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SUMMARY

This report describe_the resultsof an evaluation of thermal energy

storage (TES) integratedwith simplegas turbinecogenerationsystems. The

TES system captures and stores thermalenergy from the gas turbine exhaustfor

immediateor futuregenerationof processheat. Integratingthermalenergy

- storagewith conventionalcogenerationequipmentincreasesthe initialcost of

the combined system;but, by decouplingelectricpower and process heat

- production,the system offers the followingtwo significantadvantages:I)

Electric power can be generatedon demand, irrespectiveof the process heat

load profile, thus increasingthe value of the power produced;2) Although

supplementaryfiring could be used to serve independentlyvaryingelectric and

process heat loads, this approach is inefficient. IntegratingTES with

cogenerationcan serve the two independentloads while firing all fuel in the

gas turbine.

The study evaluatedthe cost of power produ'cedby cogenerationand

cogeneration/TESsystemsdesigned to serve a fixed processsteam load. The

value of the processsteam was set at the levelized cost estimatedfor the

steam from a conventionalstand-aloneboiler. Power costs for combustion

turbine and combined-cyclepower plants were also calculated for comparison.

The results indicatedthat peak power productioncosts for the

cogeneration/TESsystemswere between25% and 40% lower than peak power costs

estimatedfor a combustionturbineand between 15% and 35% lower than peak

power costs estimatedfor a combined-cycleplant. The ranges reflect

differencesin the daily power productionscheduleand process steam

pressure/temperatureassumptionsfor the cases evaluated. Furthercost

reductionsmay result from optimizationof current cogeneration/TESsystem

designs and improven,entin TES technologythrough future researchand

" development.
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I.0 INTRODUCTION

Cogenerationis playing an increasinglyimportantrole in providingenergy

efficientpower generationand thermal energy for space heating and industrial

processheat applications. However,the range of applicationsfor

cogenerationcould be further increasedif the generation of electricitycould

be decoupledfrom the generationof process heat. Thermal energy storage

(TES) can decouplepower generationfrom the productionof process heat,

allowingthe productionof dispatchablepower while fully utilizingthe

thermalenergy availablefrom the prime mover. The thermal energy from the

prime mover exhaustcan be stored either as sensible heat or as latent heat

and used during peak demand periodsto produceelectric power or process

steam/hotwater. However,the additionalmaterials and equipmentnecessary

for a TES systemwill add to the capital costs. Therefore,the economic

benefitsof adding TES to a cenventionalsystem would have to outweighthe

increasedcosts of the combined system.

The PacificNorthwestLaboratory(a)(PNL) leads the U.S. Departmentof

Energy'sThermal Energy Storage Program. The program focuses on developing

TES for daily cycling (diurnalstorage),annual cycling (seasonalstorage),

and utility applications{utilitythermalenergy storage (UTES)]. Several of

these technologiescan be used in a cogenerationfacility. This report

discussesthe relativeperformanceand economicbenefitsof incorporatinga

diurnal TES system with a simple gas turbine cogenerationsystem. The

relativebenefitof combining a TES systemwith a cogenerationsystem was

determined by comparingthe annual costs and the levelizedenergy costs of the

system (for supplyingthe same preselectedsteam load) with that of the base

case (boiler)system. Each of the configurationswas evaluatedfor different

gas turbine sizes and differentutility rates.

" This report containsseven sections.In Section2, the the basic concept

of diurnal thermalenergy storage is discussed,followed by a detailed

discussionof a conventionalcogenerationplant, and a cogenerationplant

(a)Operated for the U.S. Department of Energy by Battelle Memorial Institute
under ContractDE-ACO6-76RLO1830.



combinedwith TES for peak power production (Section3). The economicmodel

developedfor the analysistogetherwith all the key assumptionsare given in

Section4.0_ A discussionof the resultsobtained from the overall levelized

cost analysis is given in Section5.0. A summaryof the main results and the

conclusionsin Section 6.0 is followed by the referencesin Section 7.0.



2.0 DIURNAL THERMALENERGY STORAGE

A number of emerging issuesmay limit the number of useful applicationsof

cogeneration. One of these is a mismatch betweenthe demand for electricity

and thermal energy on a daily basis. Increasingly,utilitiesare requiring

cogeneratorsto providedispatchablepower, while most industrialthermal

loads are relativelyconstant. DiurnalTES can decouple the generationof

electricityfrom the productionof thermalenergy, allowing a cogeneration

facility to supply dispatchablepower. DiurnalTES stores thermal energy

recoveredfrom the exhaust of the prime mover (gas turbine)to meet daily

variations in the demand for electricpower and thermal loads.

2.1 CONCEPT

The concept for integratingTES in a natural-gas-firedcogeneration

facility is shown in Figure I. The facilityconsists of I) a gas-turbine

prime mover, 2) a heat recovery salt heater,3) a thermal energy storage

system, and 4) a salt-heatedsteam generator. The gas turbine is operated

during peak demand time periods and the exhaustheat is used to heat molten

salt in a heat recovery salt heater. Cold salt [288°C (550°F)]is pumped from

the cold salt tank, through the heat recoverysalt heater,where it is heated

to between510oC (9500F)and 5380C (IO00:F)before being pumped to the hot

salt storagetank. Hot salt is continuouslyremovedfrom the hot salt tank

and used as a heat source to meet the constantthermal load. A cogeneration

plant with a TES system sized for an 8-hr peak demand period would provide a

30 MWe peakingcapacity comparedto a similarconventionalcogeneration

facilitythat would providea 10 MWe base load.

2.2 TES SYSTEM DESCRIPTION

Dependingon the characteristicsof the thermalload, a varietyof thermal

storage systemscan be used. Options for thermal storage include:

• Molten NitrateSalt TES - Molten salt is an excellentthermal energy
storagemedium for high-temperatureTES applications. Currentmolten
salt TES concepts use a mixture of sodium nitrate (60 wt%) and potassium
nitrate (40 wt%) that can operateat temperaturesup to 566oC (I050°F).
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FIGURE i. Concept of Integrating TES in a Cogeneration Facility



However, the mixture freezes at 240°C (464°F). To help prevent
freezing,molten salt systemsare usuallyoperated at temperaturesabove
approximately288°C (5500F). The minimum operatingtemperaturelimits
the amount of waste heat that can be recoveredfrom a combustion
turbine'sexhaust becausethe exhaustcan only be cooled to
approximately315°C (600°F). Typicallymolten salt TES uses separate
hot and cold salt tanks. A more completediscussionof molten salt TES
is presentedin Drost et al. (1989).

• Oil/Rock TES - Oil/rockTES is an attractivealternativefor lower
temperatureapplications. Low-costheat transferoils such as Caloria
HT-43_ajcan operate at temperaturesup to 3040C (5800F). The TES

. system consists of a single large tank that is filled with a mixture of
oil and
a low-costfiller, such as river rock. The tank is operatedto maintain
hot oil at the top of the tank and cold oil at the bottom of the tank.
This arrangementstratifiesthe fluid in the tank resulting in minimal
mixing between the hot and cold regions of the tank. During normal
operation,cold oil is removed from the bottom of the tank, heated in
the heat recoveryoil heater, and returnedto the top of the storage
tank. Thermal energy is stored in the mixture of oil and rock.
Oil/rockTES is less expensivethan molten salt TES, but it is limited
to low-temperatureapplications. Oil/rock TES is described in more
detail in Drost et al. (1990).

• Combined Molten Salt and Oil/Rock TES - The advantagesof both storage
conceptscan be retainedby using a combinationof molten salt TES for
high-temperature(> 288 °C) and an oil/rockTES for lower temperature (<
288 :C) thermal energy storage. This allows the combustionturbine
exhaustto be cooled to near ambientconditions.

• Hitec(b)Salt TES - Hitec salt is anothermolten salt that operates
between454oC _8500F)and 177°C (3500F). lt is a mixture of sodium
nitrate (7 wt%), potassiumnitrate (53 wt%), and sodium nitrite (40
wt%). Hitec salt would allow greater heat recovery from turbine exhaust
than molten salt, but would not be as applicableas the molten salt at
higher temperatures(as in combined-cyclepower production
applications). In addition,the Hitec salt is a little more expensive
than the molten salt.

Selectionof the storage conceptwill depend on characteristicsof the

thermal load. If high-temperaturethermalenergy is requiredto meet the

thermalload, a choice of the molten salt TES, Hitec salt TES, or a combined

(a) Trademarkof the Exxon Corporation,Houston, Texas.

(b)Trademarkof the DuPont Corporation,Wilmington,Delaware.



molten salt and oil/rock TES can be used. Alternatively,if the thermal load

uses thermal energy at a temperaturebelow 288oC (550oF),oil/rockTES may be

the preferredoption.

2.3 BENEFITS

The use of high-temperatureTES in cogenerationapplicationshas the

followingbenefits:

• High-temperatureTES will allow a natural-gas-firedcogeneration
facilityto producedispatchablepower while meeting constant thermal
loads.

• High-temperatureTES integratedin a natural-gas-firedcogeneration
facilit7allows all power generationto occur during periodsof peak
demand; the installedcapacityof the prime mover will be substantially
larger than for a conventionalcogenerationfacility. A cogeneration
plant with a TES system sized for an 8-hr peak demand period would
provide 30 MWe of peaking capacitycomparedto a similarconventional
cogenerationfacilitythat would provide 10 MWe of base-loadcapacity.

• All naturalgas is used to fire the combustionturbine (comparedto
direct naturalgas firing of
the waste heat steam generator). This results in high-efficiency
operationby ensuringthat all naturalgas is used to produce both
electricpower and thermal energy.

• The high efficiencyoperationalso results in reduced emissions.

2.4 TECHNICALSTATUS

Molten nitratesalt TES has been extensivelyinvestigatedfor solar thermal

power generationapplications. Investigationshave included bench-scale

testing,detailed design studies, and field demonstrations. Based on the

resultsof these investigations,the Departmentof Energy and a group of

electric utilitiesare sufficientlyconfidentof the technicalfeasibilityof

the concept to embark on the $40 million Solar II demonstrationof molten salt

central receiver technology. This suggeststhat molten nitrate salt TES is

technicallyready for a large-scalecogenerationdemonstration. The technical

status of molten salt TES is discussedin more detail in Drost et al. (1989).

Oil/rock storagehas been successfullydemonstratedfor solar thermal

applicationsand is commerciallyavailable.Hitec salt has been used in

several industries. Alternativesalts that can operate between5660C (I050oF)



and 121°C (2bdoF)have been identified,but additionalresearch is necessary

before large-scaledemonstrationis justified. Successfuldevelopmentof a

TES system using alternativesalts could avoid the need for a combinedmolten

salt and oil/rockTES system to cover the entire temperaturerange.



3.0 PLANT CONCEPTDETAILS

The conceptualdesign of a cogenerationplant with TES was developed in

sufficientdetail to determinea meaningfulcost estimate. The relevant

featuresof a conventionalcogenera*_onplant ar_ discussed in Section 3.1:

followedby a discussionof the se.ectedarrangementsof the cogeneration

plant with TES (Section3.2). The essentialfeaturesof the oil/salt heater

• design is followed by a discussionof the oil/saltstorage system design and

the steam generatordesign.

3.I CONVENTIONALCOGENERATIONPLANT

One of the primary goals of this study was to developconcept arrangements

that minimize the impact of includin_j,ES on the design and the layout of the

cogenerationplant. Therefore,there is :,:ubstantialsimilaritybetween the

conventionalcogenerationplant and the cogeneration/TESdesign. The

conventionalcogenerationplant consistsof a prime mover (a gas turbine, in

this case) that is fired by a naturalgas combustoro In addition to producing

power through the generator,the turbine exhaust at 531oC (988oF) is used in a

heat recovery steam generator(HRSG) to produceprocess steam loads T,_,_net

efficiencyof the plant is assumedto be 31% (a heat rate of 11,090 Btu/kWh)

for largergas turbines (>_180 MWe rating) and 29.6% (a heat race of 11,500

Btu/kWh) for smallerturbines (< 180 MWe rating).

3.2 COGENERATIONPLANT WITH TES FOR PEAKING

An oil/rock or salt TES system interposedbetweenthe gas turbinG and the

steam generator in a conventionalcogenerationplant can provide a cycling

capability. Insteadof generatingsteam directly,the heat from the gas

turbineexhaust is used to heat the oil or molten salt, which is then stored.

The gas turbine is operatedwheneverpeaking power capacity is needed by the

utilities. The TES serves to decouplethe steam generatorand the turbine

from the rest of the plant, allowingprocess steam productionto continue for

" the entire day. The oil/rockstorage system has been developedextensively

for solar thermal power generation,while the molten nitrate salt system has

been discussedin an earlier study (Drost,et al. 1989). In the case of the

heat recovery salt heater, it may be possibleto use direct heat exchange

betweenthe exhaustgas and the salt. If feasible,direct-contactheat

9
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exchangewould dramaticallydecreasethe cost of the heat recovery salt heater

and would improveperformance. There was no attemptmade to optimizethe

sizes of the componentsoF the differentsystems evaluatedin the study.

Hence, more advantageousversions of each TES/cogenerationsystem or other

system configurationsincludingcombined-cyclesystemswith molten salt

storagecould have been designedand analyzed.

3.2.1 Oil/Salt Heate_ Desiqn

The turbineexhaust oil (or molten salt) heater replaces the HRSG in the

conventionalcogenerationplant. "[heoverall convectiveheat transfer

coefficientwas assumed to be

150 W/m2.oC(26.6 Btu/h.ftZ.oF)and the same for all the heater designs

becausethe dominantresistanceto heat transfer is on the gas side. However,

the clean turbine exhaust (from combustingnaturalgas) permits extensiveuse

of fins to improveheat transfer on the gas side. The calculatedlog mean

_@mperaturedifferencewas calculatedto be about 111oC (200oF),17oC (31oF)

L_rd48°C (87oF) for the oil heater,molten salt heater and the Hitec salt

heater,respectively.

3.2.2 Oil/SaltStorage System Desiqn

The oil storagesystem consistsof a heat transferoil and river rock

storagemedium. The oil and rock are containedin one or more carbon steel

tanks,dependingon the size of the TES system. The tank or tanks are

insulatedto reduce heat loss, and appropriatefoundationsand miscellaneous

equipmentare included. A substantialfractionof the tank volume is filled

with the inexpensiverock; the remainingvolume is filled with the more costly

oil. The oil, which is about a quarterof the storagevolume, stores about

20% of the thermalenergy as sensibleheat, while the rest of it is stored in

the rock. Hot oil is added or removedfrom the top of the tank, while cool

oil is added or removedfrom the bottom of the tank. This arrangement

maintainsa density-drivensegregation(thermocline)betweenthe hot oil in

the top of the tank and the cool, denser oil in the bottom of the tank. The

thermalstorage capacityof the tank is determinedby the temperaturerange

achievablein the heat transfermedium (oil, in this case). The typical range

has been from 288oC (550oF)at the high end to about 121oC (250oF)at the low

10



end. This would give rise to a AT of 300°F unless pinch-pointconsiderations

in the steam generatordictated a higher exit temperaturefor the oil, which

would typically increasethe size of the storage system.

The salt storagesystemcould also use a single storagetank (with a

thermocline)or separatehot and cold molten salt tanks. Recent studies

suggestthat the cost savingsassociatedwith a thermoclinesystem are small

• because the cost of the cold tank in the two-tank system is a small fracti+_+,

of the total cost. In addition,it may be difficultto maintain the

. thermoclinebecauseof the radiationheat transfer between the hot and cold

regionsof the tank. The design temperatureswere assumed to range from 288oC

(550°F)to 510°C (g50°F),and 177°C (350oF)to 454°C (850°F)for the m,_n

salt and the Hitec salt systems,respectively.

3.2.3 Steam GeneratorDesign

The steam generatoris used to supply the constant 24-hr steam load from

the hot oil or salt. The steam generatorsystem consists of two separateheat

exchangers:I) a preheaterwhere the temperatureof the feedwateris raised to

the saturationtemperature,and 2) an evaporatorwhere saturatedsteam is

generated. The heat exchangersare of single-passtubular design with

water/steamcontainedin the tubes. A single-passdesign was selected because

of the desire to have counterflowheat exchange in the preheater,whereas the

evaporatoruses a parallel-flowarrangement.

3.3 PLANT ARRANGEMENTS

The base case system is a conventionalboiler plant system againstwhich a

simple conventionalcogenerationsystemwith a gas turbine prime mover and a

HRSG was compared. _t_ systemswere designed to supply the same thermal

loads. Base-loadelectricityfrom the cogenerationsystem was presumed to be

sold to a local utility. The performanceparametersand the levelizedenergy

costs for producingthe steam were evaluated,and the resultscompared with

• those of other system configurationsthat combinecogenerationwith TES using

an oil/rock or a salt system. The system configurationincludes a gas turbine

prime mover with an oil/salt heater,oil/rockor salt storage system,and a

oil/salt-heatedsteam generatorto supply the steam load. The gas turbine

rating dependsupon the length of time during the day that it is operatedwith

11



peak-loadelectricitybeing sold to the utility. For example,having assumed

the systemwill supply a constant24-hr steam load, the rating is twice the

base-loadsize if it were operatingonly for 12 hours a day. The waste heat

recovery is in the form of heated oil or salt that is then stored in the

oil/rockor salt storagetank to supply the 24-hr steam load. The three basic

configurationsare shown schematicallyin Figure 2. The additionalsystem

analyzedwas the 8-ht operationof an oversized (threefold)gas turbine for

sellingpeak power to the local utility. The productionof saturatedsteam

was assumedto be constant at 181,818kg/hr (400,000Ib/,_r).Two different

steam pressures [ 690 kPa (164 oC) (or 100 psia and 328 °F) and 3448 kPa (242

°C) (or SO0 psia and 467 oF)] were evaluated.

The variousequipmentrequired for the plants were sized to supply the

given steam loads, assumingthat the overall thermal energy loss in the

storageunit is about I% (Drost,et al. 1989), and that the overall parasitic

losses (electricpower consumptionrelated to oil/salt pumping) in the flow

loop resultingfrom the pumpingpower requirementsis about 2%. The ratings

and sizes for the various componentsof the conventionalcogenerationplant,

as well as the cogenerationplant with a TES system, are shown in Table I.

The economic analysiswas then completedto determinethe levelizedcosts of

producingthe steam load by the differentplant configurations. The

assumptionsmade in the economicmodel are discussed in the next section.

12
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4.0 ECONOMICANALYSIS

This sectionpresentsdetailed informationregardingthe cost and economic

analysisof boiler,cogeneration,and cogeneration/TESsystems for producing

,ow-pressureprocess steam. Section4.1 defines the cost estimating and

economic assumptionsused in the analysis. Sections4.2 and 4.3 discuss the

estimatingapproach and resultsfor estimating initialcapital, fuel, and

' other operationand maintenance(O&M) costs. The resultsof the overall

levelizedcost analysis are presentedin Section5.0.

4.1. GROUND RULES AND ASSUMPTIONS

The economicevaluationwas conductedby calculatingand comparingthe

levelized cost of steam producedby the alternativeconcepts being considered.

Levelizedcost analysiscombines initialcost, annuallyrecurringcost, and

system performancecharacteristicswith financialparametersto produce a

single figure-of-merit(the levelizedcost) that is economicallycorrect and

can be used to compare the projectedsteam costs of alternativeboiler and

cogenerationplant concepts. The specificmethodologyused was that defined

in Brown, et al. (1987). The economicassumptionsused to calculate the

levelizedsteam cost are listed in Table 2. These assumptionsare intendedto

be representativeof industrialownership. The discount rate, general

inflationrate, propertytax and insurancerate, and combined state and

federal incometax rat_ were obtainedfrom Brown et al. (1987). The economic

life was set at 30 years based on standardsprescribedby the Electric Power

Research Institute(EPRI) (1989)for facilitiessimilarto the boiler and

cogenerationplants consideredin the current study. The corresponding

depreciablelife is 20 years (Van Knapp et al. 1989). The first year of

operationwas set at 1995 becausethe storagesystemsconsidered in the

current study are mature and could be implementedimmediately. The price year

was set to mid-1990 for convenience. The system constructionperiod, set at

2 years, was also based on data presentedin EPRI (1989)for similar systems.

• Capital and non-fuelO&M costs were assumedto escalate in the future at the

same rate as general inflation. Naturalgas was assumedto escalate at 3.8%

in excess of general inflation(i.e.,at 7%/yearoverall) based on fuel price

projectionsprepared by the Energy InformationAdministration(1991).

15



TABLE 2. FinancialAssumptions

Description Assumption

System economic life 30 years

System depreciablelife 20 years

Nominal discount rate 9.3%/year

General inflationrate 3.1%/year "

Capital inflationrate 3.1%/year

O&M inflationrate 3.1%/year

Naturalgas inflationrate 7.0%/year

Combined state and federal income tax rate 39.1%

Propertytax and insurancerate 2.0%

System constructionperiod 2 years

Price year 1990

First year of system operation 1995

In general, a levelizedcost analysissolves for the revenuerequired to

exactly cover all costs associatedwith owning and operatinga facility,

includingreturn on investment. Typically,the required revenue is expressed

per unit of production,e.g., S/kWh or $/klb steam. For cogenerationsystems,

there are two revenue producingproducts,electricityand steam. Increasing

the revenueassociatedwith electricitydecreasesthe revenue required from

steam and vice-versa. In this analysis,the electric revenue rate was assumed

for each cogenerationcase and the levelizedcost analysis solved for the

required steam revenue. As initialassumptions,baseload power was assumedto

be valued at $O.05/kWhand peakingpower (for8-hr or 12-hr periods)was

assumed to be valued at SO.OB/kWh.

4.2 CAPITAL COST ESTIMATES

Capitalcost estimatingequationswere developed for the followingsteam

production systemsor steam productionsystem components"

• oil-heatedand salt-heatedsteam generators • gas turbine

• heat recoverysteam generator • oil and salt heaters

• oil/rock and salt thermal energy storagesystems

• boiler system (plant)

16



All cost equationsrepresentthe completedconstructioncost, including

indirectcosts and contingency,but do not includeallowancesfor startup and

working capital,which were calculatedseparately• All cost data presented in

this section are in 1990 $.

The capital cost model for the boiler system was developedfrom cost data

presentedin Brown, et al. (1992)for a boiler plant consistingof three

• 50,000 kg/hr (110,000Ib/hr) units producingsteam at 1551 kPa (225 psig) and

236 °C (456 °F). The raw cost data were adjusted to the expected cost for a

single unit of the same total productioncapacity using rules-of-thumb

presentedin Coffin (1981). Cost data from Ulrich (1984)were used to

establishrelative costs at alternativesteam productionrates. The resulting

cost relation for a boiler system producing100 psia steam is shown in

Equation (4.1). Data in Ulrich (1984) and Coffin (1981) indicate that costs

would be expected to increaseby about I% per each 100 psi increasein steam

pressure above 100 psia up to 500 psia.

Boiler system capital cost = $16,900,000* (S/330)°'78 (4.1)

where S is the net steam generatingcapacity in thousand of pounds per hour.

The capitalcost model for the gas turbinewas based on data presented in

EPRI (1989) for conventionalnatural-gas-firedcombustionturbineplants. The

raw cost data for two plant sizes were used to develop a cost estimating

equation as a functionof electricgeneratingcapacity. The original data was

updatedto 1990 $ using the M&S (Marshall& Swift) EquipmentCost Index for

electricalpower (ChemicalEngineeringMagazine !990). The resultingcost

relation is shown in Equation (4.2).

Gas turbinecapital cost = $30,600,000* (P/B0)0"78 (4•2)

• where P is the net electric generatingcapacity in MW.

The capitalcost models for the heat recovery steam generator,oil and salt

heaters,and oil/rock and salt storagesystemswere based directly on cost

models developedfor these components (Drost,et al. 1990). The values

calculatedfrom the equationsincludedirect costs, indirectcosts,

17



contingency,and sales tax, but not startupand working capital, lhe cost

models were updatedto 1990 $ using the Chemical EngineeringPlant Cost Index

for heat exchangersand tanks (ChemicalEngineeringMagazine 1990). The

resultingcost relationsare shown below.

Heat recovery steam generatorcapitalcost = $111 * (A)°'gs (4.3)

where A is the bare tube surface area of a finned-tubeheat exchanger surface
in ft2.

The pressure-relatedcost factor (that appliesto the boiler and all steam

generators)derived from data in Ulrich (1984)and Coffin (1981) is given by

the followingrelation:

Pressure-relatedcost factor - 1.0 + {0.0001* (pressure- 100)} (4.4)

Oil heater capital cost = $111 * (A)°'gs (4.5)

Molten salt (or Hitec salt) heater capital cost = $ 224 * (A)°'95 (4.6)

where A is the bare tube surfacearea of a finned-tubeheat exchangersurface
in ft2.

Molten salt and oil/rock storagecost estimatingequationswere developed

as a functionof thermalcapacitywith an adjustmentfactor for different

storagemedia temperatureranges. Data sourceswere Arizona Public Service

(1988)and DeLaquil,Kelly, and Egan (1988)for the molten salt, Bradshaw and

Tyner (1988) for Hitec salt, and Williams et al. (1987)for oil/rock.

Furthermore,the cost equationsfor the storage systemshave been segregated

into hardware and media components. This should allow easier identification

of the cost split betweenthese two componentsat any capacity and facilitate

sensitivitystudies investigatingimprovementsin containmentor media, as

well as future cost updating.

18



Oil/rock thermalenergy storagecapitalcosts are calculatedfrom the

followingrelations"

Hardware cost = $303,000 * (C3oo)°3857for C3oo < 1000 (4.7)

= $4329 * (C3oo)for C3oo _>1000 (4.8)

• Media cost = $2779 * (C3oo) (4.9)

- Molten salt thermal energy storagecapitalcosts are calculated from the

followingrelations:

Hardware cost = $10,310,000* (CsoJ1500)°'s2for Csoo _<1500 (4.10)

= $3,070,000+ $4826 * (Csoo)for 1500 < Csoo <3000 (4.11)

= $ 5850 * (Csoo)for C5oo > 3000 (4.12)

Media cost = $12,431 * (Csoo) (4.13)

where C is the thermalcapacity in MWht.

The subscript"300" or "500" identifiesthe cost equationsas being valid

for thermalcapacitiescalculatedfor a 300oF (or 500oF in the case of molten

salt or Hitec salt) temperaturerange, e.g., from 250oF to 550°F. The thermal

capacityrequirementsasociatedwith other temperatureranges must be adjusted

to the 300°F (or 500oF) basis using the followingequation.

C3oo = CX * (300/x) or Csoo = CX * (500/x) (4.14)

The volumetricheat capacityfor the molten salt and the Hitec salt were

comparedto determinethe effect on the size and cost of the TES hardware.

Based on the averagetemperaturefor each of the salts, the volumteric heat

• capacityof the Hitec salt was found to be about 4% greater than for the

molten salt. Thus, the actual thermalcapacity required for a Hitec salt

storagesystem would have to be reduced by 4% before using the molten salt

hardwarecost estimatingequations. As for the media costs, the relative cost

of the Hitec salt is given as $0.37/Ib,while the molten salt costs $0.33/Ib
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(Bradshawand Tyner 1988)o This, coupledwith the slightlygreater

gravimetricheat capacityof the molten salt, yields a Hitec cost that is 15_

higher than the molten salt on a $/MWht basis. Therefore,the Hitec salt

thermalenergy storagecapitalcosts are given by:

Hardwarecost = $I0,310,000* (Csoo/1563)0.52for C5oo _<1563 (4.15)

- $3,070,000+ $4633 * (Csoo)for 1563 < Csoo < 3125 (4.16)
$ 5616 *= (Csoo)for Csoo >_3125 (4.17)

Media cost = $ 14,296 * (Csoo) (4.18)

where C is the thermalcapacity in MWht.

The three alternativehardwarecost equationsfor molten salt storage

reflectthe transitionfrom single to multiple hot tanks for Csoo > 1500 and

single to multiple cold tanks for C5oo > 3000. The transitionpoints for

Hitec salt are slightlygreater, as indicatedin the Hitec cost equations.

The capitalcost model for an oil-heatedsteam generatorpresumed a low-

pressure,carbon steel, shell-and-tubedesign. Raw cost data presented in

Ulrich (1984);Peters and Timmerhaus (1980);Purohit (1983);Corripio,et al.

(1982);and Guthrie (1974)were updated to 1990 $ using the Chemical

EngineeringPlant Cost Index for heat exchangers and tanks (Chemical

EngineeringMagazine 1990). This model was then modified to reflect the

higher operatingtemperaturesencounteredin the salt-heatedunits, and

assuminga stainlesssteel shell with carbon steel tubes. Data presented in

Ulrich (1984)were used to estimatethe economic impactof using stainless

steel in the shell. The resultingcost relationsare shown below.

Oil-heatedsteam generatorcapitalcost = $370,000* (A/IO,O00)°'B(4.19)

Salt-heatedsteam generatorcapitalcost = $520,000* (A/I0,000)°8(4.20)

where A is the heat exchangersurfacearea in ft2.
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Startup and working capital cost estimateswere based on information

presentedin EPRI (1989). Startup costs includeoperator training,equipment

checkout,minor changes in equipment,extra maintenanceto get the system on-

line, and fuel consumptionincurredafter the plant is constructed,but prior

to regularoperation. Working capitalrepresentsa "revolvingaccount" used

to pay for the procurementof current expensesand an investmentin spare

• parts. The cost relationsused for estimatingstartup and working capital are

shown below.

Startup capitalcost = 0.02 * total system constructioncost +

1/12 * total annual O&M + 1/52 * total annual fuel (4.21)

Working capitalcost - 0.005 * total system constructioncost +

I/6 * total annual O&M + I/6 * total annual fuel (4.22)

4.3 OPERATIONAND MAINTENANCECOST ESTIMATES

O&M costs includefuel, operatinglabor,maintenancelabor and materials,

consumablesupplies,and overhead. Non-fuelO&M cost estimatingrelations

were developedfor each of the system cost elementsdescribed in Section4.2.

The developmentof these relationsand the fuel price assumptionare described

in this section•

Each of the systems uses naturalgas as its energy source. Natural gas was

assumed to cost $2.92/millionBtu in 1990 $. This representsthe average

price of naturalgas in the industrialsector,accordingto the Energy

InformationAdministration(1991).

Detailed O&M cost data presentedin Brown, et al. (1992) for a gas-fired

boiler plant were used to develop non-fuelO&M cost estimatingrelations for

the three steam generators ("oil-heated","salt-heated",and "heat recovery"

types), as well as the boiler plant. Cost data in Brown, et al. (1991)were

grouped into fixed labor, fixed maintenancematerials,variablemaintenance

materials,and consumablesupply categories. The fixed labor (i.e, fixed for

• a given plant size) was assumedto be proportionalto initialcapital cost,

with the ratio varying as a functionof steam productioncapacity. Data

presentedin Drost, et al. (1990) and EPRI (1989)describingthe variationof

fixed O&M with power plant size was combinedwith the data from Brown, et al.

(1991), and resulted in the followingestimatingrelation"
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Steam generationfixed labor cost --$0.07 * (S/330)"°'5* construction

capital (4.23)

where S is the steam generatingcapacity in thousandsof pounds per hour.

Fixed maintenancewas presumedto be required regardlessof the actual

frequencyof use of the equipment. On the other hand, variable maintenance

was presumed to be proportionalto the number of operatinghours per year (at

full capacity). Equations(4.24) and (4.25)deccribe the relations for

estimatingfixed and variablemaintenancefor steam generators.

Steam generationfixed

maintenancematerialscost = $0.0085* constructioncapital (4.24)

Steam generationvariable

maintenancematerialscost = $3 x 10.6* annual operatinghours at full

capacity* constructioncapital (4.25)

Consumablesuppliesincludemake-upwater, water treatmentchemicals,

and electricity. Cost data presentedin Brown, et al. (1991) for these items

were used to develop the Followingcost estimatingrelation"

Steam generationconsumable

suppliescost = $0.1335 * annual steam productionin thousandsof

pounds. (4.26)

O&M cost data presented in EPRI (1989)for gas-firedcombustionturbine

power plants were used to develop fixed and variableO&M cost estimating

equationsfor gas turbines. Accordingto EPRI (1989),the majority of gas

turbineO&M costs are proportionalto annual power production,but the unit

cost per kWh varies with the turbinegeneratingcapacity. Fixed and variable

O&M costs for gas turbineswere estimatedwith the followingrelations"

Gas turbine fixed O&M cost = $0.002 * constructioncapital (4.27)
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Gas turbine variableO&M cost = $0.04019* (p)-0.377 .

annual energy production,kWh (4.28)

where P is the turbinegeneratingcapacity in MW.

No detailed O&M estimatingdata similarto that found for boilers and

• gas turbineswas found for oil/salt heaters and oil/rockor salt thermal

energy storagecomponents• Annual O&M costs were estimatedas 10% of the

hardwarecosts, based on estimatingrules-of-thumbdescribed in publications

by the American Associationof Cost Engineers (1990),Ulrich (1984),and

Peters and Timmerhaus (1980). Note that the 10% factorwas not applied to TES

media capital;media maintenancewas assumed to be negligibleat the operating

temperaturesbeing considered.
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5.0 RESULTSAND DISCUSSION

The resultsof the economic analysesfor two different steam pressuresand

for the different system configurationsconsideredin this study are given in

Tables 3 and 4. Having calculatedthe levelizedcost of steam delivery of the

electric rates, a reverse calculationthat yielded the same levelizedsteam

" cost was undertaken. The breakevenelectricrates at which the levelized

steam cost is the same as that of the conventionalboiler is given in Table 3.

The breakevenrate for the conventionalcogenerationsystem is 3.5 C/kWh,

while that for the combined system varies dependingon the storagemedium for

the TES system. There is very little variationof the rate between the two

steam pressureconditionsassumed.The correspondingrate for a gas turbine

plant is given for comparison, lt can be seen that the oil/rockTES system

can provideon-peakpower at a cost of 4.5 to 6.0 C/kWh,which is less

expensivethan the simple gas turbinecase. Tts Hitec and molten salt cases

are less attractivefor these two steam pressureconditions. The Hitec salt

can providepeak power at a slightlyless expensiverate than the molten salt,

primarilybecauseof the wider temperaturerange of the storage system.

Alternativesystem configurationssuch as combined-cyclesystems and higher

temperaturestorageconditionsmay prove more attractivefor systemswith

molten salt as the storagemedia. In general,lower temperaturestorage

reducesthe size and cost of the storagemedia heater while higher temperature

storagereducesthe size and cost of the media-heatedsteam generator. Poor

heat transfer in the gas-turbineexhaustheater (on the gas side) puts a

premiumon the lower approachtemperaturesrequired ef high-temperature

storagesystems. Thus, the oil-rocksystem has a heac exchangersizing and

cost advantageover the two salt systems. The oil-rock system is also the

least expensive(on a $/MWht basis) when each storage system is allowed to

cycle through its maximum temperaturerange. Pinch-pointdesign restrictions

in the steam generatorreduce,but do not eliminatethe advantageof oil-rock
i

storageat 3448 kPa (500 psi) steam pressurecompared to the 690 kPa (100 psi)

case. lt should also be noted that the systemsevaluatedhave not be

optimized;more advantageousversionsof each TES/cogenerationsystem could be

identifiedby consideringother combinotionsof storagemedia temperature

range and heat exchangerapproachtemperatures. Varying these design factors
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trades off heat exchangerand storage systemcosts. Also, future research and

developmenteffortsfocused on the salt storagemedia may furtherreduce the

costs of such storagemedia and make them more attractivefor wider range of

temperatureconditions.

The cost breakdown,as well as the total revenuefrom the sale of

electricity(correspondingto the breakevenelectricrates) for the different

system configurations,is given in Table 4. The combinationof TES with a base

cogenerationsystemdoes add to the capital equipmentcosts and the total O&M

costs, but the increasein the electricpower revenue (resultingfrom sales

during intermediateand peak periodsof the day at higher rates compared to

the sale of base-loadpower) more than offsetsthe increasedcosts, lt can

also be seen (Figure3) that the predominantportionof the total cost of

producingsteam by the differentsystem configurationsis associatedwith

fuel, which, in turn, essentiallydictates the overall economic feasibilityof

the system. The combinedsystem is assumedto operate either 12 hours a day

or 8 hours a day (peak period)to maximize value of the electric power.
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TABLE 3(a)BreakevenElectricRates for Boiler Steam Costs
(Levelized)

Case Number I Case Number 2
Steam pressures 690 kPa (100 psi) 3448 kPa (500
psi)

Levelizedcost of steam $g.O3/klb sg.13/klb
• from conventionalboiIer

System configuration Breakevenelectric rates

Conventionalcogeneration 3.5 3.8
(base- load power)

Cogeneration with TES
(12-hrpeak power)

Oil-rock 4.5 5.4
Molten salt 7.9 7.9
Hitec salt 5.9 6.0

Cogeneration with TES
(8-hr peak power)

Oil-rock 5.0 6.0
Molten salt 9.5 9.6
Hitec salt 7.0 7.1

Simplegas turbine 7.5 to 8.0 7.5 to 8.0

(a)All figures are in C/kWh.
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TABLE 4a Cost Breakdownfor the DifferentSystem Configurationsand Steam Loads

Steam System Capital FueI O&M Electric
Pressure Configuration Cost Cost Cost Revenue

(24 hr)
Conventional 22.9 12.3 2.3 -- "
boiler

690 kPa (24 hr)
(100 psi) Conventional 42.9 22.8 5.8 23.9

cogeneration

(12 hr)
Oil/rock 91.7 24.0 6.5 33.7
Molten salt 255.1 34.0 19.2 83.9
Hitec salt 150.5 24.0 10,4 44.3

(8 hr)
OiI/rock 123.0 24.0 6.6 37.5
Molten salt 355.9 34.0 24.7 101.0
Hitec salt 205.3 24.0 12.2 52.5

(24 hr)
Conventional 23,7 12.4 2.4 --
boiler

3448 kPa (24 hr)
(500 psi) Conventional 44.9 23.2 6.0 26.2

cogeneration

(12 hr)
OiI/rock 124.4 29.4 8.4 49.I
Molten salt 259.3 34.6 19.5 85.4
Hitec salt 152.7 24.4 10.5 45.2

(8 hr)
Oil/rock 166.6 29.4 8.9 54.4
Molten salt 361.1 34.6 25.0 103.0
Hitec salt 208.5 24.4 12.4 53.5

a Ali figures are in millions of dollars.

28



FIGURE 3. Contributions to Levelized Steam Cost for the Plant Configurations
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6.0 CONCLUSIONS

Thermalenergy storagecan help cogenerationmeet the challengesof the

IggOs by increasingthe flexibilityand performanceof cogeneration

facilities. Thermal energy storagealso allows a cogenerationfacility to

providedispatchableelectricpower while providinga constant thermal load.

. The results for the assumed steam load show that the conventionalcogeneration

system and the cogenerationplant combinedwith the oil/rock TES system do

. have lower levelizedcosts of producingsteam compared to the conventional

boiler plant operationas long as the sellingprice of electricity remains

above $ O.06/kWh. The breakevenprice for the sale of electricity(at which

the steam costs are the same for the three plant options) is in the range of

$O.035/kWhfor the conventionalcogenerationcase to about $0.045 to O.06/kWh

for the combined system using oil/rockTES. This representsa 25% to 40%

reductionin the cost of peak power when comparedto $O.08/kWhfor a gas

turbineplant; and a 14% to 35% reductioncomparedto a peak power cost of

approximately$O.07/kWhfor a combinedcycle plant. This magnitude of cost

reductionis seldom encounteredin a mature industry,like the utility

industry°

The oil/rock storage system for TES remainsthe most attractiveoption

for the assumedthermalload quality. A higher quality of the assumed thermal

load (e.g., at higher pressuresand temperatures)will favor the molten salt

TES systembecause of the higher temperaturerange that is achievable in such

a system. The economies-of-scalewith respect to the costs of the gas

turbine, the oil/salt heater,oil/rockor salt storage system,and the heat

recovery steam generator, as well as magnitudeof energy loss from the storage

system also favor the larger-sizedsystem components. Furthercost reductions

may result from optimizationof individualcomponentsin the combined plant

configurationsand research and developmentinducedTES system improvements.
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