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SUMMARY

Most utilitiesin the United States experiencethe greatestdemand for

electricityduring periodsof high ambienttemperature. Unfortunately,the

performanceof many power plants decreaseswith increasingambient

temperature. This is especiallytrue of gas turbinesthat use a constant

• volume of incomingambientair for the workingfluid. As ambienttemperature

increases,the densityof the inlet air and the generatingcapacityof the gas

turbinedecrease.

Several approacheshave been used to reducethe temperatureof gas

turbine inlet air. One of the most successfuluses off-peakelectricpower to

drive vapor-compression-cycleice makers. The ice is stored until the next

time high ambienttemperatureis encountered,when the ice is used in a heat

exchangerto cool the gas turbineinlet air. An alternativeconceptwould use

seasonalthermalenergy storageto store winter chill for inlet air cooling.

The objectiveof this studywas to comparethe performance_nd economicsof

seasonalthermalenergy storagein aquifers (aquiferthermalenergy storage)

with diurnal ice thermalenergy storagefor gas turbine inlet air cooling.

The investigationconsistedof developingcomputercodes to model the

performanceof a gas turbine,energy storagesystem,heat exchangers,and

_ncillaryequipment. The performancemodelswere combinedwith cost models to

_alculateunit capitalcosts and levelizedenergycosts for each concept. The

levelizedenergy cost was calculatedfor three technologies(an oversizedgas

turbine,a diurnal ice thermalenergy storagesystem,and an aquiferseasonal

thermalenergy storagesystem)operatingat two annualcapacityfactors (0.05

and 0.2) in two locations(Minneapolis,Minnesotaand Birmingham,Alabama).

Precoolinggas turbineinlet air with cold water suppliedby an aquifer

thermalenergy storagesystem providedlower cost electricitythan simply

increasingthe size of the turbinefor meteorologicaland geological

. conditionsexisting in the Minneapolisvicinity. A 15 to 20_ cost reduction

resultedfor both 0.05 and 0.2 annual operatingfactors. In contrast,ice

. storageprecoolingwas found to be between5 and 20_ more expensivethan

larger gas turbinesfor the Minneapolislocation.
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In Birmingham,aquiferthermalenergy storageprecoolingwas preferred

at the highercapacityfactor and ice storageprecoolingwas the best option

at the lower capacity factor. In both cases, the levelizedcost was reduced

by approximately54 when comparedto largergas turbines.

These preliminaryresultsindicatethat aquiferthermalenergy storage

systemsshould be given seriousconsiderationas a option for increasingpeak

generatingcapacitywith combustionturbines. Like all aquiferthermalenergy

storageapplications,the concept'scost effectivenesswill vary significantly

with site-specificgeologicconditions.
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1.0 INTRODUCTION

Gas turbines are increasinglybecomingthe preferredpower generating

option for many power producers, lt is projectedthat gas turbineswill

representup to 504 of the estimated140,000MWe of n_w capacitythat must be

added in the next decade (PowerEngineering1990). While gas turbineshave

• many attractivefeatures,the degradationof gas turbinegeneratingcapacity

during time periodswith high ambienttemperaturecan be a significantproblem

for summerpeaking utilities.

A simple cycle gas turbine operateswith a constantvolume flow rate of

air, which serves as the working fluid for the gas turbine. As ambient

temperatureincreases,the densityof the inlet air decreases,reducingthe

mass flow rate throughthe gas turbine. The generatingcapacityof the gas

turbine is determinedby the mass flow rate. Therefore,the generating

capacity of the gas turbine decreaseswith ambienttemperature(Kerrebrock

1977; Wilson 1984). Approximatelyone-thirdof a typicalgas turbine'spower

output is lost as the ambienttemperatureclimbs from -6.6°C to 35°C (20°Fto

95°F) (Ondryas1991). The overalleffect on performanceis specificto a

given turbinedesign and is well characterized(Smithundated;Allen undated;

BPA 1988).

A reviewof data on existinggas turbineinstallationsshows that the

summer capacityof a typicalgas turbine is between15 and 254 lower than the

winter capacityof the same gas turbine. Nationally,this representsan

8000 MWe reductionin summerpeak generatingcapacity (DOE 1991). With

projectionsfor an additional5000 MWe to 10,000MWe of new gas turbine

capacity to be added each year for the next 10 years (PowerEngineering1990),

the correspondingdeficitin gas turbinesummer generatingcapacity could be

as large as 20,000 MWe.

Traditionallyevaporativecoolinghas been used to cool gas turbine

• inlet air. Water is evaporatedby the air enteringthe compressor,lowering

the air temperature. However,evaporativecoolingcan only reduce the

. temperatureof the inlet air to the wet bulb temperature. Actual coolingwill

be determinedby the wet bulb and dry bulb temperaturesof the incomingair

and the efficiencyof the evaporativecooler. As an example,evaporative
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coolerswill reduce the temperatureof inlet air at 37.8° (IO0°F)and a

relativehumidityof 454 to between23.8°C and 26.6°C (75°F and 80°F).

Furtherreductionsin inlet air temperaturewill requireadditionalcooling

(Ondryas1991).

Absorptioncycle chillers,driven by the thermalenergy in the exhaust

of the gas turbine and electricallydrivenmechanicalchillers,have been

consideredfor gas turbine inlet air cooling but both approacheshave

significantshortcomings(Ondryas1991). The most successfulapproachto

providinggas turbine inlet coolinguses off-peakelectricpower to drive a

vapor compressioncycle ice maker, producingice that is then stored. During

the next peak in electricitydemand,the stored ice is used to cool the gas

turbine inlet air to approximately4.4°C (40°F). A diurnal ice thermalenergy

storage (TES) system has been installedat LincolnElectricSystem'sRokeby

i Stationand has increasedthe summer peakingcapacityof a gas turbinefrom 53

i MWe to 64 MWe. The capitalcost to increasethe capacityof the gas turbine
was approximately$165/kWe (Power1992).

While the diurnal ice TES system installedat the Rokeby Stationis very

attractive,other thermalenergy storageoptionsmay also be of interest.

Aquiferthermalenergy storage(ATES)includesa range of technologiesthat

can economicallystore thermalenergy for long periodsof time. An ATES

system can collect and store winter chill, availableduring cold winter

months, for gas turbine inlet air coolingwhen required.

This report documentsthe technicaland economicfeasibilityof using

ATES for gas turbine inlet air cooling. Section2.0 discussesthe various

optionsfor cooling. Section3.0 describesthe approachused for this study

and Section4.0 discussesthe design and performanceevaluationeffort. The

economicevaluationis discussedin Section5.0 and overallconclusionsfrom

this study are detailed in Section6.0. Referenceinformationis includedin

Section 7.0.
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2.0 OPTIONS FOR GAS TURBINEPRECOOLINGINLET AIR

While there are a number of optionsfor improvingthe summer peak

capacity of gas turbines,the researchdocumentedin this reportfocuseson a

comparisonof seasonalTES with diurnalTES. Three optionswill be discussed:

evaporativecooling,diurnalTES using ice storage,and seasonalthermal

. energy storageusing aquifersas the storagemedia [aquiferthermalenergy

storage (ATES)].

2.1 EVAPORATIVECOOLING

Evaporativecoolingrepresentscurrentpracticefor most gas turbine

installations. Typicalsystemspass incominggas turbine inlet air througha

honeycombmedium saturatedwith water to achievegas turbineinlet

temperaturesof approximately26°C (80°F),with a pressuredrop of

approximately2 KPa (0.6 in. H20). Care must be taken when applying

evaporativecoolingto ensurethat condensationor carryoverof water into the

compressorwill not result in foulingand ultimatelylead to errosionof

turbine blades (Allenundated). Furtherreductionsin inlet air temperature

will requireadditionalinlet air cooling (Ondryas1991).

2.2 DIURNAL ICE TES SYSTEM

One diurnalice TES system has been constructedfor gas turbine inlet

air cooling. The system,installedat LincolnElectricSystem'sRokeby

Station, consistsof a refrigerationunit, ice/waterstoragetank, and an air

cooling heat exchanger. During off-peakperiods,cold water from the bottom

of the storagetank is pumped to three ice-makingunits locatedon the top of

the tank. The cold water is frozen and the ice is stored in the tank. Off-

peak electricpower is used to drive the ice makers.

During periodswith high ambienttemperature,cold water is pumped from

• the tank and is used to cool gas turbineinlet air. The inlet air passes

through the shell side of a heat exchangerwhile chilledwater passes through

• the tube side. Indirectheat transferis used to protectthe gas turbinefrom

impuritiesin the chilledwater (Power1992; Ebelinget al. 1992). The heat



exchanger is sized to reducethe temperatureof the inlet air from 38.3°C to

4.4°C (101°Fto 40°F) with a pressuredrop of 1.67 KPa (0.5 in. H20).

Reducing inlet air temperatureto 4.4°C (40°F)increasesthe peak

capacity of the Rokeby gas turbinefrom 53 MWe to 64 MWe. The 204 increasein

gas turbine capacity is obtainedat a cost of approximately$165/kWe. The

ElectricPower Research Institute(EPRI)estimatesthat new gas turbinescost

at least $387/kWe (EPRI 1989). This representsa 584 reductionin the cost of

adding peakingcapacityrather than installingnew gas turbines.

2.3 SEASONALTHERMAL ENERGYSTORAGE

STES technologyincludesa number of techniquesthat can efficientlyand

economicallystore thermalenergy for long periodsof time. Currentresearch

suggeststhat aquiferthermalenergy storageis the most economicalconcept

and is nearestto commercialization.Therefore,this study focusedon

evaluatingATES as a representativeSTES system;but, other systemsare

availableand may be attractivefor specificapplications.

Aquiferthermalenergy storage is a technologythat allows relatively

low-gradethermalenergy to be stored and retrievedfor future use on either a

seasonalor diurnalbasis. Water pumped from a set of supply wells is either

heated or cooled and then injectedinto a set of storagewells. Later,the

storagewells are pumped and the warm or cool water can be used to meet a

thermal load (see Figure 1). The principaladvantagesof ATES are the use of

an existing aquiferformationas both the media and physical containment

componentof the storagesystem,the use of water as the heat transfermedium,

and the concept'sabilityto store energy on either a seasonalor diurnal

basis. The conceptis limited,however,to locationswhere the energy source,

energy application,and a suitableaquiferare in close proximityto each
other.

For gas turbineinlet air coolingapplications,water withdrawnfrom .

supply wells is chilledby cold winter air in a conventionalcoolingtower

prior to injectioninto storagewells. The chilledwater is storeduntil

periodswith high ambienttemperature,when chilledwater is withdrawnfrom

the aquifer and used in a heat exchangerto cool the gas turbine inlet air.
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The heatedwater is then returnedto the aquiferand stored until the next

winter,when it is again cooled using winter chill. ATES eliminatesthe need

to use off-peak electricpower for chargingstorage,and reducesthe cost of

chargingstoragewhile minimizingfuel consumptionand environmentalimpacts

associatedwith the generationof off-peakelectricpower.



3.0 APPROACH

The study consisted of comparing the levelized cost of power for three

technologies proposed to increase the capacity of a gas turbine during periods

of high ambient temperature. The three oI_tions include:

° Install a Larger Gas Turbine - The first approach consisted of
• installing a larger gas turbine with a capacity sufficiently large to

compensate for the reduced generating capacity during periods with high
ambient temperature.

° Diurnal Ice Storage - Diurnal ice storage uses off-peak power to drive
an ice maker that generates and stores the ice until high ambient
temperatures are encountered. This approach is similar to the system
installed by Lincoln Electric and was described in Section 2.2.

° Seasonal Thermal Energy Storage - ATES us_;_ for storing winter chill was
selected as the representative seasonal :_ concept. The system
collects winter chill that is stored untL! _ded to provide gas turbine
inlet air precooling.

The marginal cost of power (S/kWh) was calculated for the three

technologies operating at two annual capacity factors (0.05 and 0.2) in two

locations (Minneapolis, Minnesota and Birmingham, Alabama). Thus, a total of

12 cases were evaluated. The reference technology was presumed to be a gas-

fired combustion turbine with performance characteristics representative of a

General Electric model MS7OOIEA. System designs were based on precooling the

inlet air from the summer design temperature (37.8°C or IO0°F at both

locations) to 4.40C (40°F) with ice storage, 7.2°C (45°F) with ATESin

Minneapolis, and II.I°C (52°F) with ATES in Birmingham. These temperatures

were selected based on previous experience (Ebeling et al. 1992; Spurr 1986;

Midkiff and Brett 1991). As a result, each of the inlet air precooling

systems results in a different amount of incremental power relative to

operating without precoolingo The size of the larger gas turbines was

arbitrarily set to provide the same incremental generating capacity at the

• summer design temperature (37.8°C or IO0°F) as the two ATESprecooled systems.

Larger gas turbines matching the incremental power produced by ice storage

precooling were not evaluated. Turbine performance was calculated using
4

average meteorological conditions for the locations included in the comparison

and for the two capacity factors used in the analysis.



The performanceevaluationand the resultsof _umponentsizing

calculationsare presentedin Section4.0. Resultsof the economicevaluation

are presentedin Section 5.0.
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4.0 DESIGN AND PERFORMANCEEVALUATION

Design characteristicsand projectedsystemperformancewas estimated

for the referencegas turbineand each of the three optionsfor improvinggas

turbinepeak performance. The referencegas turbineis discussedin Section

4.1. The larger gas turbineis describedin Section4.2 while the ATES system

• is presentedin Section4.3. Finally,the diurnal ice TES system is described

in Section4.4.

4.1 REFERENCEGAS TURBINE PERFORMANCEAND OPERATINGCONDITIONS

The referencegas turbinewas assumedto produce83.50 MWe at

InternationalStandardsOrganization(ISO) standardatmosphericconditions

(15°Cor 5g°F and 604 relativehumidity). Capacityat other operating

temperatureswas calculatedbased on the relationshipexpressedby Equation

(I).

GeneratingCapacity,MW = 83.5 * {1 + [4.39* 10.3 * (59 - T)]} (1)

where T is turbine inlet temperature,°F.

Thus, at the summerdesign temperatureof 37.8°C (IO0°F)0generatingcapacity

is reducedto 68.47 MW. As noted in Section3.0, turbineinlet air could

likely be cooled to 7.2°C (45°F)in Minneapolisand 11.1°C (52°F)in

Birminghamusing chilledwater providedby ATES systemsand 4.4°C (40°F)using

chilledwater providedby ice storagesystems. These inlet temperatures

result in generatingcapacitiesof 88.63 MW and 86.07 MW for Minneapolisand

BirminghamATES systems,respectively,and 90.47 MW for ice storagesystems.

This correspondsto peak capacityincreasesof 20.16 MW, 17.60 MW, and 22.00

MW. Using a largergas turbineto obtain peak increasesin generating

capacityequivalentto the two ATES systems,the requiredincreasein ISO

• capacitywould be 24.59 MW and 21.46 MW. Turbinecapacitydata are summarized

in Table I.



TABLE i. Gas TurbineGeneratingCapacities

OperatingCondition Power Output_MW

ISO conditions (15°C/59°F) 83.50

Summer design (37.8°C/100°F) 68.47

MinneapolisATZS precool (7.2°C/45°F) 88.63

BirminghamATES precool (11.2°C/52°F) 86.07

Ice storageprecool (4.4°C/40°F) 90.47

MinneapolisATES peak increase 20.16 "

BirminghamATES peak increase 17.60

i_ Ice storagepeak increase 22.00MinneapolisISO increase 24.59

Birm;_ghamISO increase 21.46

As noted in Section3.0, the gas turbineswere evaluatedat annual

operatingcapacity factorsof 0.05 and 0.2, correspondingto 438 and 1752

operatinghours per year. Referenceturbineand larger gas turbine

performancewas based on the averagetemperatureoccurringduringthe

operatingperiod,which was presumedto be the warmest hours of the year.

Hourly weather data compiledby the U.S. Departmentof Commerce (1963)was

used to calculateaverageoperatingtemperatures,which are summarizedin

Table 2 along with the correspondingcapacityrelativeto the ISO temperature

[15°C (59°F)].

The referencegas turbine,largergas turbine,and ATES-precooledgas

turbines have the flexibilityto match variousoperatingschedules,including

actually operatingduring the warmesthours of the year if desirable;ice

storagesystemsdo not have this flexibility. Design of the ice storage

systemsrequiredspecificationof the operatingschedules(hours/day,

days/week,weeks/year)yielding the presumedannualcapacity factorsof 0.05

and 0.2. An attemptwas made to select a reasonablecombinationthat would be

i_ representativeof a typicalpeakingcyclewith a concentrationof operationduring the warmesthours of the year. The operatingschedulesevaluatedare
l

| summarizedin Table 3.
i!
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TABLE 2. AverageAmbientAir Temperatures

Location CapacitjFactor Temperature, °C (°F) RelativeCapacity

Birmingham 0.05 33.1 (91.6) 0.857

Birmingham 0.2 29.3 (84.7) 0.887

Minneapolis 0.05 29.6 (85.2) 0.885

Minneapolis 0.2 24.8 (76.6) 0.923

TABLE 3. Ice StorageSystemOperatingSchedules

" ReferenceCase

Capacity Factor Days/Week Hours/Day Weeks/Year(a)

0.05 7 6 10

0.2 7 12 21

SensitivityCase

Capacity Factor Days/Week Hours/Day Weeks/Year(a)

0.05 5 6 15

0.2 5 12 29

(a) Multiplyingdays/weektimes hours/daytimes weeks/yeardoes not
exactlyyield presumedannual operatinghours becauseof rounding.

lt is inevitablethat a fixed operatingschedulewill precludesome of

the warmest hours of the year. Thus, the averageambienttemperaturewould

certainlybe lower than shown in Table 2 for systemsdesignedto operatein

this fashion. The impactof a lower averageambientair temperatureis to

reduce the annual incrementalkwh producedby inlet air precooling,but

increasethe annual incrementalkWh producedby a largergas turbineoperating

on the same schedule. In general,a lower averageambientair temperature(if

all other factors are equal) will favor buildinga largerturbine insteadof

precoolingthe inlet air. Determiningthe actual annual averageambientair

temperaturefor a fixed operatingschedulewould requirehour-by-hourweather

modeling,which was beyond the scope of this preliminaryevaluation.

Therefore,the ice storageprecoolingsystemsmay actuallybe at greater

" disadvantagewhen comparedto the ATES-precoolingsystemsthan indicatedin

this analysis.



4.2 LARGERGAS TURBINE DESIGNCHARACTERISTICSAND PERFORMANCE

Incrementalannual energyproductionfor larger gas turbineswas

calculatedby multiplyingincrementalISO capacityby the "relativecapacity"

at the averageoperatingtemperatureand the annualoperatinghours. The

resultantenergy productiondata are presentedin Table 4.

Incrementalfuel costs for largergas turbineswere calculatedbased on

the incrementalannual energy productionand incrementalheat rate. The

latterwas calculatedbased on the averageoperatingtemperaturespresentedin

Table 2 and the heat rate relationshipdefinedby Equation(2).

Heat Rate (HHV) = 11,588 * [0.941+ (3.66 * 10-4 * T) + (1.22* 10-5* T2)] (2)

where T is turbine inlet temperature,°F

Incrementalheat rates and annual fuel input for largergas turbines are

summarizedin Table 5.

TABLE 4. IncrementalEnergy Productionfor LargerTurbines

Location CapacityFactor IncrementalEnergyr MWh/yr

Birmingham 0.05 8,055

Birmingham 0.2 33,349

Minneapolis 0.05 9,532

Minneapolis 0.2 39,764

TABLE 5. IncrementalHeat Rates and Fuel Consumptionfor Larger Turbines

Fuel input
Location Capacity Factor Heat RateW Btu/kWh MWh/yr (I0u Btu/yr)

Birmingham 0.05 12,480 29,500 (100,500)

Birmingham 0.2 12,280 119,980 (409,500)

Minneapolis 0.05 12,290 34,310 (117,100) .

Minneapolis 0.2 12,060 140,520 (479,600)

12
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4.3 ATES SYSTEMDESIGNCHARACTERISTICSANDPERFORMANCE

For the ATESsystems, inlet air at 37.8°C (IO0°F) and 404 relative

humidity is cooled to saturated conditions at II.I°C (52°F) in Birmingham and

7.2°C (45°F) in Minneapolis. Inlet air flow is 1,028,000 kg/hr (2,254,700

Ib/hr) at ISO conditions. At the design temperatures noted above, the air

flow rates increase to 1,036,000 kg/hr (2,285,500 Ib/hr) and 1,051,100 kg/hr

" (2,317,200 Ib/hr), respectively. The resultant peak cooling loads for the two

design conditions are 13.4 MWht (45.71 * 106 Btu) in Birmingham and 16.76 MWht

. (57.24 * 106 Btu) in Minnesota. Annual cooling loads were calculated based on

the average ambient temperatures and relative humidities for the four location

and operational capacity factor combinations. Cooling load and capacity
factor data are summarized in Table 6.

Aquifer-related design characteristics can vary significantly depending

on location. The ATES system characteristics presented in Table 7 were taken

directly cr derived from data presented in Spurt (1986) for Minn_dpolis and

Midkiff and Brett (1991) for Birmingham. Spurr (1986) describes a feasibility

study conducted for a proposed ATEScooling system in Minneapolis-St. Paul.

Midkiff and Brett (1991) describes the design and operating performance for an

ATEScooling system operating at the University of Alabama.

TABLE6. Peak and Annual Cooling Loads/ATES Systems

Operational
Capacity Peak _oad, Annual _oad, Cooling

Location Factor MWht (I0 v Btu/hr) MWht (I0 _ Btu) Capacity Factor

Birmingham 0.05 13.4 (45.7) 4,156 (14,200) 0.035

Birmingham 0.2 13.4 (45.7) 14,700 (50,100) 0.125

Minneapolis 0.05 16.8 (57.2) 5,300 (18,100) 0.036

Minneapolis 0.2 16.8 (57.2) 17,140 (58,500) 0.117



TABLE 7. ATES System Design Data

Parameter Minneapolis Birmingham

Average injectiontemperature 2.5°C (36.5°F) 5.8°C (42.5°F)

Average recoverytemperature 3.3°C (38.0°F) 7.2°C (45.0°F)

Coolingwater return temperature 15.50C (60.O°F) 21.1°C (70.O°F)

Storagechargingperiod 120 days 60 days

Flow rate per well 0.126 m3/sec 0.00095m3/sec
(2000 gpm) (150gpm)

Well depth 122 m (400 ft) 30.5 m (100 ft) -

Well spacing 152 m (500ft) 45.7 m (150 ft)

Transmissionpiping length 305 m (1000ft) 152 m (500ft)

AlthouGi._he ATES precooledand largergas turbine systems (at a single

location)were sized to producethe same incrementalpower productionat the

• summer design temperature,power productionis differentat all other

temperatures. The ATES systemwas designedto produce a constantpower output

regardlessof ambientair temperature;the inlet air is always cooled to the

same temperature,either 7.2°C (45°F)at Minneapolisor 11.1°C (52°F)at

Birmingham. On the other hand, power productionincreasesfor the non-cooled

turbinesas the ambientair temperaturedrops from the summerdesign point.

Therefore,incrementalannual energy productionfor the precooledsystemsis

less than the systemswith largerturbines.

Incrementalenergyproductionfor the ATES systemwas calculatedby

comparingenergy productionwith precoolingto the energy productionwith the

reference83.5 MW gas turbineoperatingat the averageambienttemperature.

Energy productiondata for the ATES system is summarizedin Table 8.

TABLE 8. IncrementalEnergy Productionin ATES PrecooledSystems

Location OperationalCapacity Factor Energy Production_MWh/yr

. Birmingham 0.05 6,360 "

Birmingham O.2 21,006

Minneapolis 0.05 6,452 "

Minneapolis 0.2 20,288

i!



Incrementalfuel requirementsfor the ATES systemwe_'ealso calculated

by evaluatingthe differencebetweenoperatingthe 83.5 MW (ISO) turbinewith

and without precooling. Precoolinglowersthe inlet air temperatureand

averageheat rate, but a greaterincreasein energyproductionresultsin an

overall increasein fuel consumption,as shown in Table 9.

The relative size (and cost) of the inlet air heat exchangerwas

calculatedbased on a comparisonoF thermalduties and log-meantemperature

differences(LMTD)with the size and cost specifiedfor the LincolnElectric

System plant. Size (heattransferarea) was presumedto be proportionalto

thermalduty and inverselyproportionalto LMTD. The overallheat transfer

coefficientwas assumedto be constant. Relativethermalduties, LMTDs,and

sizes are summarizedin Table 10.

4.4 DIURNAL ICE STORAGEDESIGN CHARACTERISTICSAND PERFORMANCE

For the diurnal ice storagesystem, inlet air at 37.8°C (IO0°F)and 404

relativehumidity is cooledto saturatedconditionsat 4.4°C (40°F)for ice

storagesystemsin both Minneapolisand Birmingham. Inlet air flow is

1,028,000kg/hr (2,254,700Ib/hr) at ISO conditions. At the design

TABLE 9. IncrementalFuel Consumptionin ATES PrecooledSystems

Fuel Consumption,
Location OperationalCapacityFactor MWht/yr (MMBtu/yr)

Birmingham 0.05 13,600 (42,700)

Birmingham 0.2 45,100 (141,600)

Minneapolis 0.05 14,000 (43,900)

Minneapolis 0.2 44,400 (139,400)

TABLE 10. PrecoolingHeat ExchangerSizing

ThermalDuty,
. System MWt (MMBtu/hr) LMTD, °C (°F) RelativeSize

Lincoln Electric 14.7 (46.25) 14.3 (25.8) 1.00

. Minneapolis/ATES 18.2 (57.24) 10.5 (18.9) 1.69

Birmingham/ATES 14.5 (45.71) 8.8 (15.8) 1.61
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temperaturesnoted above, the air flow rate increasesto 1,061,400kg/hr

(2,340,000Ib/hr). The resultantpeak coolingload is 2.03 MWt (63.66* 106

Btu/hr). Annual cooling loadswere calculatedbased on the averageambient

temperaturesand relativehumiditiesfor the four locatinnand operational

capacity factorcombinatiuns. Cooling load and capacityfactordata are

summarizedin Table 11.

Diurnalice storagesystemdesign and performancewas based on the

characteristicsof the LincolnElectricsystem. Key elementso_ the ice

storagesystem are refrigeration,storagetank, air coolingcoils (commonto

ice and ATES systems),and circulatingwater pumps and piping. Ancillary

equipmentincludescontrols,electrical,and water treatment.

The refrigerationunit uses ice harvestingtechnology. Ice is generated

by alternatingfreezingand sheddingcyclesthat last about 8 minutes and 45

| seconds,respectively. The refrigeranti_ ammonia. The overallsystem

i coefficientof performanceis 2.7 (i.e.,2.7 kwh of coolingcapacity is

i chargedto storageper 1.0 kWh of electricalinput). This figure includeselectricitycons_Imedby motors drivingthe compressor,evaporativecondenser

i fan, water circulationpumps, and the evaporativecondensercoolingwatersupply pump. Refrigerationsystemperformanceis enhancedby the use of

12.7°C (55°F)well water for coolingin the evaporativecondenser.

The ice/watermixture is containedin a cylindricaltank constructed

from cast-in-placeconcrete. The tank is sized for a 50/50 mixtureof ice and

= water when fully charged,with a 54 reserve ice capacityat the end of each

dischargecycle. An additional104 freeboardvolume is includedat the top of

the tank. The tank is externallyinsulated(R value = 10) to providea

thermal storageefficiencyof 984.

TABLE 11. Peak and Annual Cooling Loads/IceStorageSystems

Operational Peak Load, MWt Annual Loa_, Cooling
Location CapacityFactor __(10u Btu/hr) MWht/yr (10u Btu) CapacityFactor

Birmingham 0.05 20.3 (63.7) 6,890 (21,940) 0.039

Birmingham 0.2 20.3 (63.7) 25,700 (80,780) 0.145

Minneapolis 0.05 20.3 (63.7) 6,620 (20,810) 0.037

Minneapolis 0.2 20.3 (63.7) 19,800 (62,300) 0.124
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The diurnal ice TES system is designed to produce a constant power

output regardless of ambient air temperature. However, power production

increases for the non-cooled turbines as the ambient air temperature drops

from the summer design point. Therefore, incremental annual energy production

for the diurnal ice TES systems is less than systems with larger turbines.

Incremental energy production for the diurnal ice TES system was calculated by

• comparing energy production with precooling to energy production with the

reference 83.5 MWgas turbine operating at the average ambient temperature.

. Energy prcductiondata for precooledsystemsare summarizedin Table 12.

Incrementalfuel requirementsfor the diurnal ice TES systemwas also

calculatedby evaluatingthe differencebetweenoperatingthe 83.5 MW (ISO)

turbinewith and withoutprecooling. Precoolinglowersthe inlet air

temperatureand averageheat rate, but a greaterincreasein energy production

resultsin an overallincreasein fuel consumption,as shown in Table 13.

The relativesize (and cost) of the inlet air precoolingheat exchanger

was calculatedbased on a comparisonof thermalduties and log-mean

temperaturedifferences(LMTD)with the relativesize and cost specifiedfor

TABLE 12. Incremental Energy Production in Ice Storage Precooled Systems

Location OperationalCapacityFactor Energy ProductionfMWh/yr

Birmingham 0.05 8,285

Birmingham 0.2 28,707

Minneapolis 0.05 7,257

Minneapolis 0.2 23,505

TABLE 13. Incremental Fuel Consumption in Ice Storage Precooled Systems

Fuel Consumption,
Location OperationalCapacityFactor MWh/yr (MMBtu/yr)

Birmingham 0.05 18,000 (56,700)

Birmingham 0.2 62,900 (197,500)

Minneapolis 0.05 15,900 (49,900)

" Minneapolis 0.2 51,900 (163,200)
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the LincolnElectricSystem plant. Size (heattransferarea) was presumedto

be proportionalto thermalduty and inverselypruportionalto LMTD. The

overallheat transfercoefficientwas assumedto be constant. Relative

thermalduties, LMTDs,and sizes are summarizedin Table 14.

TABLE 14. Precoe_ing Heat Exchanger Sizing
i

Thermal Duty,
System MWt (MMBtu/hr) LMTD, °C (°F) Relative Size

Lincoln Electric 13.6 (46.25) 14.3 (25.8) 1.00

Ice storage 18.7 (63.66) 14.1 (25.4) 1.40
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5.0 ECONOMICEVALUATION

The economic evaluation was conducted by calculating and comparing the

level ized cost of electricity produced by the concepts being considered.

Levelized cost analysis combines initial capital cost, annually recurring

cost, and system performance characteristics with financial parameters to

• produce a single figure-of-merit(the levelizedcost) that is economically

correct and can be used to comparethe projectedenergycosts of alternative

peak power productionconcepts.

5.1 METHODOLOGYANDASSUMPTIONS

The methodology used was that defined in Brown et al. (1987), which is

consistent with the "required revenue" approach suggested by the Electric

Power Research Institute (EPRI) in their Technical Assessment Guide. The

specific financial assumptions used to calculate the levelized energy cost are

listed in Table 15. These assumptions, taken from EPRI's Technical Assessment

Guide (EPRI 1989), are intended to be representative of the electric utility

industry.

TABLE15. Financial Assumptions

Parameter Assumption

System economic life 30 years

System depreciable life 20 years
Nominal after-tax discount rate 9.824

General inflation rate 5.04

Combined federal/stateincometax rate 384

Propertytax and insurancerate 24

System constructionperiod 1 year

Price year 1990

First year of systemoperation 1995
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Marginalcapitaland annualoperatingand maintenance(O&M) costs for

the turbinewere also estimatedbased on data presentedin EPRI'sTechnical

AssessmentGuide (EPRI 1989). Incrementalcapitalcosts were estimatedby

subtractingthe cost of the referenceturbinefrom the cost of a turbine sized

to includethe incrementalISO capacityshown in Table 1. IncrementalO&M

costs for the turbinewere based on the total ISO capacity,the incremental

capitalcost, and the incrementalannual energy productionshown in Table 4.

ATES system capital and annualO&M costs were estimatedusing the AQUACOOL

model describedin Brown, Hattrup,and Watts (1991). Ice storagesystem

capitalcosts_ includingthe precoolingheat exci_angercommonto ATES and ice

storagesystems,were scaled-upfrom estimatespresentedin Ebelinget al.

(1992)based on the relativesize of system components. Annual O&M for the

precoolingheat exchangerand other ice storagesystem components,including_

operatingoverheads,was assumedto be 104 of initialcapital. Incremental

naturalgas requirementsshown in Tables 5, 9, and 13 were assumedto cost

$2.33/MMBtuand escalateat 4.3_/yearin excess of generalinflation(Energy

InformationAdministration1992). The cost of off-peakelectricityused to

charge the ice storagesystemwas assumedto be $O.03/kWh,based on the

averageoff-peakenergy chargesfor the industrialsector presented ,nBrown,

Garrett,and Sedgwick (1991). Electricitycosts were presumedto escalate at

O.55_/yearabove general inflationbased on forecastspreparedby the Energy

InformationAdministration(1992).

Startup and working capitalcosts were estimatedbased on information

presentedin EPRI (1989). Startupcosts includeoperatortraining,equipment

checkout,minor changes in equipment,extra maintenance,and fuel consumption

incurredafter the plant is constructed,but prior to regularoperation

Working capitalrepresentsa "revolvingaccount"used to pay for current

expenses and an investmentin spare parts. Startupand workingcapitalwere

estimatedby the relationshipsdescribedin Equations(3) and (4).

Startupcapitalco_t = 0.02 * total system constructioncost + (3)

1/12 * total annualO&M +

1/52 * total annual fuel
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Working capitalcost = 0.005 * total system constructioncost +

1/6 * total annual0&M +

1/6 * total annualfuel (4)

5.2 RESULTS

Incrementalinitialcapitalcosts, annuallyrecurringcosts, and annual

" energy productionare shown in Tables 16, 17, and 18 for largergas turbines,

ATES precooledsystems,and ice storageprecooledsystems. Marginal

* electricitycosts are shown in Table 20 for all cases. The levelizedcost

resultsshow that some form of precoolingis likelyto result in lower cost

power productionthan simply installinga largergas turbinefor each of the

four operatingcapacityfactorsand locationcombinationsinvestigated.

Precoolingwith an ATES system offereda significantadvantagecomparedto

larger turbinesor ice storageprecoolingin Minneapolis,while in Birmingham,

the preferredprecoolingsystem dependedon the operatingcapacityfactor.

Capitalcosts for larger gas turbineand ATES precoolingsystemsare

either constantor increasevery littleat higher capacityfactors. This is

in contrastto the ice storageprecoolingsystems,which increase

significantlyin cost between0.05 and 0.2 capacityfactors. The impactis a

greaterpercentagereductionin levelizedenergycost for largerturbineand

ATES precoolingsystemsthan for ice storageprecoolingsystemswhen comparing

0.05 and 0.2 capacityfactor results.

The larger gas turbinesalso benefitfrom the lower averageoperating

temperatureat the Minneapolissite, which increasesthe annual electricity

production,thus loweringthe levelizedcost. The oppositeeffect occurs for

the precoolingsystems,althoughthis is masked in the resultsfor the ATES

precoolingsystemsby the differencein inlet ai__ precoGlingachievedin

Birmingham[11.1°C(52°F)]and MinneapolisC7.2°C (45°F)].

ATES precoolingsystem costs are sensitiveto site-specificaquifer

characteristics. The principaldifferencebetweenthe two locationsis the

substantialincreasein productivityper well in Minneapolis[0.126m3/sec

" (2000 gpm)] comparedto Birmingham[0.00095m3/sec (150 gpm)]. ATES
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TABLE 16. LargerTurbineCost Summary

(1000sof lgg0 dollars_except for annual energy production)

Birmingham Minneapolis
OperatingCapacityFactor OperatingCapacityFactor

Element 0.05 0.2 0.05 0.2

System capital 6,000 6,000 6,851 6,851

Fixed O&M 12 12 14 14

Variable O&M 56 232 66 273

Fuel 234 954 273 1,117

Startupcapital 130 159 148 181

Workingcapital 80 230 gl 266

Annual energy,MWh 8,055 33,349 9,532 39,764

TABLE 17. ATES PrecoolingCost Summary

(1000sof 19g0 dollars,except for annual energy production)

Birmingham Minneapolis
OperatingCapacityFactor OperatingCapacityFactor

Element 0.05 0.2 0.05 0.2

System capital 4,050 4,511 2,464 3,002

Total O&M 445 497 259 339

Fuel 100 330 102 325

Startupcapital 120 138 73 95

Workingcapital 111 160 73 126

Annual energy,MWh(a) 6,193 20,534 6,092 19,328

(a) On-peak pumpingpower subtractedfrom gross energy output shown in
Table 8.
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TABLE 18. Ice StoragePrecoolingCost Summary

(lO00sof 1990 dollars,except for annualenergy production)

Birmingham Minneapolis
OperatingCapacityFactor OperatingCapacity Factor

Element 0.05 0.2 0.05 0.2

System capital 3,666 6,394 3,666 6,394

• Total O&M 367 639 366 639

Fuel 132 460 116 380

• Electricity 71 263 68 226

Startupcapital 108 195 107 193

Working capital 113 259 110 239

Annual Energy,MWh(a) 8,150 28,211 7,129 23,079

(a) On-peak pumpingpower subtractedfrom gross energy output shown in
Table 12.

TABLE 19. MarginalLevelizedEnergy Costs

Birmingham Minneapolis
OperatingCapacityFactor OperatingCapacity Factor

System Type 0.05 0.2 0.05 0.2

Larger turbine 0.142 0.086 0.138 0.084

ATES precooling 0.170 0.080 0.118 0.069

Ice storage
precooling 0.133 0.090 0.147 0.101

TABLE 20. Ice StoragePrecoolingLevelizedCost Results

Birmingham Minneapolis
OperatingCapacityFactor OperatingCapacity Factor

System Type 0.05 0.2 0.05 0.2

• 5 days/week 0.133 0.090 0.147 0.101
(reference)

• 7 days/week 0.127 0.083 0.139 0.092
(sensitivity)
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precoolingwould be preferredat the lower capacityfactor if well

productivityat a site was about 0.0315m3 (500gpm) or higher. ATES

precoolingsystem capitalcosts are too high in Birminghamto be cost

effectiveat the lower capacityfactor.

The largerturbine systemsall have highercapital costs than either of

the two precoolingsystemsfor correspondingcases. However,marginalenergy

productionis greater for the largerturbinesystemsbecausethe marginal

power productionis greater for all ambienttemperaturesless than the 37.8°C

(IO0°F)summer designpoint. The differencein energy productionis greatest

at an annual operatingfactor of 0.2, becausethe averageambienttemperature

is lower for the longer operatingperiod.

For both Minneapolisand Birmingham,the ATES system is most attractive

at the higher capacity factor. This resultcan be attributedto the annually

recurringcosts,which are mostly variablefor the largergas turbine,but

primarilyfixed for the ATES system. While fuel costs are certainlyvariable

with productionand experiencehas demonstratedthat the majorityof gas

turbine O&M costs are variablewith production,furtherexperiencewith ATES

systems is requiredto determinefixed and variableO&M portions.

The resultsdescribedabove for ice storageprecoolingwere based on

charging and dischargingevery day of the week (diurnalmode) per the

referencecase operaling scheduledetailedin Table 3. System designsbased

on charging 7 days/week,but dischargingonly 5 days per week (diurnal/weekly

mode) were evaluatedas a sensitivitycase. The results (seeTable 20)

indicatea cost advantageof 5 to 84 for the diurnal/weeklymode, which would

not change the preferredtechnologyfor each city and capacityfactor

combination. In addition,the sensitivityresultsdo not reflectthe

reductionin averageair temperaturethat would occur in the diurnal/weekly

mode, which would reduce or eliminatethe cost advantage.
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6.0 CONCLUSIONS

Precoolinggas turbineinlet air with cold water suppliedby an ATES

system provided lower cost electricity(levelizedS/kWh) than simply

increasingthe size of the turbinefor meteorologicaland geological

conditionsexisting in the Minneapolisvicinity. A significant(15 to 204)

. cost advantageresultedfor both 0.05 and 0.2 annualoperatingfactors. In

contrast,ice storageprecoolingwas found to be significantly(5 to 204) more

• expensivethan largergas turbinesin Minneapolis.

In Birmingham,ATES precoolingwas preferredat the higher capacity

factor and ice storageprecoolingwas the best optionat the lower capacity

factor. In both cases the levelizedcost advantagecomparedto largergas

turbineswas estimatedto be about 54. The levelizedenergy cost advantage

shown for ATES at the Minneapolissite was reducedor eliminated (depending

on capacity factor)at the Birminghamsite principallybecauseof much lower

well flow rates in the Birminghamvicinity. The ice storageprecoolingsystem

benefittedfrom higher averageannualoperatingtemperaturesin Birmingham,

which resulted in an increasein incrementalannual power productionfor this

site not experiencedby the other systems.

Incrementalcapitalcosts were 25 to 654 lower per peak kW for the ATES

precoolingsystemsand 15 to 504 lower per peak kW for the ice storage

precoolingsystems,but incrementalenergy productionwas generallygreater

for the larger turbinesystems.

These preliminaryresultsindicatethat ATES and ice storageprecooling

systemsshould be consideredas optionsfor increasingpeak generating

capacityof combustionturbines. The preferredsystemwill depend on site-

specificconditionsand operatingrequirements. Like all ATES applications,

its cost effectivenesswill vary significantlywith site-specificgeologic

conditions. Generally,ice storagesystemswill look most attractivein low

- capacityfactor applications,while ATES systemswill look best at higher

capacity factors.
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Furtherexperiencewith ATES and ice storageprecoolingsystemswill be

needed to reduce the cost uncertaintyassociatedwith these systemsand allow

more conclusivecomparativeassessments. In addition,other inlet air

precoolingoptionsshould be considered,such as surface-engineeredseasonal

chill storagesystems using ice or artificialsnow.
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