment information
previously specified in Tabkg, the followingresults are found, shown in Tal@eBy utilizing
CTES, the system could provide annual savings of approxim&6K0® per year with the
CTES system running 12 months out of the year. The differermestbetween the systems
resulted in a first cost anease of aroun#90,000 and a net present cost increase of
approximately $,1620000ver the analysis perioghen utilizing CTES. This cost increase
compared with the yearly savings resulted in a payback peri@2ly&fars.The needed values

associated win the net present cost equation are detailed in Appendix A.
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Table 6. Economic Analysis Results 1A

Monthly Utility Cost CTES O
y y Duri n Cost/Month w/
CTES uring .
CTES Savings
Month MNon-CTES CTES Savings Month? g
January 518,468 517,953 5515 Yes 5515
February 517,610 517,258 5353 Yes 5353
March $20,160 519,469 5690 Yes 5690
April 521,208 520,127 51,681 Yes 51,681
May 522,601 520,821 51,780 Yes 51,780
June 521,418 516,930 54,487 Yes 54,487
July 522,300 517,830 54,470 Yes 54,470
August 523,855 518,479 55,376 Yes 55,376
September 522,516 517,139 $5,377 Yes 55,377
October 522,263 517,210 55,052 Yes 55,052
November 517,878 514,494 53,384 Yes 53,384
December 517,532 514,307 53,224 Yes 53,224
Annual Savings = $36,391
Meonths Running Per Year = 12
L. Equivalent
. Annual Maintainance .
System First Cost Cast MNet Present Cost Uniform Annual
Cost
Mon-CTES §248,427 535,146 51,499,113 558,264
CTES 2338 344 475,023 42 661,266 £103,431
Simple Payback = 31.93 Years
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1B - Kansas City, Missouri

The second city chosen for this case study is KansasMlggouri This city lies in the
AMi xed, Humi do section of the ASHRAEan@! i mat e
uses a design outside air temperature of 96°F dry bul@ &fdwet bulbfrom the TRACE700
version 6.3.4 weather profile databaske design peak cooling load for this locationG5 ®ns
The load profile data calculated using TRACE700 for the elementary school located in Kansas
City, Missouri, is provide in Appendix C. Using thality package information from GSDT of
Florida Power and Light, and the equipment information previously specified in 4;ahke
following results are found, shown in TalleBy utilizing CTES, the system could provide
annual savings of approximétes32,300per year with the CTES system running 12 months out
of the year The difference in costetween the systems resulted in a first cost increase of around
$80,000 and a net present cost increase of approximatedy $000over the analysis period
when utilizing CTES. This cost increase compared with the yearly savings resulted in a payback
period of33 years.The needed values associated with the net present cost equation are detailed

in Appendix A.
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Table 7. Economic Analysis Results 1B

Monthly Utility Cost — c;E: :,; Custfl‘u"lun‘l.h w/
Month Non-CTES CTES Savings | Month? CTES Savings
January $13,764 $13,671 $93 Yes $93
February 513,207 $13,082 5124 Yes 5124
March 514,815 514,639 5177 Yes S177
April $18,589 $17,062 51,527 Yes $1,527
May $21,234 $19,411 51,823 Yes 51,823
June $20,083 $15,662 54,422 Yes 54,422
July $22,432 $17,856 54,576 Yes $4,576
August $22,169 $16,851 55,319 Yes £5,319
September $20,070 $14,873 55,197 Yes 55,197
October $18,347 $13,950 $4,397 Yes $4,397
November $13,539 $11,128 52,411 Yes 52,411
December 511,876 59,649 52,227 Yes 52,227
Annual Savings = $32,294
Months Running Per Year = 12
L Equivalent
. Annual Maintainance .
System First Cost Cost Met Present Cost Uniform Annual
Cost
Non-CTES 5234,623 533,193 51,415,816 555,026
CTES 313,950 570,196 52,486,428 596,636

Simple Payback =

33.15

Years
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1C1 Billings, Montana

The third city chosen for this case study
Dryo section of the ASHRAE CIl i mandaseZaodesgs , pr e
outside air temperature 61.°F dry bulb and 66°F wet buftom the TRACE700 version 6.3.4
weather profile databas€he design peak cooling load for this location is 705.tdhe load
profile data calculated using TRACE700 for the elementary school locaBaings, Montana
is provide in Appendix D. Using the utility package information from GSDdf Florida Power
and Light, and the equipment information previously specified in Tatike following results
are found, shown in Tabk By utilizing CTES, the systerould provide annual savings of
approximately $8,900 per year with the CTES system running 12 months out of the year
difference in cosbetween the systems resulted in a first cost increase of ard0/@d@ and a
net present cost increase of appmately $57,0000ver the analysis periaghen utilizing
CTES. This cost increase compared with the yearly savings resulted in a payback p#tiod of
years.The needed values associated with the net present cost equation are detailed in Appendix

A.
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Table 8. Economic Analysis Results 1C

Monthly Utility Cost CTES O
y vy Duri n Cost/Month w/
CTES uring .
CTES Savings
Month MNon-CTES CTES Savings Month? E
January 512,533 512,388 5145 Yes 5145
February 512,421 512,212 5210 Yes 5210
March $13,110 $12,962 5143 Yes 5149
April 516,831 $15,427 51,404 Yes 51,404
May 518,808 517,268 51,540 Yes 51,540
June $18,345 514,056 54,289 Yes 54,289
July 521,719 516,995 54,724 Yes 54,724
August 520,708 515,423 55,285 Yes 55,285
September 517,543 512,856 54,687 Yes 54,687
October 517,145 512,940 54,205 Yes 54,205
Movember $11,295 59,119 52,176 Yes 52,176
December 510,100 58,029 52,071 Yes 52,071
Annual Savings = $30,884
Months Running Per Year = 12
L Equivalent
. Annual Maintainance .
System First Cost Cost Net Present Cost Uniform Annual
Cost
Mon-CTES 5222,565 531,487 51,343,054 552,198
CTES $292 809 464,739 42,299,730 489,380
Simple Payback = 30.98 Years
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Case Study #2 NorthWestern Energy

The second case study uses the-E@8mmercial utility rate package from the
NorthWestern Energy utility provideince this utility rate package is $et buildings of
medium commercial load and utilizes a constant utility charge throughout each month. This
package specifies a demand charge of $4.14/kW with no additional ancillary fees per month
besides the consumption charges. The billing period fercdse study is monthly to match the
prior case study ensuring all things are held equal beside the utility billing rate structure. On
peak hours are not specified, nor is there a cost differencepralnand offppeak hours,
therefore offpeak hours arased for all time periods with a utility cost of 6.51 ¢/kWh. Excluded
onpeak days include Thanksgiving day, Chri st ma
Independence Day, and Labor Day. The equipment information for the study remains the same
as the firstase study and is provided in Table 4. This information remains constant for each of
the 3 locations used within the case study. The following sections discuss the results of the CTES

economic analysis conducted by the CTES tool.
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2A - Miami, Florida
Thefirst city, Miami, Floridg remains the same as in the first case stiitlis city lies in

the AVery Hot , Humi do section of the ASHRAE
and uses a design outside air temperature of 91°F dry bulb and 78.23&edm the

TRACE700 version 6.3.4 weather profile databd$ee design peak cooling load for this

location is 680 tonsThe load profile data calculated using TRACE700 for the elementary school
located in Miami, Florida, is provide in Appendix B. Using the utility package information from
ESS1 of NorthWestern Energyand the equipment information previously specifietiable4,

the following results are found, shown in TaBlay utilizing CTES, the system could provide
annual savings of approximatel8,300 per year with the CTES system running 12 months out

of the year. The difference in cost between the systemdaesnla first cost increase of around
$90,000 and a net present cost increase of approximatelg&000over the analysis period
when utilizing CTES. This cost increase compared with the yearly savings resulted in a payback
period of140years.The needd values associated with the net present cost equation are detailed

in Appendix A.
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Table 9. Economic Analysis Results 2A

Monthly Utility Cost CTES O
y ty Duri n Cost/Month w/
CTES uring .
CTES Savings
Month Non-CTES CTES Savings | Month? E
January 528,531 $28,449 582 Yes 582
February 526,546 526,528 518 Yes 518
March $30,838 530,725 $113 Yes 113
April 532,246 $31,800 s447 Yes S447
May 533,578 533,105 5473 Yes S473
June 526,343 $25,308 $1,035 Yes 51,035
July 527,893 526,940 5952 Yes 5952
August 529,148 527,914 51,234 Yes 51,234
September 526,853 $25,524 51,329 Yes 51,329
October 526,599 525,358 51,241 Yes 51,241
November 523,550 $22,834 5716 Yes 5716
December 523,414 522,763 5651 Yes 5651
Annual Savings = $8,290
Months Running Per Year = 12
L Equivalent
] Annual Maintainance ]
System First Cost Cost MNet Present Cost Uniform Annual
Cost
Mon-CTES 5248,427 535,146 51,499,113 558,264
CTES $338,344 575,023 52,661,266 5103,431
Simple Payback = 140.18 Years
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2B - Kansas City, Missouri

The second citghosenKansas CityMissouriremains the same as in thesficase
study This city |lies in the AMixed, Humi do sect
shown in Figure 23and uses a design outside air temperature of 96°F dry bulb and 77°F wet
bulb from the TRACE700 version 6.3.4 weather profile databHse design peak cooling load
for this location is 665 tong he load profile data calculated using TRACE700 for the
elementary school located in Kansas City, Missouri, is provide in Appendix C. Using the utility
package information frorBSS1 of NorthWesten Energy and the equipment information
previously specified in Tablg, the following results are found, shown in Table By utilizing
CTES, the system could provide annual savings of approximat@@Gper year with the CTES
system runnin@® months out of the year. The difference in cost between the systems resulted in a
first cost increase of around@$000 and a net present cost increase of approximatg@4§000
over the analysis periaglhen utilizing CTES. This cost increase compareith Wie yearly
savings resulted in a payback period.88years.The needed values associated with the net

present cost equation are detailed in Appendix A.
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Table 10. Economic Analysis Results 2B

Monthly Utility Cost — c;E: ::, Cns‘lfMun't.h w/f
Menth Non-CTES CTES Savings | Month? CTES Savings
January $21,486 $21,525 -$39 No -
February $19,927 $19,560 -§33 No -
March §22,886 §22,913 -528 No -
April $27,272 $26,854 $418 Yes $418
May $31,308 $30,808 5500 Yes $500
June $24,449 §23,388 51,060 Yes 51,060
July $27,996 $27,003 $992 Yes 5992
August 526,705 $25,415 51,290 Yes 51,290
September 523,481 $22,126 51,354 Yes 51,354
October $21,635 $20,516 $1,119 Yes $1,119
November 517,918 517,458 5460 Yes 5460
December 515,672 515,253 5419 Yes 5419
Annual Savings = 57,614
Months Running Per Year = 9
N Equivalent
System First Cost Annual Maintainance Met Present Cost Uniform Annual
Cost Cost
Non-CTES $234,623 533,193 $1,415,816 455,026
CTES $313,950 570,196 $2,463,795 495,757

Simple Payback =

137.65

Years
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2C 1 Billings, Montana

The tird city chosenBillings, Montana remains the same as in the first case stlitlis
city |Ilies in the ACol d, Dryo section of the A
23, and uses a design outside air temperature of 91°F dry bulb and 6a5&vedm the
TRACE700 version 6.3.4 weather profile databd$ee design peak cooling load for this
location is 705 tonsThe load profile data calculated using TRACE700 for the elementary school
located inBillings, Montanais provide in Appendix D. Usg the utility package information
from ESS1 of NorthWestern Energyand the equipment information previously specified in
Table4, the following results are found, shown in Table By utilizing CTES, the system could
provide annual savings of approxitaly $7,400 per year with the CTES system runnéhg
months out of the year. The difference in cost between the systems resulted in a first cost
increase of around7®,000 and a net present cost increase of approxime8@O0over the
analysis perioadvhen utilizing CTES. This cost increase compared with the yearly savings
resulted in a payback period 126 years.The needed values associated with the net present cost

equation are detailed in Appendix A.
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Table 11. Economic Analysis Results 2C

Monthly Utility Cost CTES O
y Y Duri n Cost/Month w/
CTES uring -
CTES Savings
Menth Non-CTES CTES Savings | Month? E
January 519,442 519,455 -$13 No
February 518,591 518,596 -35 No
March 520,187 520,219 -532 No
April 524,609 524,225 5385 Yes 5385
May 527,753 527,332 5421 Yes 5421
June $21,998 $20,946 51,052 Yes 51,052
July 526,735 525,668 51,067 Yes 51,067
August 524,563 $23,238 51,325 Yes 51,325
September 520,290 519,061 51,229 Yes 51,229
October 520,090 519,015 51,075 Yes 51,075
November 514,664 514,236 5428 Yes 5428
December 512,976 512,582 5394 Yes 5394
Annual Savings = $7,375
Months Running Per Year = Q9
e Equivalent
. Annual Maintainance .
System First Cost Cost Met Present Cost Uniform Annual
Cost
Mon-CTES 5222,565 531,487 51,343,054 552,198
CTES $292 809 864,739 $2,278,462 488,554
Simple Payback = 126.83 Years
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Case Study Analysis

For the first casstudydescribed abovesing a utility packagwith differing onpeak
and offpeak energy rates and high demand chatbesesulting payback periofty all three
citieseach excee@5years. The savings from CTES utilization for Miami, Kansas City, and
Billings are 86,400, $32,300, and $8,900per year, respectively. Miami Florigeoduced a
CTES payback 082 years, while Kansas City Missouri and Bilisn Montanaesulted in
payback periods @3 and31years, respectivelyrhese results from the first case study are
summarized in Table 1Zhese payback periods should not be considered truly representative of
the potential for CTES in these locationscs this type of high demand charge utility package is
not frequent in the Midwest and Northwest regions of the United States, where differing utility
rate structures may be more or less beneficial to CTES systems, and many other options are
available forutility rate packages within the Southed@3te second case studgscribed above
usinga utility package with constant energy rates and low dermlaadjesesultedn payback
periods greater thal®0 yearsfor all three citiesThe savings from CTE&ilization for Miami,
Kansas City, and Billings are880Q $7,600, and ¥,400per year, respectively. Miami Florida
provided a CTES payback d#fi0Oyears, while Kansas City Missouri and Billings Montana
resulted in payback periods B88and127 years, repectively.For both the first and second case
study, the resulting saving between the three cities of differing climactic zones showed little
variance. This is due to the decision to not incorporate ventilation and infiltration loads into the
load profiles for each area. If these were accounted for, the differences in saving between the
three locations, and thus the payback periods for these locations, would most likely see larger
spreads in the resulting values. Even with these accounted for, howesavitigs due to

demand charge would still account for the majority of influence on overall CTES saMirags.
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results from the second case study are summarized in TalBagded on these results, it would

not be recommended to proceed with more detailatysis of CTES for any of these

applications. This is not surprising considering the additional costs associated with a CTES
system (initial and annual) require that there be significant enough saving in utility expense to
justify its installation. Whernergy rates are nearly consistent night andttieystorage of

energy does not pay for itself. This comparison reinforces the effectiveness of using this tool to
confirm standard assumption iriime efficientmanner.

Table 12. Case Study Summary

Case Study #1

Utility Provider:

Florida Power & Light

Utility package:

GSDT-1

Demand Charge:

$10.83/kwW

Consumption Charge:

Varies (See Table 5)

. . ) CTES Payback
Designation Location . .
Savings | Period (Yrs)
1A Miami, FL $36,400 32
1B Kansas City, MO | 532,300 33
1C Billings, MT $30,900 31

Case Study #2
Utility Provider:

NorthWestern Energy

Utility package: ESS-1
Demand Charge: S4.14/kW
Consumption Charge: 6.51 ¢/kW
. . ) CTES Payback
Designation Location . .
Savings |Period (Yrs)
2A Miami, FL $8,300 140
2B Kansas City, MO |  $7,600 138
2C Billings, MT $7,400 127
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Considering the payback periods resulting fromtthe@case studiesione ofthe
proposedapplications would be considergdodoptionsfor the utilization of CTE®ecausall
payback periods exceed 30 yedsny owners would require a much shorter payback pefiod
around 510 yeardo justify the investmentepending on the projecRecognizing the limitation
of the tool as well as the fact it has been developeddo @nrthe side of being conservative, the
user should not immedidyewrite off CTES in thesepplications. The projects which
incorporatehigher demand charges (Case Study 1) may be worthy of further explorBtiese
projects would most likely see aduction of the total CTES paybag&riodas the assumed
variables become more definieda moredetailed CTES analysis. The second case study
resuling in payback periods of ovd0years would most likely result in a ndavorable
payback perio@ven inmore detailed analysighus wasting time and monspgent on the
analysis These case studies show the value of this tool when considering CTES for an

application.
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Chapter4-Concl usi on

The CTES analysis tool discussed within this report is created to aiddedisgon to
move further into more complex and time consuming life cycle investigations of CTES. To
show the value and versatility of the tool, two case stumtiasidering the same building in three
cities of different climate zonese conductedpplying two vastly different utility packages.

After conducting the afore mentioned case studies, it could be easily concluded the utility
package has a much larger effect on the payback period and overall effectiveness of CTES
systemghan does the climatd@his result is one that is expected and well documented in
literature regarding CTES systems and their successful implementation. UsiGd ES8s

analysis toolvith any of the projects described in the two case stuttiesdesigner would be

able to quickly éterminethe resulting payback period of the system, allowing a quick decision
onwhether or not to continue with further economic analysis.

The tool is not without its limitations, as previously discussed. One such limitation is the
demand charge inputhe economic inputs are limited to one constant demand charge and does
not accommodate ratcheting demand charges seen in some utility packages. Another
shortcoming of the tool is in the billing period. Within the tool, the month which starts the first
growp of each billing period is always counted as January, while many utility packages specify
othermontts to start the billing periodl'he next limitation of the tool is the input options of on
and offpeak hour utility costs. These-cand off peak costare set for each month but must
remain constant during the respective month and throughout each day. Lastly, the tool is set up
using average values from tR& Means Mechanical Cost Data 2qGordian, 2017and

CALMAC data (E. Rudolph, personal communication, March 6, 2019). The values used will not

64



correctly reflect all the price options available for the equipment and may result in incorrect
payback periods ifiigher priced equipment is selected

Though ths tool is functional in its current state, further development is needed to
provide the user with more input options leading to more accurate results. The following are
recommended to be implemented in future versions of this tool:

1 The ability to select # starting month for the billing period. This would allow for more
types of utility rate structures, which specify starting month other than January for the
billing periods, to be utilized within the tool.

1 The ability to apply separate ratcheting demamatges, as well as ratcheting @md
off-peak utility costs. This would also allow for more utility rate structures, which
specified utility charges which fluctuate throughout the month or day, to be utilized
within the tool.

Along with these additiondéatures, a comparative analysis with less conservative CTES tools
would help to display the accuracf/the cursory analysis tool itself. A selectiordifferent

more thorough and compl€XTES analysis tooJsuch as thosprovided byCTES

manufacturersr similar life cycle analysis tools currently used toddnguld be chosen for this
comparative analysis to provide the most accurate rekakfly, performing analysis using this

tool on previous projects which have successfully utilligd ES would abbw for an accurate
comparisorof the theoretical payback period attained intta results to the actual payback

period of the project. These additions would further aid users in the cursory economic analysis of

CTES by providing more consistesind acctate results.
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Appendix A-To o | Cal cul ati ons

The CTES tool described within this report utilizeany calculations which
automatically run in the backgroubdsed onnformation entered into the input tabs. These
calculations determine the load handled by CTES ice storage and the building chillers. The
monthly utility costs are thefoundusing the calculated load data and the specified utility
information. Excel Visal Basics for Applications (VBA) is used allow the excel calculations
to automatically run whenever data is edited on the input sheets described in Chapter 2. This
appendix will dive further into the calculations utilized by the CTES tool to provideldad

and monthly utility cost data for use in the economic analysisducedn Chapter 2.

Daily Load Calculations

In order to correctly estimate the unit size and therefore unit cost of a CTES system, the
amount of load handled by the CTES ice gjerenust be determine@lo accomplish this, a table
was created which pulls the cooling load profile data from the eithdRAEE CLG Bmand
tab or theCooling Load Inputab, dependingnwhich was used to enter cooling load data. This
table, shown imable 13, determines the amount of energy (kW) dedicated to building load,

CTES ice storage charging, and CTES ice discharging for every hour of the day.
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charging load, and ice storage discharging Ex@doutlined below. There d@i@ur separate
spreadsheetssed for each monthone forWeekday, Saturday, Sunday, andriday.The first

three columns (B, C, and, Where column A is unusgdf these spreadsheetededicated to

Table 13. Daily CTES Load Calculations

E C D E F G H | 1 K L M N
JUNE WEEKDAY Partial Load CTES
Utility
Cooling Load Chillers Load Handled Hour Peak
Hour CTES Chiller Hour
(Tons) (kw) Building Load (kw) CTES Charging Load (kW) (kw) (kw)
1 12 am 71.6 251.5471 251.9471 222.9653 0.0000 474.9124 1 12 am No
2 1 am 69.5 2443859 244.3859 230.5265 0.0000 474.9124 2 1 am No
3 2 am 67.6 237.7351 237.7391 237.1734 0.0000 474.9124 3 2 am No
4 3 am 66.3 233.1672 233.1672 241.7453 0.0000 474.9124 4 3 am No
E 4 am 64.9 228.3491 228.3491 246.5634 0.0000 474.9124 E 4 am No
6 5 am 63.7 224.1289 224.1289 250.7836 0.0000 474.9124 6 5 am No
7 6  am 63.1 221.8077 221.8077 253.1047 0.0000 474.9124 7 6 am No
8 7 am 179.0 629.4106 474.9124 0.0000 154.4382 474.9124 8 7 am No
9 8 am 1711 601.6979 474.9124 0.0000 126.7854 474.9124 9 8 am No
10 9 am 190.8 671.0150 474.9124 0.0000 196.1026 474.9124 10 9 am No
11 10 am 208.8 734.2128 474.9124 0.0000 259.3004 474.9124 11 10 am No
12 11  am 213.0 749.1946 474.9124 0.0000 274.2821 474.9124 12 11 am No
13 12 pm 193.0 696.4770 474.9124 0.0000 221.5646 474.9124 13 12 pm Yes
14 1 pm 220.1 773.9130 474.9124 0.0000 299.0056 474.9124 14 1 pm Yes
15 2  pm 232.1 816.4016 474.9124 0.0000 341.4891 474.9124 15 2 pm Yes
16 3  pm 204.2 718.2463 474.9124 0.0000 243.3339 474.9124 16 3 pm Yes
17 4  pm 197.0 692.9601 474.9124 0.0000 218.0477 474.9124 17 4 pm Yes
18 5 pm 80.5 283.2471 283.2471 191.6653 0.0000 474.9124 18 5 pm Yes
19 6 pm 81.4 286.3771 286.3771 188.5353 0.0000 474.9124 19 6 pm Yes
20 7 pm 79.5 279.4841 279.4341 195.4284 0.0000 474.9124 20 7 pm Yes
21 8 pm 77.8 273.4703 273.4703 201.4422 0.0000 474.9124 21 8 pm Yes
22 9 pm 75.1 263.9748 263.9748 210.9377 0.0000 474.9124 22 9 pm Yes
23 10 pm 73.1 257.0466 257.0466 217.8659 0.0000 474.9124 23 10 pm No
24 11 pm 714 251.1031 251.1031 223.8093 0.0000 474.9124 24 11 pm No
Total CTES (kW):  2334.4095
Charging Capacity Derating factor = 0.750 Needed PL Input (kW) : 3112.5461
"Equalization Factor" = 0.29309001 Aquired PL Input (kW) : 3112.5461
Needed - Aquired = 0
Non CTES kWh = 10619.76
CTES kWh = 11397.90

The table arrangement and process to determine the refuiteihg load, ice storage

the hours of each day. Column E bemgdata from the cooling load profile data from the either

the TRACE CLG Bmandab or theCooling Load Inpit tab.Column F then converts the Tons of

cooling fromColumn E into KW Thechiller building load(Column G ofTable13) is calculated

for every hour of the daysingEquation6, with thevariables defined in Table41This equation

findsthe corrected average cooling load after the ice storage desatintpe equalization factors
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(DF and EF, respectivelyiave beenconsideredThe ice storagéactor is present to account for

the increase in load needed to charge the ice for a giveradisot) load valueThe equalization

factor is a value set and altered by the Excel Solver which allows the increase in load due to the
ice storage charging to be equally spread throughout the hours of the day. This value will be
altered by Excelintil thetotal sum of theharging loadgafter the deration factor has been
applied)and discharging loads (Columns H and I, respectively) are equal (sh&®ews31 and
32).Using Table B as the example, the equalization factor which forces the charging and
discharging loads to be equal (after the deration factor has been applied) is found to be 0.293
(shown in Row 32). This, along with a deration factor of 0.75 anderage cooling load of

442.5 kW provides a correctedrarage cooling load of 474.9 kW

~
n

AT 1T HAT HHATHIHT ET FHH ri2fF2=clf? =cJf{d Equationé

Table 14. Daily CTES Load Variables

Avg CL = Daily average of the original cooling loads (Column
CL= Hourly calculated building cooling load (Column G)
DF = Derating Factor
EF = Equalization Factor

This correctedverage cooling loa@74.9 kW is comparedvi t h t he current
cooling load(251.9 kWfor the first hour of the day, Row),6seen in Glumn F. If thecorrected
average is larger than the current cooling legtich is the case for the first hour of the ding
current cooling load is used for the required building load, shov@elumn G.If not, the
correctedaverage cooling load is used in place of the building [®hs occursn the eighth

hour of the day, Row 13
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After the building load is calculated, tie discharge loadColumn 1) or the load
handled by the ice while dischargins calculatedusingEquation?. If this calculatiorresulsin
a negative numbea, zero is used in its place representing no load handled by the ice storage
during this hourFor example, the ice discharging load for the first hour of the day would be
found by sibtractingthe curran hour 6 s c ool Jbpthe correcdedvedge 51 . 9 Kk W
cooling load (474.9 kW which would réurn a negative valueesulting inan ice discharging
load of 0 kW The ice discharging load for the eighth hour of the day, however, would be found
by subtracting the cur r e pdavetage goolingload, 620.kWwh g | o a
and 474.9 kWrespectively, resulting ia discharging load of 154.5 k\M@nce the building load
and the ice storage discharging load are determined, the CTES charginy libedoad
required from the CTES chillers toeate the needed capacity of ise¢alculated. This charging
load (Column H) is calculated every hday subtracting theorrectedaverage cooling load by
the previously calculated building cooling lo@blumn G) Continuing the example for tHigst
hou of the daya charging load of Z2kW is attained byubtractinghe corrected average
cooling load(474.9 kW from the previously calulated building load (251.9 kWA charging
load of 0 kWis obtained for the eighth hour of the day by subtractingohectedaverage
cooling load (474.9 kWfrom the previously calilated building load (474.9 kYWFinally,
Column J representhe combined loadlhis value is determined tlsymply adding the
calculated building and ice storage charging loads for eaaholfitlue dayand is expected to be
equal to the corrected average cooling load previously calculated in Equdti@nddir example
at the first hour of the day, the building cooling load value of 251.9 kW is added to ice charging

load value of 223 kW tottain the value of 474.9 kW listed in Column J. For the eighth hour of
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the day, the building cooling load value of 474.9 kW is added to the ice charging load value of O

kW to also attain a total cooling load value of 474.9 kW.

ET IR I HE BT WERE AT 1T THEHA HEH Equation 7

The charging capacity derating factor, BRown in Column F, Row 3]lis pulled from
the Equipment Inputab and is user specified. The total kWh usag€ES and noiCTES
systems are shown below the table in Row834nd show the increase in energy usage due to
the ice charging derating factdastly, the onand offpeak hours are shown in Column N and

are pulled from th&tility Input tab.

Monthly Utility Costs

The daily load information found in the previous section is then used in the calculation of
the monthly utility costs for the Ne@TES and CTES systemBSigures 2 and B show this
calculation for NorRCTES and CTES systems, respectivélye peak hour utility usage table
(shown in Columns M of Figures 2 and &) summarized the peak hour utility usage pulled
from the daily load calculation tabs. This table is copied further to the sigbivn in Figures 25
and 27 and is edited to summaritlee nonpeak hour utility usage. The purpose of these tables
are to make the rest of the Excel calculation easier by summarizing the needed information in
one convenient place for each month. From this information, the comparative system economic
calculaton table (Columns B) canbe formed. This table specifids&e maximum energy usage
(Column B) total orpeak usagéColumn D) total offpeak usagéColumn E) totalon-peak
cost(Column F) total off-peak cost (Column G), total cost per day type (Colttphrand

number of day types per month (Columifiol) each weekly period and is replicated for every
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month.The monthly demand peak (Rows 41 and 401, respectively) then pulls the largest peak
energy usage from Column C. The montbilypeak utilityusage (Rows 42 and 402,

respectively) then calculate the total on peak utility usage by multiplying the total peak usage
(Column D) with the respective day types per month (Column I) for each weekly period and adds
the resulting valueg.he monthly offped utility usage (Rows 43 and 403, respectively) perform
the same calculation with the total off peak usage (Column E) and the respective day types per
month. The total monthly utility usage (Rows 44 and 404, respectively) simply add the values
from the pr&ious two rows. The total monthly cooling cost (Rows 45 and 405, respectively) is
calcul ated by multiplying each weekly periodo
respective number afccurring day types per monthhe billing period (shown iRows 47 and

407, respectively) is pulled from thdility Input tab. This billing period determined how the

months are grouped when calculating the billing period peak demand (Rows 48 and 408,
respectively). The groups always use January as the startimy mfahe first group. The

specific monthly demand cost (Rows 49 and 409, respectively) are calculated by multiplying the
peak billing period demand, found in the previous row, with the demand charge, specified on the
Utility Input tab. This demand cost then added with any additional monthly charges, (Rows 50
and 410, respectively) which are also pulled fromUkity Input tab. The total utility cost for

the specific month (Rows 52 and 412, respectively) are then calculated by adding the total
monthly cooling cost, the monthly demand cost, and the additional monthly charges calculated in
the previous rows. These values are then summarized in the Monthly Utility Cost table, shown in
Table 1, for NoRCTES and CTES systems to compare the savings ocag@aich monthThese

economic calculations continue in Chafer
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