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FOREWORD

The work reported herein was performed by technical staff personnel

of the General Electric Company and funded by DOE/STOR with support by

the Electric Power Research Institute, Inc. (EPRI) under joint management

of the NASA-Lewis Research Center (LeRC) and EPRI. The General Electric

project manager was Eldon W. hall, Energy Technology Operation, ESTD, who

was supported by four highly qualified task leaders, each experts in the

area for which they were responsible. The task leaders were: Walter Hausz,

TEMPO; Dr. Raj K. Anand, Energy Systems Programs Department, ESTD; and

Normand R. LaMarche and Martin M. Katzer, Projct Engineering Operation,

I&SE. Support to all tasks with analyses of utility systems was provided

by James L. Oplinger, Electric Utility Systems Engineering Department, ESTD.

Major support was donated to the project by GE's Large Steam Turbine-

Generator Division - primarily by George M. Yasenchak.

All of these mentioned by name were assisted by many others too

numerous to mention both within and outside General Electric who provided

excellent advice and information.

A critical assessment of the project was provided near the completion

of Task I and again near the end of the program by a team of senion manage-

ment and technical personnel from within General Electric and of representa-

tives from electric utilities and architect-engineering firms.

This report covers all the work performed including that provided in

a more detailed Topical Report covering Task I work prepared by General

Electric-TEMPO and published by NASA in CR 159411 in October 1978 and

y	 by EPRI in their report EM-1037.
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Section 1

SUMMARY

This project makes a detailed evaluation of thermal energy storage

(TES) for meeting peak power requirements of electric utilities. TES

is made a part of the steam electric generating plant, storing thermal

energy from steam or hot feedwater during low demand periods and using

the thermal energy to generate electricity during peak demand periods.

While the steam turbine must still be sized to deliver the utility

peak power, the steam generator can be designed at less than peak power

(near average power) by using TES to supply energy to match the turbine

requirements. Steam generator costs can therefore be less in a steam

plant with TES than in one without TES where it must deliver peak power.
These reduced costs are offset by the cost of the TES system and some-

what higher fuel use because of reduced efficiency. Less expensive

baseload fuels, f.owever, can be used to produce peak power.

Over forty TES concepts gleaned from the literature and personal

contacts were examined for possible application.

Initial criteria for selection emphasized near-term availability

and potential for economic feasibility. Many storage media, forms of

containment, and. cycle configurations for conversion to electricity were

included in the concepts examined. Media included hot oil, molten salt

or sulfur, rock or other solid media, and high temperature water. As

the latter requires pressure vessels for containment at high temperature,

such containment-concepts as steel pressure vessels, prestressed cast

iron vessels (PCIV), prestressed concrete pressure vessels (PCPV), and

several concepts of containment in lined underground cavities were

examined.



The initial screening reduced the set to twelve selections, some

of which combined the elements of several concepts. These selections

were then applied to two reference plants, an 800 MW plant burning high-

sulfur coal, and an 1140 MW plant utilizing a light water nuclear reactor.

Results of analysis of performance and costs of the twelve TES plants

led to approval of four optior.ts by DOE/NASA and EPRI for more detailed

consideration and conceptual design.

Two of the options use high sulfur coal--fired plants (HSC) and

peaking turbines to supply the peaking power from steam generated from

the thermal energy stored during off-peak periods. Steam is withdrawn

from the cycle after the high-pressure turbine during the off-peak period

to obtain the required energy for storage. With peaking turbines, power

swings of + 50 percent of the normal power are possible. One of the coal

concepts stores the thermal energy in a dual media of a bed of rock with

pores filled with hot oil at low pressure as a heat transfer medium.

The other option uses an underground cavity lined with steel to store

hot water under high pressure. Concrete is used to transfer the stress

from the liner to the supporting rock.

The other two options utilize conventional nuclear plants and obtain

power variations by reducing the feedwater extraction during peak power

periods and increasing the extraction during off-peak periods. The

thermal energy of the hot feedwater during the off-peak periods is stored

to heat feedwater during the peak periods. Because of limitations on

feedwater extraction, power swings are limited to + 10 to 15 percent of

normal power. One of the concepts utilizes the PCIV for storage of hot

feedwater and the other utilizes the dual media, hot oil and rock, to

store the feedwater thermal energy.

To avoid difficult design problems in the coal-fired boiler when

large quantities of steam are withdrawn at the HP turbine outlet, the

coal plants for TES were designed without re p eaters resulting in in-

creases in both cost and heat rate.
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Cycling coal plants were considered as a possible alternative to

TES systems for peak load following, Performance and cost estimates

were therefore made for two 512 MW plants, one at 1800 psig/950oF/950oF

steam conditions and another at 2400/1000/1000.

Based on the conceptual designs, the cost and performance of the

four TES systems as well as reference nuclear and coal plants were de-

termined. The EPRI Technical Assessment Guide (TAG)* was used as a

basis for the reference plants and fuel and operating costs. Costs of

the other systems were made as consistent as possible with the TAG basis.

A total installed cost in mid-1976 dollars and a levelized busbar energy

cost was found for each plant assuming a 30--year life beginning operation

in 1990.

The 1977 Consent Decree places a number of restrictions on the

General Electric Company regarding the furnishing of performance and

pricing information on large steam turbine-generators. Accordingly, per-

formance data, performance differences data and pricing information on

steam turbine-generators included in this report are estimated data, for

the most part calculated in 1976, but which are accurate enough for the

intended purpose of this study.

The limited peaking capacity that results with feedwater energy

storage reduces the benefit that the nuclear systems which were studied.

can provide a utility. These systems also have a high cost increment

for peaking in both capital and levelized busbar electricity costs.

The coal plants with separate peaking turbi;

about equal to cycling coal plants in both total

ized electricity cost. Both the TES and cycling

cantly lower in cost than the TES nuclear,piants

with gas turbines for peaking duty at 1500 hours

year unless oil becomes unavailable or increases

ies provide peaking power

investment cost and level-

coal plants are signifi-

but still cannot compete

of operation or less per

significantly in cost.

* Electric Power Research Institute (EPRI); "Technical Assessment Guide";

Technical Assessment Group, Palo Alto, California, August 1977
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The significantly higher cost of the TES nuclear plants compared to

the coal plants is attributed principally to the feedwater storage mode

and the high cost of key TES components, not to the fact that these TES

systems were integrated with a nuclear plant.

A major disadvantage of TES systems as compared to cycling coal

plants or gas turbines is their limited capacity to operate at any time

if required because of other system outages. Increasing TES system

capacity, however, so that it can operate more hours per day increases

the cost more than the benefits obtained.

The capital investment required for storage is generally equal to

or greater than that for at least some types of complete generation

equipment, especially peaking systems. Hence, if storage systems are

to be viable, -there must be an opportunity to displace some of the high

fuel or production costs of peaking generation equipment with lower pro-

duction costs of baseload or intermediate equipment. Any production

cost savings which are possible will depend on the fuel costs and ef-

ficiencies of both the peaking and storage systems.

The values of the TES systems to utilities are sensitive to the

cost difference between gas turbine fuel and coal. TES integrated with

a coal plant could be competitive with gas turbines for peaking if the

1990 fuel cost differential between oil and coal becomes greater than

3.6 $/«Btu in 1976 dollars. The current EPRI estimate is a difference

of 2.15 $/MBtu.

The TES systems meet the design objectives of being load following

and daily cycling plants that are not dependent on scarce fuels. A 12%

penetration of TES system plants into a typical generation mix (EPRI

Utility System D) would reduce the system oil consumption by 32% (3.3

million barrels per year). However, a 121 penetration by cycling coal

plants in the same utility system would reduce oil consumption by 52%.

1-4
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None of the four TES systems, based on the near--term designs for

this study, are economically attractive to utilities. Cost reductions

of 10 to 401 are required for TES to be competitive with cycling coal

plants and 40 to 5011' if they are to be competitive with gas turbines at

1500 hours of annual operation. About one-half of the TES costs are

related to the storage related items, with the remaining costs for

standard state-of-the-art equipment such as turbines, piping, valuing,

etc. Reductions in total costs, therefore, must come almost entirely

from reductions in the TES storage related costs.

Additional testing and development work on large TES systems would

be required prior to a major commitment to TES by utilities. This large

scale demonstration would be required to substantiate the performance

figures for final system designs. The study design performance parameters

were all extrapolated from smaller storage applications.

While not investigated in this study, redesigns of the base plants

and TES systems would be required to improve the performance of TES for

peaking applications. These changes would eliminate their use in near-

term applications.

Additonal refinements of near-term TES plant designs to improve the

economic competitiveness with alternate peaking systems, especially

cycling coal plants, will probably yield only marginal improvements.

1-5

n! e	 ^	 i1F'	 ' .1S Ali'" /! ^ ^/ ^ ^^ _	
_ _
	 ^	 ...^ s.e .u. b



Section 2

INTRODUCTION

This report describes work done by the General Electric Company

starting in December 1977 on joint projects sponsored by the Department

of Energy/Division of Energy Storage Systems, Conceptual Design of Thermal

Energy Storage Systems for Near Term Electric Utility Applications (NASA-

Lewis Research Center contract DEN3-12), and by the Electric Power Research

Institute, Inc. (EPRI contract RP1082-1).

BACKGROUND

There is a need in electric utility operation for an economic means

of supplying the varying demand for electric poorer. While there are seasonal

and weekly demand patterns, the daily load pattern is of primary concern in

this project. To meet this varying demand the utility will generally have

baseload, intermediate load, and peaking load equipment. The baseload equip-

ment operates nearly continuously, burns inexpensive fuel, such as coal or

nuclear, but has a high capital cost. Intermediate equipment will cycle

daily to meet part but generally not all of the remaining demand and has
lower cost equipment but higher capital costs. Peaking equipment fulfills

the remaining demand with the least expensive equipment but with more expen-

sive fuel.

Most utilities meet peaking demand with inexpensive gas turbines burning

r	 petroleum fuel. An alternative for meeting peak load demands is the use of

energy storage. Energy storage has long been used in pumped-hydro form where

off--peak power moves water from a lower to an upper reservoir, and electricity

1	 is generated during peak demand hours as the water returns to the lower

reservoir through a hydraulic turbine.



The final report prepared by the Public Service Electric and Gas Company

of New Jersey (EPRI EM264), identified and compared a number of energy storage

concepts including above- and below-ground pumped hydro, compressed air storage,

thermal energy storage, battery storage, and flywheel storage. Thermal energy

storage was identified as a potentially viable contender because of its tech-

nical and economic features and potential for early commercialization.

Various types of storage and their location in a utility generation and

distribution system is illustrated in Figure 2-1. Most common systems use fuel

storage whether for baseload coal and nuclear plants that vary in output to meet

demand or for peaking gas turbines that come on line only during peak demand

periods. The fuel can be stored coal, nuclear fuel stored in the reactor, oil

stored in tanks, or natural gas stored in pipelines. The disadvantage is that
the entire generating and distribution system must be sized to meet the peak load.

During off-peak the system is underutilized.

FUEL

+	 STEAM	 TURBINE	 DISTRIBUTION

i +	 GENERATION	 GENERATOR	 SYSTEM

FUEL	 CEITRAL	 LOAD

STORAGE	 STORAGE	 MANAGEMENT

THERMAL	 DISTRIBUTED
ENERGY	 STORAGE
STORAGE

Figure 2-1. Types of Storage

At the opposite extreme the utility customer might, through proper load

management, regulate his demand so as to require a nearly constant power and

therefore uniform demand on the utility and distribution system.
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Distributed storage assumes the storage of energy converted from

electricity during periods of low demand and reconversion and reinsertion

of electricity back into the utility owned electric lines near the customer

during peak periods. Examples of storage systems suitable for distributed

locations are batteries and flywheels. These systems may be acceptable in

small sizes. Distributed systems have the advantage that all utility ele-

ments up to the distributed storage system can operate at near average power

levels and only the distribution lines between the storage and the customer

need to be sized for the peak load.

Central storage systems are similar in concept to distributed systems

except that they are generally suitable onl y in large sizes and must, there-

fore, be near the generating plant and ahead of the distribution system.

Examples of types of storage suitable only for central storage are pumped

hydro and compressed air. Both of these systems require large underground

facilities which may depend on the particular site and, as such, are not

suitable for all locations.

Both distributed and central storage systems have been called general

storage (see Section 5) because their energy source is electricity that may

be from any generating system in general.

Thermal energy storage (TES), on the other hand, is tied closely to

specific generation equipment. When used with steam generating equipment

it utilizes the steam produced in the coal or nuclear steam generator prior

to its use in steam turbines. The use of thermal energy following the steam

N generator permits operGting the steam generator at nearly constant load but

the turbine and generator must be sized for the peak load. This is in con-

trast to those storage systems which store energy converted from electricity

and can operate the steam and turbine generators at a constant power level.

OBJECTIVE

The objective of this project is to make a detailed evaluation of TES

through a careful screening, analysis, conceptual design, and evaluation to

determine if it can meet the peak power needs of electric utilities for
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near-term applications. A thorough review and search for all applicable systems
will assure that no desirable or attractive system is overlooked. The analysis

will assure that each system is considered in its most advantageous configu-

ration or arrangement and permit selection of the most promising systems. The

conceptual design will permit a more detailed determination of the performance,

operation, and cost of each of the selected systems than in previous studies.

It is not the objective of this project to compare thermal energy storage

with other storage systems, but to identify those systems that appear most prom-

ising for near-term utility applications.

SCOPE.

Primary emphasis in this project is on near-term applications by electric

utilities confined to new plants, planned and designed to incorporate the TES.

The new plants considered are conventional coal and nuclear fueled, which
represent the large majority of expected electric utility capacity additions
between now and AD 2000. As nuclear plants, only light water reactors (LWR)

are considered, as coal-fired plants, only conventional types with flue gas

desulfurization (EGD) when high-sulfur coal is to be burned are considered.

All plants employ a steam driven turbogenerator for conversion to electricity and

a fired boiler or nuclear reactor as a steam supply.

The requirement for near--term availability requires interpretation since

the planning and construction cycle for large conventional plants is eight to

twelve years. Concepts to be considered must be capable of demonstration before

1985 so that manufacturers can offer to supply, and utilities can plan and order
with confidence over all or most of the period 1985 -- 2000. By this criterion

penetration of the market will be small until the latter part of the period.

During latter phases of the study while considering benefits to the

electric utilities, strong competitors of TES that must be considered as

alternative generating units in the utility system are gas turbines and

cycling coal plants. These plants can be designed to fulfill the same

peaking demand on a daily basis as the TES plants. Assumptions on both

2-4



Performance and costs for the gas turbines and cycling coal plants were

made as consistent as reasonably possible with those of the TES plants.

Two cycling coal plants were considered. One was designed to have lower

cost but higher heat rate than the other by using a lower steam pressure

and fewer feedwater heaters.

METHODOLOGY

The work on this project was carried out in the following four

technical tasks and a reporting task according to the outline of work

shown in Figure 2-2.

Task I. System Selection

Task I is in two parts. The first part consists of the identification

and definition of all applicable candidate TES systems, the classification

and evaluation of these candidates, and a preliminary screening to no more

than twelve concepts. After approval of the twelve concepts, the second

part consists of making preliminary conceptual designs of each concept when

applied to a selected reference plant, and after further evaluation, recom-

mending four options for more detailed conceptual design. The results of

this task were documented in a Topical Report (NASA CR-159411 and EPRI

EM-1037).

Task II. Conce2tual System Design

Upon approval of the Task I options, Task II consists of a more de-

tailed definition of plant characteristics and conceptual design and a

more accurate evaluation of the performance and cost of each of the selected

options. Using a reference plan as a basis, the performance and cost of the

TES peaking system is to be defined. Performance.and cost of the cycling

coal plants which are alternates for generating peaking power are to be deter-

mined on a consistent basis with the TES plants.

Task III. Benefit Analysis

Based on the conceptual designs of the TES systems, Task III consists

of an evaluation of the technical, economic and operational characteristics

and the value to the utility of various systems for generating peaking power.
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The utility benefits include an evaluation of potential fuel savings; relia-

bility, siting and environmental characteristics; and the market potential.

Task IV. Program Recommendations

Task IV utilizes the results of the previous tasks to make recommendations

on future TES programs to satisfy the goal of near-term commercialization.

Task V. Reporting

The purpose of the last task is to report the results in a final review

and document the results in a final report -- the subject of this document.

CONTENTS OF FINAL REPORT

The sections of this report follow the above tasks in accomplishing the

work outlined above. Where needed, references for each section are located

at the end of that section.
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Section 3

SYSTEM SELECTION

OBJECTIVE

The objective of Task I is to identify all proposed concepts, screen

them through a systematic evaluation - first to a set of twelve, then to a

set of four, for a more detailed conceptual design and evaluation.

SCOPE OF WORK

Because this study is directed to near-term utility applications, only

those concepts that could be used with utilit y steam plants - both coal and

nuclear - are considered. Some concepts are suitable for alternate appli-

cations, such as solar, but if they could be applied to utility steam plants

they were included.

METHODOLOGY

The sub-tasks used in the Task I screening and their relationships are

shown in Figure 3-1.

Initially two sub-tasks were performed in parallel - System Taxonomy or

classification of concepts and Review of Literature involving a comprehensive

survey of library sources, related contracts, known reports, personal con-

tacts, and solicited sources.

From the data gathered, a comprehensive listing and description of

relevant concepts was derived and a preliminary screening performed on the

basis of near-term availability, comparative economic viability, and suita-

bility for utility operation. Following the preliminary screening, approval

was obtained from NASA and EPRI for the initial set of twelve concepts before

proceeding to a more detailed evaluation.
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Figure 3-1. Work Flow Diagram of Task I

In the second half of Task I, reference plants were selected and the pro-

blems of integrating the selected concepts with a conventional plant were ad-

dressed. The thermodynamic perforinance of the reference plants modified for
TES inclusion, and for the TES systems, was computer modeled for comparative

evaluation. Costs of storage materials, containment, other TES components,

and of the power conversion components of the reference plants were derived

for economic comparisons. Consultation with electric utilities and manufc-
turers of conventional plant components, TES containment, and storage media
provided information on other criteria for evaluation.

Following the comparative evaluation and rating, four concepts were ap-
proved - two applied to a high sulfur coal plant and two applied to a nuclear

LWR plant.

The last sub-task, preparation of a Topical Report, resulted in Reference

3-1, prepared by General Electrie Company-TEMPQ.
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CONCEPTS CONSIDERED

Infttrnrai1911 Sourgls

Tho initial source of literature references was recent project reports
of ERDA, DOE, NASA, and EPRI that were relevant to thermal energy storage.
Fach of theso, in its reference lists, provided additional sources that were
obtainod. Consultation with government agency program managers, industry
project managers, and consultants provided additional sources.

A computer search was made, with relevant key-word combinations. The
following data rases wore searched from years as early as 1964 up to 1977:

Scionce Abstracts, Energyline, Compendox (Engineering Index), NTIS, Nuclear
Science Abstracts, ERDA Energy Data Base. The printout of abstracts from
the selected Ivey-word combinations were scanned, and about thirty-five

references not previously identified were ordered.

The bibliography or literature references list continued to grow during

the course of the project as information on particular materials, technolo-

gies, methodology, or concepts became of interest. This search resulted in
the 237 entries listed and cross referenced in Reference 3-1, Volume 2,
Appendix A.

CLASSIFICATION

The basic structure defining the classification of the systems is given

in figure 3-2.

CONTAINMENT

SOURCE	 n	 STORAGE	 Transfel^	 CONVERSION
OF	 hied i Um	 MEa I Um	 Medium	 TO

TllLIMAL ENERGY	 CLECTRICITY

Figure 3-2. Classification of 1 hermai Energy Storage Components
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All of the thermal energy storage systems identified have one or more

storage media, a form of containment for the storage media, a fluid for heat

trans-for and heat transport, a source of heat derived from the power plant,

and a means for conversion of the stored thermal energy into electricity.

For utility applications, the only thermal energy sources relevant to

this project are steam and hot water. Some concepts identified from the

literature used as sources hot gases: helium from gas-cooled reactors, or

solar thermal towers; hot sulfur^ trioxide from solar towers; or hot air from

compressed air storage systems. Other components of some of these systems:

containment, storage media, and reconversion to electricity, were considered
and included if applicable but non-steam-cycle thermal sources were discarded.

Hot water can, of course, be stored directly and used either as hot water

or as a source of steam. Steam as such is seldom stored because of its lots

density. When the energy of steam is to be stored and steam is required as

output, it is first condensed to hot water by mixing with water, stored, and

then flashed to steam for reuse. At 1000 psis and 545 0F, saturated water has

nearly 10 times the enthalpy per unit volume as saturated steam although some

of this advantage is lost during flashing. About 5 times as much saturated
steam can be drawn from a tank of hot water as from a tank of steam of equal-

volume between the pressures of 1000 and 250 psia.

Suurces

In a steam power plant there are many temperature sources of thermal energy.

Figure 3-3 shows a simplified diagram of a typical fossil steam plant. A

nuclear plant would have similar but fewer sources since it operates at lower

peak temperatures and pressures. The sources shown in Figure 3-3 are: (1)

live superheated steam from the heat source or high pressure turbine inlet,

(2) high pressure turbine outlet or cold reheat steam, (3) hot reheat steam,

(4) crossover steam or steam from the intermediate pressure turbine outlet,

(5) hot feedwater, and (6) saturated water from the boiler drum.

3-4

L



O LIVE STEAM

COLD REHEAT STEAM

HOT REHEAT STEAM

BOILER
	 CROSSOVER STEAM

Figure 3-3. Source of Heat for Storage

If either live steam from (1), cold reheat steam from (2), or saturated

water from (G) is used, the flow through the superheater section of a normally

designed boiler would be reduced from the normal flow during the period of

time that the storage system is being charged. While a Boiler could be de-

signed for this type of operation, the control would be much more difficult

and the reliability and life could be seriously impaired and maintenance in-

creased. Furthermore, the use of live steam from (1) or hot reheat steam

from (3) for storage, results in the loss of potential for doing work.

Live steam, the high pressure output from a coal-fired boiler (1),.may

have a pressure from 15 to 24 M pa (2400-3500 psig), at 540 0C (1000oF). After
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passing through the high pressure turbine the cold-rehear steam (2) may have
a pressure of 4.8 Wa (700 psi) at 305 0C (585 0 F). After passing through the
reileater tubes of the boiler the hot-reheat; steam (3) again has a temperature
of 5400C at a slightly reduced pressure. From a LWR the stream pressure is

6.8 MPa (1000 psi) at 280 0C (5400F).

At tite crossover point (4) the steam conditions are 1.1 to 1.2 MPa (160-
180 psi) at about 360 0C (690 0F) for the coal-fired plant, or 280 0C for tile LWR.

In addition, there are extraction points in the turbine generator sets for
six or seven feedwater heaters, which would permit limited withdrawal of steam
at intermediate temperatures and pressures.

The condensate flow from the condenser is heated by the feedwater heaters

to successively higher temperatures, so in principle feedwater may be extracted,
inserted, or stored at any of the temperatures between the feedwater heaters.
After the highest temperature heater, at the boiler inlet, feedwater tempera-
tures are 215-225 0C (420-440 0F) for LWRs and up to 265 oC (510 0F) for fossil-
fired plants.

Storage Media

Thermal energy can be stored in many different materials. Those materials

being given the most consideration are listed in Table 3-1.

Table 3-1

MATERIALS FOR THERMAL ENERGY STORAGE

• Not water

a 0i1
• Rock, iron, or other solids

• Molten salt., sulfur, etc.
• Phase Change Materials (PCM)
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All systems used with power generation are considered as high tem-

perature systems since they must operate near or above 250°C.

The lowest cost storage medium is water. Even water purified to

boiler feedwater quality has a cost of much less than $1 per Mg (90 0ton).

High temperature water (HTW), of adequate quality, also has the advantage

of being usable directly in the boiler/turbogenerator cycle, without such

interface equipment as heat exchangers. HTW has the disadvantage of

requiring high pressure containment for temperatures much above 100°C

(2120F). At 2500C, for example, the required pressure for containment is

over 4 MPa (600 psia). All the other common storage media considered can

be stored at close to atmospheric pressure.

Many of the major oil companies have trademarked lines of heat transfer

fluids such as aliphatic or aromatic petroleum compounds, and derivatives

that may also contain chlorine, fluorine, silicon, or oxygen with the maxi-

mum temperature for operation with acceptable degradation rates varying

from 310°C (6000 F) for relatively low cost media to as high as 400°C (7500F).

Many of these fluids are low viscosity liquids, pumpable down to ambient

temperature.

Less expensive than the oils are various solid materials. These range

from crushed granite or other rock, through river-bed gravel, sand, pellets

of sintered iron oxides such as taconite pebbles and Feolite, to ceramic

spheres or bricks, cast iron balls and scrap steel. These can be used in

stationary packed beds, with a heat transfer fluid passing through the bed

for direct contact heat exchange to charge and discharge the bed.. As the

heat transfer fluid may be present in sigificant quantities to fill the

voids in the packed beds, such a system concept is called a dual--media

storage system. If the fluid and the solid are compatible at high tempera-

tures, the lower cost of the solid can reduce the overall cost of storage.

Also mixtures of inorganic salts are available whose melting points

are below the lowest temperature in the range over which the storage medium

is to be cycled, and are liquid and stable (low degration rate) to very high
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temperatures. One example used in a number of the concepts proposed is the

eutectic of sodium and potassium nitrates and nitrites (0.07 NaNO 3 , 0.53 KNO39

0.40 NaNO2 ). This salt has a melting point of 148 0C (2880F) and has been used

in industrial processes for over 20 years as a heat transfer fluid and as a

quenching and annealing bath at temperatures up to 500 0C with low degradation

rates. It is offered by different companies by tradenames such as HITEC

(duPont) and PARTHERM 290 (Park Chemical). Other salts are available with

lower or higher melting points and with higher upper temperature limits and

with lower cost materials.

Other sensible storage media suggested include molten metals and alloys,

such as sodium, NaK (eutectic of sodium and potassium), lead, etc. Two of the

industrial chemicals with the lowest cost in reasonably pure form are sulfur

and sulfuric acid. Both are liquid in the temperature range of interest for

thermal storage for utility applications. Sulfur has been proposed for utility

applications and sulfuric acid for another application.

Another large class of storage media are phase change materials (PCM).

These materials depend mainl y on the latent heat of fusion between the solid

and liquid phase for energy storage. Liquid to gaseous phase change has not

been used because of the large gaseous storage volume requirements. A PCM

changes state over a narrow temperature range. Those that operate at a tempera-

ture compatible with the desired steam boiling pressure (constant temperature)

have the advantage of a greater utilization of its stored energy since it can

give up the latent energy at the desired uniform temperature. They also have

the advantage over sensible heat storage of a higher energy density of storage

per degree of temperature change over the limited temperature range surrounding

the fusion point.

The first four materials listed in Table 3-1 all utilize sensible heat to

store energy. Hot water, however, will be treated separately since the working

-Fluid and storage media are the same material`and therefore requires no heat

exchangers. Hot water systems function somewhat differently from the other

sensible heat types. The last two materials listed in Table 3-1 still require

considerable R&D effort before they can be utilized in commercial or utility

applications. Emphasis is, therefore, on the first three for near-term electric

utility ap; i cati ons.
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Transfer Media

With hot water and oil storage systems the storage material itself also

acts as the transfer media. With hot oil storage the cost of the oil may be

sufficiently high so that it is economic to displace part of it in the storage

tank with low cost rocks or other inexpensive solids. In this dual-media case

the oil is used primarily as the transfer medium with its role as storage

depending on the amount of oil relative to solid material.

The lower limit on oil storage is achieved with systems that, although

they use oil to transfer the energy, have all the energy stored in the rocks

by draining the beds or using trickle flow of the oil over the rocks.

With hot water storage the water is so inexpensive that it is not

economic to use dual media storage except in aquifers that require no con-

tainment tanks.

Containment

Low Pressure. For sensible heat storage in solids (e.g., packed beds of

rock) and heat transfer liquids (e.g., oils and molten salts) at near atmos-

pheric pressure, steel tanks are adequate. Very large storage volumes are

required so multiple tanks in modular sizes can be selected for cost and

convenience. The American Petroleum Institute (API) provides specifications

on a range of modular sizes suitable for estimating in preliminary conceptual

designs. They are cylindrical with a height under 15 in (50 ft.) and diameters

from 6 m to 90 m (20-300 ft.).

High Pressure Water. Hot water containment is of two major categories

(Table 3--2): underground and aboveground. Underground containment is based

on geologic features that absorb most of the containment stresses.

The necessary geologic features, however, are not available everywhere
so that this category of containment is site specific and not suitable for

all locations. Aboveground containment, on the other hand, does not rely

on features of the earth for containment anal, therefore, can be located in

many more places.
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Table 3-2

HOT WATER CONTAINMENT VESSELS

• ABOVEGROUND

- Steel Tanks

- Prestressed Cast Iron
Vessels (PCIV)

-- Prestressed Concrete
Pressure Vessels (PCPV)

• UNDERGROUND

-- Hard Rock Cavities

• Concrete Supported
Liners

• Compressed Air Sup-
ported Liners

- Lined Salt Domes

- Aquifers

For pressure containment above one megapascal (1 MPa or 145 psi) the wall

thickness of steel required in steel tanks increases proportionally with pres-

sure and with diameter, so at very high pressures and volumes the thickness

becomes excessive for welding and inspection. For assurance against reduced

life and catastrophic failures, boilers and pressure vessels must comply with
very detailed ASME codes. Modular sizes, small enough for rail transport which

permit factory assembly, welding, test, and inspection, and with wall tllick
nesses under 0.15 in (6 inches) are often more cost effective than field assembled
larger tanks. Because special steels, often in short supply are required by
the codes, the costs and delivery times for steel pressure vessels encourage

consideration of alternatives.

Prestressed concrete technology is over thirty -five years old. High ten-
sile strength steel cables and "tendons" are incorporated in concrete beams and

structures for bridges and buildings, and pretensioned to place all parts of

the concrete in compression under all load conditions. Application of the tech-

nology to pressure vessel containment for nuclear reactors is roughly ten years
old, but has undergone rapid development. done have as yet been built for

pressures and temperatures that would be typical for thermal energy storage

systems (e.g., 4--6 MPa, 260
0
C). Prestressed concrete pressure vessels (PCPV)

would be almost completely field fabricated. For the nuclear reactor appli-

cation ASME code specifications have been formulated, but not for the tempera-

;	 tares and pressures of interest.
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A more recent concept is the prestressed cast iron pressure vessel

(RCIV), conceived and under development by Siempelkamp Giesserei Gmbh

(Federal Republic of Germany). The concept uses factory-cast cast-iron

arcs, six to a full circle, which can be quickly field-assembled into mul-

tiple cylindrical layers using keyways. External cable wrapping and ver-

tical tendons are used to prestress the cast iron to assure it is in com-

pression. To contain boiler-quality feedwater or HTW a thin alloy steel

liner would be welded in direct contact with the cast iron.

Insulation is proposed for either internal installation to avoid

thermal stress concentrations in the cast iron or external to the tank but

under the cables to avoid subjecting them to the higher temperatures and

thermal cycling.

An alternative to pressurized containment above ground is underground

containment at depths where the overburden or hydrostatic pressure is com-

patible with the storage pressures required. Natural caverns, excavated

caverns, solution mined caverns in salt domes, and aquifer storage have been

proposed. natural caverns with a depth, volume, and location suited to

plant siting would be a rarity. Hard rock that is stable and competent and

at suitable depths can be found in many parts of the !United States.

To contain HTW in a hard rock cavern, without loss or contamination,

requires a thin liner and means to transfer the pressure stresses from the

HTW to the rock without danger of rupturing the liner. One means proposed

is a poured layer of high temperature, high strength concrete between the

liner and the rock. This permits heat conduction into the rock, with a sig-

nificant steady state temperature gradient extending for many cavern diameters.

For large caverns the annual fractional heat loss is low. An alternative to

concrete stress transfer is the use of a free standing liner surrounded by

compressed air that is in equilibrium with the HTW pressure. This permits

insulation external to the liner that can reduce heat losses, and limits the

temperature rise in the rock by continued cooling of the compressed air.
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Salt domes and salt beds can be solution mined to form cavities at a

lower cost per unit volume than hard rock excavation. However, suitable

formations are very limited geographically, and no means of installing a

liner to contain high quality water has been suggested. This requires con-

struction of a leak-proof lining to prevent further enlarging of the cavern

during operation and contamination of the high temperature water. Storage

of hot brine or hot oils in direct contact with the salt may require no

liner but associated problems may be difficult to solve.

Confined aquifers, water laden porous layers contained above and below

by impermeable layers, are common in sedimentary geographic areas which en-

compass much of the United States. Hot water can be injected and recovered,

but of groundwater quality, not of boiler feedwater quality, so aboveground

heat exchangers would be required. It is not currently known how high a

temperature of injected water can be used without solution, precipitation,

and other changes in the minerals of the aquifer over a reasonable life,

but the temperature range would make aquifers suitable only for feedwater

heating. The storage volume of a confined aquifer, however, is essentially

unlimited so that the concept is suited'for very large storage volumes such as

might be required for seasonal storage.

Conversion to Electricity

The major conversion of interest is from expanding stearn to electric

energy. In some cases there are several intermediate conversions between the

stored energy and the conversion to electric energy; e.g., conversion from

water to steam in evaporators or heat exchange from a heat transfer liquid

to boiling water.

The two major variants on the conversion of steam to electric energy are

the use of an oversized version of the turbine generator that has been designed

for baseload plus peaking load flow rates, and the use of a separate peaking

turbine for the increased capacity, leaving the main turbine essentially

unchanged in size.
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In the former case, steam derived from storage can only be inserted

between turbine casings, i.e., between the high pressure (HP) turbine and

the intermediate pressure (IP) turbine or between the IP and low pressure

(LP) turbines. Since the process of storage degrades the quality of the

steam available, the point of injection is at a lower pressure level than

the source thermal energy.

With the oversized main turbine, another option (Figure 3-4) is to

pass a larger steam flow through the IP and LP turbines than normal by

reducing the multiple steam extractions used to heat the condensate from

the low temperature at the condenser output to the desired boiler inlet

temperature. Manipulation of the water flow through the feedwater heaters

f

	

	 (FWH) is known as feedwater storage. To charge storage a greater steam

extraction than normal is used to heat either additional HTW or another

f

	

	 heat transfer fluid, which transfers the energy to storage. More steam

extraction reduces the power output of the turbine. For peak output,

steam extraction is reduced, increased power is derived from the greater

steam flow, and needed additional energy for feedwater heating is dis-

charged from storage. Combinations of deriving steam from storage and

manipulating the FWH steam extraction are sometimes used in concepts.

With separate peaking turbines (Figure 3-5) higher temperature sources

of energy can be used for storage and steam generated from the stored

energy is supplied to the peaking turbines. in this case a much higher

ratio of peak to minimum power can be obtained.

High Temperature Water. The conversion of the stored thermal energy in

pressurized HTW to steam may be done in several ways which are illustrated

here because references to the terminology will occur repeatedly: In

utility and industrial parlance a pressure vessel containing HTW for steam

generation is called a steam accumulator or ,just "accumulator."
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Variable pressure accumulator. The variable pressure mode of operation

is shown in Figure 3-6. When fully charged, almost all the volume is

filled with saturated HTW, with a small "cushion" of saturated steam

(at the same temperature and pressure) above it. In this mode steam

is drawn from the top; as the pressure in the steam cushion decreases,

some of the water in the vessel will flash to steam. All evaporation

or steam generation is internal to the vessel. As flashing to steam

continued the water will decrease in temperature, the saturation

pressure will decrease and the water level will move downward by the

amount of water converted to steam. If the useful range of temperature

and pressure is limited, only a small fraction (15-25 percent) of the

HTW volume may be flashed to steam. The remaining volume of water acts

as a reservoir in which to store the thermal energy to produce steam.

To recharge the accumulator, steam in injected. While,in discharging,

flashing to steam occurs throughout the water volume and provides good

mixing, during charging the water must be mixed with the steam to assure

that the entire tank becomes heated and colder, denser strata do not

remain at the bottom and reduce the energy storage capacity.

Expansion accumulator. This mode of operation is shown in Figure 3-7.

When fully charged, the accumulator is almost full of HTW with a small

steam cushion, as in the variable pressure mode. As hot water is drawn

from the bottom during discharge, enough of the contained HTW flashes

to steam to fill the tank volume. As indicated in the figure, this

flashing reduces the pressure and temperature of the saturated water

and steam slightly, but not nearly as sharply as in Figure 3-6. All

of the water can be removed with a reduction in pressure of only about

30 percent. Alternatively, if it is thermodynamically valuable to keep

the pressure and temperature uniform during discharge, a small amount

of saturated steam from the source may be injected at the top as water

is removed from the bottom.

The HTW removed must be flashed to steam in evaporators external to the

expansion accumulator, as shown in Figure 3-7. The water is throttled
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to a pressure P1 lower than the storage pressure, and the resulting

steam and water are separated in a drum. The steam is dispatched to

a turbine. The water may be throttled to a still lower pressure P2

for generation of more steam at this pressure. This can be dispatched

to a separate inlet oar the same turbir-e or a separate peaking turbine.

Additional stages of flash evaporators may be used similarly.

During discharge the water drained from the last flash evaporator must

be collected and stored. Its volume will be more than half of the

initial volume of HTW but it is at a low pressure and temperature so

this "cold storage" is not costly. The variable pressure accumulator

also required cold storage, but of a smaller volume corresponding

to just the volume of water flashed to steam.

To recharge the expansion accumulator requires simultaneous injection

of hot water and saturated steam until the whole volume except for the

small steam cushion is refilled with saturated water at the desired

pressure and temperature.

Displacement accumulator. In a third mode of use an accumulator is

always completely filled with water. When fully charged with thermal

energy it is filled with HT14 at the desired temperature; when fully

discharged the water contained is all cold. As shown in Figure 3-8,

hot water is injected at the top during charge and removed from the

top during discharge. Cold water leaves and enters at the bottom.

Since hot water is less dense than cold, it will float at the top. A

fairly sharp temperature gradient Called the thermocline separates the

hot and cold water. It remains stable and sharp if mixing currents

are avoided, and is ultimately limited by the thermal conductivity of

water.

A major problem with the displacement mode is the creation of high

thermally induced stresses in the pressure containment vessel as the

thermocline moves up and down during each cycle. Insulation on the

inside of the tank, if feasible, could be used to minimize this problem.
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Although the temperature varies in the accumulator, the pressure

remains constant during the entire cycle.

During discharge one or more flash evaporators are used to generate

steam for the peaking turbine(s). The drain from the evaporators and

the condensate from the -turbines is returned to the vessel as cold

water, so the large cold-storage described for the expansion mode is

not rc:qu;red. However, since hot water and cold water differ in

density a small supplementary storage is needed for the net change in

volume.

During charge, steam is mixed with cold water taken from the bottom of

the tank to raise the water to the desired temperature. Cold waiver

equivalent in mass to the steam is returned to the boiler inlet feed-

water to generate more steam.

CHARGE
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LOOPDISCHARGE
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To PEAKING
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Figure 3-8. Displacement Accumulator with Flash Evp.norators
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Sensible Storage with Heat Exchangers. When the storage medium is not HTW,

the stored thermal energy must be transferred to water before conversion

to steam can take place. This requires a heat exchanger. While direct

contact heat exchangers are possible, in which the storage medium or input

heat transfer fluid is In. direct physical contact with tile output heat

transfer fluid, e.g., HTW, the water quality requirements for boiler and

turbine operation make physical separation of the two fluids necessary.

An example of the heat exchanger complement required when an atmospheric

pressure sensible heat storage system is used to generate steam is shown

in Figure 3-9.

DISCHARGINGCIMGI,IG

WATER TO	 STEAM FROM
MAIN UNIT	 MAIN UNIT

ATTEMPERATOR
(or Desuperheater)

CONOCNSER	
OIL/ROCK

TIIERMAL

ENERGY

STORAGE

UNITS

5Un000LC

STORAGE HEATER

Figure 3-9. meat Exchangers for a Sensible Heat Storage System

In the system illustrated, rocks are contained in one or more tanks at

near atmospheric pressure. Hot oil is used as the transfer medium and also

as the storage medium when filling the voids between the rocks. Primary

3-19



storage is in the rocks which occupy about 75% of the tank volume and can

store about 75rS of the thermal energy. Although rocks are more dense than

oil, the specific heat per unit volume is about the same for the two.

Steam from the heat source chosen can go through three specialized

heat exchangers in cascade. The entering steam may be superheated, i.e.,

at a temperature considerably higher than the saturation temperature for

its pressure. The first heat exchanger or desuperheater removes the

superheat producing saturated steam. While the desuperheater can be de-

signed as a shell-and-tube HX, a simpler, less expensive alternative is

to spray just enough water into the superheated steam to remove the super-

heat. This is called an attemperator and is shown in Figure 3--9. The

condenser then removes the latent heat of vaporaization at constant tem-

perature. The condensate water at saturation temperature may be subcooled

in a third heat exchanger to further increase the thermal energy stored,

and to match the temperature at which the output water is to be reintroduced

into the source cycle.

On discharge of the storage, water (condensate) from the peaking tur-

bine is heated successively in a preheater (to raise it to saturation

temperature), in a boiler (to add latent heat at constant temperature to

convert it to steam), and a superheater (to increase the steam temperature

above saturation to the extent made possible by the maximum temperature

available in storage).

The storage unit shown comprises multiple packed rock beds with hot

oil as part of a dual-media system and as the heat transfer fluid. The

storage tanks operate in the displacement mode with a thermocline separating

hot and cold oil/rock, as described for HTW accumulators.

A disadvantage of the sensible storage systems when used with Rankine

systems is that on the steam or water side of the heat exchangers a major

fraction of the energy transfer to or from the water is at constant
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temperature during boiling or condensing. For the heat exchangers shown

in Figure 3--9 representative temperature profiles are illustrated in Figure

3-10. The temperatures of the fluids are shown as a function of t he thermal

energy or enthalpy transfer in the various heat exchanger componen-cs.
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Figure 3y-10. Representative Temperature Profiles with Sensible I•Inat Storage

Discharge steam pressure for the case illustrated is 2.01 Mpa (compared
to 4.86 Mpa for the charge steam) for the saturation temperature of 212.80c,

which is limited by the slope of the oil temperature line and the two pinch

point AT's between the oil and steam and the oil and water. Because of the

large difference in relative heat content between steam and oil about 10 to
20 times as much mass of oil must flow through the heat exchanger as mass of
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steam. Decrease in the slope of the oil temperature line requires an

increase in the ratio of oil to steam flow but this decreases the tem-

perature difference in the oil and rocks between charge and discharge and

requires an increase in storage volume and consequently storage costs.

Final oil temperature i; limited by the approach AT or pinch point

(shown in the illustration as 5.60C). If the selected AT is too low the

heat exchanger area must be unreasonably large to transfer the heat, there-

by increasing the cost of the heat exchanger.

This drop in steam conditions between the charge and discharge'states

decreases the efficiency of storage since less power can be generated from

the lower pressure discharge steam during peaking than was available for

power from the higher pressure charge steam.

When a similar type storage unit is used to store energy for feedwater

heating, only two heat exchangers are required - one for heating the trans-

fer fluid during charging and the other for heating the feedwater during

discharging.

Other Ancillary Equipment. The need for pipes, pumps, valves, control sys-

tems, safety systems, and other ancillary equipment should not be forgotten

nor treated lightly in considering concepts. These contribute a substantial

but not major part of the capital costs, and for pumps particularly a required

diversion of useful power output. For the preliminary screening of Task I,

these are considered as lumped into the installed costs of the major com-

ponents described.

Proponents and Concepts

The literature collected represents the state-of-the-art, both in experi-

mental data and in concept formulation. Many of the references contained

useful data on the many elements, but did not describe a concept of a thermal

energy storage (TES) system directly applicable to the objectives of this

study: near-term utility applications for conventional coal and nuclear

plants. Such references were considered source material.
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However, a large number of references proposed and described TES sys-

tems or major components thereof that could be considered relevant to the

study. Either they were originated with this specific application in mind,

or it was clear th y ' some important and perhaps novel features of their

proposed concepts should be considered in the preliminary screening process

in order to explore a wide range of approaches.

These proposers or proponents of concepts were identified and their

concept was defined in outline form as it might be applicable to this study.

In Table 3-3 a list of proponents, the institution(s) and one or more

individuals directly associated with the project or reference describing

the concept, is given. It is not implied that said institutions or indi-

viduals are advocates or originators of the concepts, but only that they were
named in the source material used.

The proponents listed on Table 3-3 are classed principally according
to the storage medium used: HTW, other sensible heat materials, and phase-

change materials. Within each class some institutions and individuals are

grouped as joint authors or as describing closely related concepts.

The numbers assigned to proponents refer to Reference 3--1, Volume 2;

Appendix C, in which the outline concept definitions formulated are given.

In some cases two or more concept variants will be found for the same pro-

ponents in that appendix.

In the course of Task I telephone and/or correspondence contacts were

made with almost all of the institutions or individuals listed in Table 3-3.
In addition, many additional sources were consulted including authors of

the references considered as sources rather than proponents.
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Table 3-3

PROPONENTS OF CONCEPTS

HTW Concepts

1. Graz University (Austria)
Waagner Biro	 (Austria)
Siempelkamp GmbH (FRG)
Deutsche Babcock (FRG)

%. R&D Associates

3. Ontario Hydro
Atomenerg,	 (Sweden)

4. University of Houston
Subsurface, Inc.

5, General Electric-TEMPO

Other Sensible Heat Concepts

21. EXXON Corp.

22. McDonnell Douglas
Rocketdyne

43, Martin Marietta

24. Honeywell, Inc.

25, Bechtel Corp.

26. General Atomic
ORNL

27. General Electric-Space Div.

28. University of Minnesota

30. Jet Propulsion laboratory

31. Energy Conversion Engrg.

32. Boeing Company

33. University of Houston
Subsurface, Inc.

Phase-Change Materials Concepts

41. Xerox Corp.

42. Naval Research Laboratory

43. Comstock & Westcott, Inc.

44, Inst. of Gas Technology

45, Clemson University

46. Honeywell, Inc.

47. Boeing Company

48. Grumman Corp.

Paul V. Gilli	 PCIV
Georg Beckmann
F. Schilling, L. G61icher
E. Bitterlich

J. Dooley, S. Ridgway	 Concrete Stress Supported
Hard Rock Cavern

A.G. Barnstaple, J.J. Kirby Air Supported
Peter Margen	 Hard Rock Cavern

R.E. Collins	 Aquifers
K.E. Davis

C.F. Meyer	 Aquifers

R.P. Cahn, E.W. Nicholson 	 Hot Oil/Feedwater

G. Coleman Hot Oil/Packed Bed
J.	 Friefeld

F. Blake Oil/HITEC and All HITEC

J.C. Powell, R.T. LeFrois Oil/HITEC

William Stevens Oil/Retrofit

R.H. quade, 0. Vrable HITEC/HTGR
E.	 Fox, M. Silverman

E. Mehalick Oil/Drained Bed

M. Riaz, P. Blackshear UG Rock Beds/Hat Air

R.H. Turner Steel	 Plates

Allen Selz Molten Sulfur

J. Gintz Refractory Brick/He

R.E.	 Collins Oil	 in Salt Domes
K.E.	 Davis

J.A. Carlson HX Subsystem

T.A. Chubb Salt/lerphenyl/Steam

B.M. Cohen HaoH

J. Oullea, H. Maru Carbonates

U.D. Edie Immiscible Fluids HX

R.T. LeFrois NaNO3 Slurry/Scrapers

J. Gintz Fluorides/Helium

A. Ferrara HX Concepts

49. General Electric-CR&D	 H. Vakil, F. Bundy	 Immiscible Fluids HX

50, Rocket Research Corp.	 E.C. Clark	 H2SO4

51. Swiss Federal Inst. for	 M. Taube	 Immiscible Fluids HX
Reactor Research
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PRELIMINARY SCREENING

The preliminary screening involved select,

of thermal energy storage which could be added

plants for a more detailed study of a complete

concepts offered by proponents were reduced in

some and combining or integrating others based

below.

ing a set of twelve concepts

later to coal and nuclear

utility plant. The many

number to twelve by deleting

an a set of criteria defined

Criteria

The following criteria were used qualitatively in this preliminary

screening and quantitatively later in selecting the concepts for Task II:

c Be Compatible with Near-Term Application

• Be Economically Viable in the Mid-Term

Meet Utility Operational Requirements

• Be Diverse in Type

9 Be Environmentally Sound

• Have Conservation Potential

• Have Potential for Future Growth/Improvement

Each of these will be described briefly with an indication of the major

sub--criteria therein.

Compatible With Near-Term Application. The phrase near-term has been inter-

preted to mean that the concept must be able to be demonstrated and operated

before 1985 to the extent that in and after 1985 a utility can decide with

confidence to order a plant incorporating thermal energy storage systems for

load leveling.

The primary deterrent for near-term application is technical risk: the

level of uncertainty in the technologies involved, and in the commitments of

effort needed to resolve the uncertainties. "Confidence to order" will require
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resolution of problems in all the other named criteria, but the primary

emphasis in this criterion is on the time scale of technologies to

achieve the desired performance.

Economically Viable in the Mid-Term. Economic viability in the mid-

term, 1985--2000, implies first the resolution of the technical problems

and successful demonstration, then that fixed charges and variable costs

attributable to the plant modifications required by a concept lead to an

annual cost per kilowatt of incremental capacity that is less than or com-

parable to the alternative ways of achieving such incremental capacity and

load leveling. That is, it must compete with the other thermal energy

storage concepts considered in this project, as well as with other forms

of storage and peaking capacity.

The last two, nonthermal storage and peaking capacity, are not to be

considered in Task I but must be ultimately addressed in recommendations

concerning development of concepts in Task IV. Task I must consider the

comparative economics of the concepts defined herein.

Utility Operational Requirements. Electric utilities have conventional

methods of assuring the delivery of electricity reliably, to all customers

when needed, over their entire service area. To be considered, a new sys-

tem must meet their needs in the various categories outlined briefly below.

Site flexibility. To serve customers effectively there is need for

plants distributed over their service area. The geologic needs of a

concept, such as competent hard rock, salt domes, or aquifers may

not be met in the desired load area. Water needs, land requirements,

aesthetic acceptability of a conceptual design, or catastrophic risks

to the community beyond the plant area may limit siting flexibility.

Operating flexibility. Principles of dispatching plants to meet cur-

rent and expected load fluctuations include lowest incremental cost,

and ability to maintain high reliability. Some aspects of the thermal
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energy storage systems and the associated conversion equipment that

will be of interest include the following:

----Startup time

--Rapid load following

part load as well as full load efficiency

--Minimum safe load

----Control and transient stability

Reliability. For the thermal energy storage load leveling systems,

the technologies employed should be tested adequately to insure low

forced outage rates. In selecting concepts, those which permit con-

tinual operation of the main turbine generator despite a forced outage

of the peaking turbine or parts of the storage system have added value.

Ability of either or both turbines to meet some level of load from

+	 thermal storage when the boiler island output is reduced to zero also

has value.

One of the significant although unquantified benefits expected from

thermal energy storage load leveling systems is improved reliability

and lifetime of the boiler island or steam generator if its required

output does not fluctuate.

era_ting hazards. The addition of a thermal energy storage load

leveling system adds operational flexibility, but may, if improperly

designed, jeopardize the conventional system with which it operates.

The reliability and life of the turbine generator system are critically

dependent on a very carefully controlled quality of boiler feedwater.

Unwanted solids, liquids, or gases in the feedwater can impair-boiler

heat exchange by scaling, can cause corrosion in the boiler or turbine,

can cause erosion or even blade breakage if sizable pieces of scale

enter the turbine. The steel used in the turbine, in heat exchanger

tubes, and in pipes must have special properties. The liners used for

HTW storage and the heat exchangers for other storage media must have

these same properties.
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When the sensible-heat storage or heat transfer fluids have properties

which would cause major system damage if they leaked into the feed-

water loop, due precautions must be taken that leakage is avoided, or

is in the opposite direction and is quickly detected.

Some of the concepts of turbine operation require off-design-point

operation of the turbine. Thermal stresses, transient stresses,

different vibration modes and all other possible consequences of the

deviations from conventional practice must be considered.

Diversity. Even if it should appear that a dozen variants of one particular

concept were superior on all criteria to all the other concepts, it would

be unwise to so narrow the set to be considered in more detail in the second

half of Task T. The preliminary nature of this first screening relies in

part on proponents' data and analysis, and each analysis cannot be relied

upon to be comparable in assumptions to that of other proponents and concepts.

To the extent possible within the limits of twelve or less surviving

concepts, major components and concepts not clearly rejected by failure to

meet important criteria should be retained. Closely related concepts and

variants may be combined into a single concept to accomplish this objective.

Environmentally Sound. In part the environmental constraints are subsumed

in the above criteria in that siting flexibility, economic viability, and

operational flexibility all are affected by the national and local environ-

mental standards and requirements. As a summary in its own right, environ-

mental effects to be evaluated in comparing thermal energy storage load

levy°-ling systems include:

e Air or water emissions such as: conventional pollutants, NOV
CO, particulates, hydrocarbons, radioactive material

• Aesthetics, water use., and land use

a Special emissions/waste disposal problems

--Leakage of storage oils or salts

--Fumes from degradation of materials
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--"Blowdown" products of periodic makeup or replacement

r Catastrophic risks

--'seismic damage

--Storm or flood damage

--Pressure vessel failure

--Toxic material leakage into air, or surface or ground water

--Fire or explosion danger from flammable materials.

Conservation P otential. As all thermal energy storage systems will suffer

some losses and degradation of the energy through charging and discharging

storage, more energy may be required than from operating a baseioad plant in

a load following mode. However, certain comparisons will show energy con-

servation, in the sense of conserving the scarcer and more critical resources,

e.g., oil and gas.

To the extent that the concepts here considered replace the use of oil

in gas turbine peaking capacity, they represent conservation , of oil and pro-

gress toward reduction of imported oil. IF the heat rate of the low-capital

cost gas turbines is higher than the incremental heat rate of a thermal

energy storage system, including its turnaround efficiency, there is a

net saving of energy. If the thermal energy storage system replaces old,

low-efficiency -Fossil plants that have been used for intermediate range duty,

there may be a net savings in energy.

Finally, if the turnaround efficiency is higher than that of an alter-

native storage system, such as pumped hydro storage, conservation of energy

may be achieved.

Broadly Applicable. The commercialization of a system is easier if its

range of applicability is large, both geographically and in size and type of

heat source. All else being equal, a system that can be applied to nuclear

plants and to small and large fossil plants has more market potential and is

preferred to specialized types.
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Potential for Future Growth/Improvement. Some systems can be synthesized

from components that are considered near-term, but could be improved in

performance or cost if technologies not yet demonstrated can be developed.

(For example: molten salt alone is near-term, molten salt and compatible

packed bed may not be near-term.)

Some storage materials may have a high current price because of low

demand. The effects of large continued demand should be considered,

Some systems may be more sensitive than others to net escalation of

the fuel used by the load leveling plant (coal or nuclear), or by the com-

peting peaking options (oil or gas). Long-range as well as near-term

economic relations should be considered.

The Screeninq Process

The screening of the many defined concepts (numbered as in Table 3-3)

and their variants down to a maximum of twelve, without detailed analysis,

required primary emphasis on the first four of the above criteria.

Descriptions of many systems by proponents were often not of complete

systems, or were described for another application such as solar-thermal

storage. On the other hand, many of the concepts and variants defined had

much in common, either in components or in system configuration, and did not

require separate analysis. It was clear that a containment concept proposed

to operate with one system configuration of conversion to steam and to elec-

tricity can work perhaps equally well with alternative conversion concepts,

and similarly  that each conversion concept can work with several alternative

containment concepts. With sensible heat storage, the various alternatives

of oils, salts, metal, rock, sulfur, etc., are virtually interchangeable

within a configuration, with cost of storage medium, compatibility with other

materials, stability at high temperatures, and characteristics that determine

heat exchanger costs as the principal parameters to determine a relative

ranking.
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Each of the concepts defined (Reference 3-1, Appendix C) contained a

feature or features that are different. To meet the diversity criterion and

reduce the set to twelve candidate concepts for further study, combinations

of concepts that incorporate one or more of the unique features appeared to
be necessary. Thus, the candidate concepts chosen are often an integration

of the concepts of several proponents, and will be called Selections, or
Selected Concepts.

A summary figure and description of each of the Selected Concepts is

given in Reference 3-1, Volume 1, Section 3. These will not be repeated

here other than the listing and description given in Table 3- ,4. A brief

discussion of each selection follows.

Selected Concepts

The -First seven selected concepts use high temperature water (HTW) as

the storage medium but differ in the form of containment and conversion to
electricity. The next four use sensible heat storage in media other than
HTW and the last concept utilizes a phase change material (PCM).

#1 - Prestressed Cast Iron Vessels (PCIV). This selection features the pre-

stressed cast iron vessel (PCIV) as the containment for high temperature

water (HTW) under pressure.

The proponent for this concept is Professor Paul V. Gilli, now with the

Graz University of Technology, Austria (Reference 3-2).

The source is both live steam and feedwater to fill an expansion mode

accumulator. One stage of evaporator steam generation is used with the steam
going to a peaking turbine and the water discharge of the evaporator being

delivered to the boiler inlet as feedwater. The same configuration could be

equally well used with prestressed concrete pressure vessels (PCPV) or steel

vessels.

Advantages. The PCIV direct costs per unit volume of capacity as optimized

by Gilli are lower than estimates on PCPV and steel vessels made by others
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Table 3-4

SUMMARY OF TWELVE SELECTED CONCEPTS

W
r

W
N

Selected
Concept Storage Transfer
Humber Source Medium Medium Containment

I Steam Hot Water dater PCIV

2 Steam PCPV

3 Sat-Water Slab Steel
From Steam
Drum

4 Steam UG-Concrete

5 Feedwater UG-Comp Air

5 Steam UG-Comp Air

T Feedwater Confined
Aquifers

8 Steam Hot Oil Oil Low Pressure
Steel Tanks

4 Oil/Rack Oil

10 Oil/Malten Oil/Molten
Salt Salt

11 Molten Salt Molten Salt

12 Phase Chg Molten Salt
Material

Conversion	 Other

Expansion-Peaking Turb. 	 One Evaporator

Yar Press-Peaking Turb.
or Same as Ho. l

Feedwater

Yar Press Acc-Peaking Turb.

Displacement-Feedwater

Displacement-Peaking Turb. Three Evaporators

Feedwater <4009F

Feedwater Dual Tanks

Peaking Turbine Thermacline tank

2-Stage, Dual or TT

Dual Tanks

Direct Contact



(respectively 1298, 1600, 4000 $/m 3 ). The cycle combines the merits of a

feedwater storage system and a Flash evaporator system. A turnaround ef-

ficiency of 0.80 to 0.85 is estimated. PCIV shares with PCPV a safety

advantage over steel pressure vessels. PCIV can be easily site assembled

from factory made castings.

Disadvantages. Cost of containment is higher than underground containment

concepts. While small sizes of PCIV at moderate pressures have been built

and tested, nothing has yet been demonstrated at the size, tei;iperature, and

pressure levels required for this application (e.g., 6 MPa, 2500C). Cur-

rent concept requires external thermal insulation, part of which, under the

prestressed cable shoes, must be pressure resistant. The cast iron operates

hot. Effects of thermal and pressure cycling on the prestressing system

have not been tested. This is the reason Oilli chooses the expansion ac-

cumulator mode, as most constant in P and T. (dote: Siempelkamp indicates

they are developing an insulation internal to the liner which would be com-

patible with boiler quality feedwater but no details are available.) The

technology resides in Siempelkamp; transportation costs to the U.S. would be

large; alternatively, developing a comparable technology in the U.S. by

license or independent development may not be "near-term available."

##2 - Prestressed Concrete Pressure Vessels (PCPV). Prestressed concrete has

been used in many applications, and as pressure vessels (PCPV) for nuclear

reactor^ secondary containment for over 10 years. Bechtel Power Corporation

lists 59 PCPV's they have engineered or constructed. There has been no

specific proponent for a TES system using PCPV For thermal storage, but they

can be considered for any HTW storage concept requiring pressure containment.

None have been built or tested for the pressure and temperature range of

interest (the reactor containment vessels were rated under 0.5 MPa (60 psi)).

The candidate concept selected is shown with a variable pressure accumu-

lator mode, for diversity, although as indicated it can be considered with

the steam cycle configurations of Selections #P1 and #4 as well.

Advantages. PCPV is considerably cheaper per unit volume of capacity than

steel vessels for comparable duty, according to reports both by O'Hara and
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Glendenning. It can be built on site in large unit sizes. The redundancy

of prestressing cables and tendons reduces the chances of catastrophic

failure by cracking. There is a high level of confidence in the technology
through experience (but not for the pressures and temperatures of interest),

Disadvantages. Not built and tested for temperatures and pressures of

interest. More costly than PCIV (if the cost assumptions by the several
estimators are comparable). Must be site assembled, labor intensive, long
construction time. Bulkier than PCIV or steel, external size much bigger

than internal capacity; possible aesthetic/land-use objections. PCPV's

require cooling to protect the concrete and reinforcing bars from high tem-

peratures; the cooling systems are expensive and imply thermal energy losses.

#3 - Steel Vessels. The use of thick wall steel tanks as pressure vessels

has been referred to in Selections #1 and #2. They have long been used.

Experience in construction, inspection, test, and use of them is long standing;

they are a mature technology. At high temperatures and pressures the cost

of containment in them is high compared to the estimates made for PCPV and

PCIV. However, steel pressure vessels definitely qualify as near-term
available; the others may not, and the cost estimates on the undeveloped
systems may prove to be overly optimisitic.

In a recently completed contract, the Jet Propulsion Laboratory explored

the use of steel as a thermal storage medium and containment means (Reference
3--3). A number of concepts were proposed and explored sequentially. Initially,

emphasis was put on steel as the storage medium; thick bars or slabs con-

tained passages for HTW which would heat the steel. Recognizing that steel

was far more expensive as a storage medium than water, the emphasis shifted
to a configuration with thick slabs of common steel electroslag welded to

form a square channel to contain HTW. The steel is 60 percent of the area,
90 percent of the weight, and stores 40 percent of the thermal energy.

Stacking such units crosswise is postulated to make a compact, stable storage

system.
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A distinctive feature proposed in Reference 3-3 is deriving the HTW
from the steam drum inside the fossil-Fired steam supply. Waiver here can

be at over 375 00 (7000F) and at 17 MPa (2500 psia). Interfacing charging

and discharging at this point would require major design changes in the

steam supply, as discussed earlier. However, the containment concept can

be applied to many other TES cycles using HTW storage.

Later concepts abandoned the thick slabs of steel and proposed many

small diameter tubes with a wall thickness designed for the pressure, and

with sand packed between tubes as the storage medium.

Advantages. Steel pressure vessels are near-term available with years of

design and operating experience at pressures and/or temperatures over those

required for thermal storage. Made in modular sues they can be factory
built, inspected and tested, and transported by available rail cars. ASME

codes spell out in detail the requirements on materials, methods of con-

struction, inspection, test, and use for the protection of the user and

the public. Steel pressure vessels will be used for other components of

TES systems (e.g., evaporators, heat exchangers) and of the utility plant.

Disadvantages. Cost is a major disadvantage. Any emphasis on steel as

storage is probably even more expensive than steel as containment. The

volume to be contained for thermal storage may be in the hundreds of thousands
of cubic meters, a far larger volume than most pressure vessel applications.
Although building and testing to code should minimize the danger of catas-
trophic failure, the large number of modules at risk may prove unacceptable.

N4 -- Underground Cavity - Concrete Stress Transfer. This is the first of

three candidate concepts featuring underground storage of high temperature

water (HTW). Selection #4 features an excavated cavity 30 meters or more
in diameter, in competent hard rock, with a steel liner fabricated within
the cavity and high- temperature high-strength concrete poured between liner
and rock for stress transfer. The means of stress transfer distinguishes
this candidate concept from Selections #5 and r'5.
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The proponents are James Dooley and his colleagues at R&D Associates,

Marina del Rey, CA, (Reference 3-4). In an excellent section on cavity con-
siderations, the procedures and precautions for excavation of cavities are

explained. A shaft is excavated to a depth where the overburden will sustain

the pressure of storage. Upper and lower horizontal tunnels at this depth

provide access to the penned locations for one or more cavities. A small

shaft is drilled between the upper and lower tunnel and the rubble or muck

from all subsequent excavations is removed via the lower tunnel and the main

shaft. Spherical cavities from 30-100 m (100-300 ft) in diameter are des-

cribed as a baseline concept but it is indicated that shape of cavity may

be of secondary importance.

In excavating the cavity from the top down, by drilling, blasting and

removal of muck, additional operations are needed such as rock bolting to

reduce slippage of rock along natural weaknesses; grouting, and shot-creting

to control water flow and reinforce weak areas; and mounting panels of the

steel liner to rock-bolts. After welding and X-ray inspections, the high

strength concrete is injected between liner and rock.

The use of the lined cavity proposed is as a variable pressure accumulator.

Live steam charges the water in the cavity to saturation temperature. For

storage discharge the pressure is reduced and a fraction of the water flashes

to steam. This mode requires piping only steam through the vertical shaft;

expansion mode or displacement mode accumulators would require pumping HTW

to and from the surface against a head of 300-600 m while maintaining satu-

ration pressure in the HTW in all pipes.

Including both the estimated direct costs for a 60 m (200 ft) diameter

cavity and for the vertical shaft, the estimated cost of storage is about

250 $Jm3 , considerably less than the aboveground pressure containment. By

restricting the fraction of the water flashed to steam, hence the change in

pressure and temperature of the steam, a turnaround efficiency of 90-95

percent was estimated by the proponent.

Advantages. Low cost of storage per unit volume. This permits reduced

demands on pressure swing for high turnaround efficiency. Unit size of

3-36



storage volume can be quite large; multiple storage volumes can share a com-

mon shaft for further cost reductions. Low insulation cost, and low

"equilibrium" thermal losses. Low visibility of storage system; low hazards

to personnel and public. Excavation technology is near-term available where

precedent exists.

Disadvantages. Underground cavities in competent rock are limited in siting.

Map estimates show about 30 percent of the area of the U.S. as likely sites;

these areas probably touch utility areas serving over half the U.S. popu-

lation. Excavation technology at the larger^ sizes (100 m diameter) stretches

current technology and may be more costly than estimated. Systems exposing

the rock to high temperature and periodic pressure cycling have not been

built and demonstrated.

n5 - UG Cavity -Air^ Supported. Following a concept described by Peter Margen

of Studsvik Energiteknik AB Sweden (formerly AB Atomene rgi Sweden), Ontario

Hydro of Toronto, Canada (References 3-5 and 3-6), proposed and explored an

underground cavity for HTW storage in which the stress in a thin steel liner

is minimized by use of compressed air between liner and rock. Stress transfer

is by compressed air at or above the saturation pressure, rather than by con-

crete as in Selection #4. An equalizing tank connected to both HTW and air

limites pressure differences to that caused by the head of water in the tank.

Excavation, shaft, and piping costs are -to a first approximation much the

same as for Selection #4.

The displacement mode is used and the tank is always filled with water.

The power conversion concept used is feedwater storage. To charge storage,

extra I1TW is generated by excess steam extraction. To discharge storage, HTW

is withdrawn from storage and delivered to the steam supply system inlet, and

an oversized main turbine produces more power because of reduced steam

extraction. Ontario Hydro proposed a limited size of tank, of domed cylin-

drical shape, but postulates that the excavation call 	 a gallery 30 m wide

and as mLIch as tell 	 as long, so multiple tanks can be placed within the

gal 1 ery.

3-37



Advantages. The same advantages for underground cavities apply as for the

previous selection. Compressed air stress transfer permits external thermal

insulation on the tanks; the compressed air is cooled so that rock tem-

peratures are near ambient.

Disadvantages. Many of the disadvantages for the previous selection also

apply. Site selection is limited by geology. Leakage of compressed air

out of, or of groundwater into the cavity may be hard to control by grouting

or shat-creting. Has not been demonstrated. Use of displacement mode of

storage with a thermocline imposes thermal stresses on the steel tank. HTW

must be pumped down and up again without flashing to steam; extra pumping

may be costly. A purely feedwater storage system can provide only a limited

amount of peaking capacity. Without major changes in the steam supply,

peaking is limited to about 15 percent of rated reference plant capacity;

to attain even this much requires turbine modifications and redesign that

may not be near-term available for large nuclear plants.

#6 UG Cavity - Evaporators. This candidate concept uses the underground

cavity technology with compressed air stress transfer as described in

Selection #5. The unique feature is a three-stage steam generator using

flash evaporators with peaking turbines instead of feedwater storage. A

larger power swing (ratio of peaking capacity to rated capacity) is achiev-

able than with pure feedwater storage. The displacement mode with thermo-

cline is still utilized in the underground cavity.

Advantages. The principal advantages of Selections #4 and #5 apply. dc--

of the three-stage evaporator permits a larger power swing. The peaking

turbines are available technology, using modules, e.g., 2 two-flow LP tur-

bines, to stay within the capabilities of available sizes.

Disadvantages. These are as listed for the preceding underground cavity

concepts.
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ZE - Aquifer Storage. Storage of HTW in acquifers, i.e., porous layers of

water--saturated gravel, sand, or sandstone confined between impermeable

layers,can have an extremely low energy related cosh The aquifer is avail-

able over a wide range of sedimentary geologic areas without excavation or

modification. However, the power related costs are significant for they

include the cost of drilling and casing the wells, the cost of pumps and

pumping energy, and the cost of heat exchangers. A doublet well concept

providing two well temperatures permits recycling hot and cold (or warm)

water to and from the same aquifer to minimize resource usage (Reference

3-7). The temperature range over which aquifer storage can be effective

is unknown; experiments or demonstrations have not been made except at

nearly ambient temperatures.

A temperature range of 100-200 oC is believed feasible and could be

usable for feedwater storage, district heating to supply space heating,

residential hot water, and industrial heat loads in this temperature range.

This use of storage may be an adjunct to some of the other candidate con-

cepts for storage, in that a daily cycle of storing thermal energy during

off-peak hours, thus modifying the electric output supply, can be combined

with seasonal withdrawal from aquifer storage for space heating.

Advantages. Very low cost of storage per' kWh (essentially zero: only losses

and maintenance are energy related). Capacity for very large amounts of

energy storage for weekly and seasonal cycles as well as small daily cycles.

Disadvantages. While aquifers are widely available, their usability will be

site--specific. Some areas are not suitable. There will be constraints

against using or endangering aquifers containing potable water. Geochemistry

effects versus temperature not understood or fully explored. Not near-term

available in that tests or demonstrations of significant size and useful tem-

peratures have not been made.

n8 - Oil Storage of Feedwater Heat. The next four candidate concepts selected

use sensible heat storage in media other than HTW. This se l ection features

the main turbine/feedwater storage approach.
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Extraction steam from the various accessible extraction points is

used as a source, with some live steam used to trim the heat exchange to

oil, i.e., raise the temperature enough so that on discharge the feed-

water produced is at the desired inlet temperature. During storage dis-

charge, the hot fluid transfers its thermal energy to heat condensate

water to boiler inlet temperature; steam extraction for feedwater heat is

reduced so the steam flow can produce more electricity (References 3-8

and 3-9).

Heat exchangers are required to separate hot oil and/or other sen-

sible heat fluids from boiler quality feedwater. The heat exchanger can

transfer heat from condensing steam to heat the oil directly, or an inter-

mediate heat exchanger, i.e., added feedwater heater capacity, can produce

HTW which is used in a heat exchanger to heat the oil. The latter course

was used in this concept because it provides some added security against

oil entering the feedwater loop but imposes added capital costs.

Advantages 	 Atmospheric pressure containment is a major advantage; roughly

it is 35 $/m3 compared to the range from 250 to 4000 $/m3 for pressure con-

tainment. The hazards of catastrophic failure of the container are less.

Pumping pressures and costs are less. Oils similar to Caloria HT-43 are

near-term available; they have been used as heat transfer fluids for many

years.

Disadvantages. Oil is more expensive than HTW. It takes about twice as

many cubic meters of oil as water to store the same energy over the same

temperature range. Heat exchangers required are added power related costs.

Fouling of heat exchangers by degradation products of oil is a potential

problem, so that periodic maintenance will be required. Oil is flammable

and degrades slowly at high temperature; an inert gas cover must be provided

for the oil. Leakage of oil can be a fire hazard and a pollution hazard.

#9 -- Oil and Packed Bed/Thermocline. The concept proposed by the McDonnell

Douglas/Rocketdyne team for solar thermalthermal applications (Reference 3-10), as

well as by others, reduces the quantity of oil needed by filling the storage
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tank vita rock and sand. Oil need only fill the voids and be the heal:

transfer fluid between heat exchangers and storage tanks. The tank is used

in the displacement mode, i.e., hot oil floats on top of cold oil; in charging

storage cold oil is withdrawn from the bottom and heated oil is returned at

the top. A fairly sharp horizontal discontinuity, a thermocline, separates

the hot oil and rock from the cold oil and rock. As the tank is charging

the thermocline moves down; in discharging it moves up.

Tire heat exchanger configuration is illustrated in Figure 3-9 and dis-

cussed previously. Peaking power is obtained from separate peaking turbines.

Advantages. The thermocline tank (compared to hot and cold tanks) saves

tankage. The dual media storage, rock and oil, reduces the storage cost per

kWh stored, as rock is much cheaper than oil per unit of energy stored.

Steam generation for use in a peaking turbine avoids the maximum peaking

capacity limitation of feedwater storage. Nigher pressure sources (live

steam and cold reheat) can be used as sources; higher pressure steam can

be generated for electric production, subject to the temperature limits on

the oil. Pilot size demonstrations have been made giving some confidence in

near--term availability.

Disadvantages. Some previously mentioned still apply. Meat exchanger fouling

is still of concern because of reduced performance and the increased main-

tenance required. Flammability of oil requires precautions. Tests and

demonstrations have not yet been adequate for assurance of long-term (10 to

20 years) degradation rate of the oil (requiring replacement or refurbishing),

compatibility of oil with rocks of various chemical compositions, sizes, and

shapes, and stresses that may be put on the tankage by the thermal cycling.

This is an effect called ratcheting, hypothesized but not yet experienced,

in which, when the tank expands more than the rock, the rock bed will settle

but not move upwards again when the tank shrinks during the next half cycle.

n70 - Oil and Salt Storage. In this concept both hot oil and molten salt

are used as storage media for different temperature ranges (Reference 3-11).
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Caloria HT-43 is usable up to 315 0C (6000F) which is adequate fcr the HTW sub-

cooling and preheating, and for the condensing and boiling heat exchangers.

A molten salt loop is used in the higher temperature range for desuper--

heating and superheating. HITEC (a Dupont trademark) or PARTHERM 290 (the

equivalent trademark of Park Chemical Co.) is a eutectic of sodium and

potassium nitrates and nitrites with a melting point of 142 oC (2880F), and

which is reasonably stable to temperatures over 5000C (9000F).

Advantages. The distinctive feature, the addition of HITEC storage for

superheating, can potentially improve the turnaround efficiency and improve

the performance and cost of the peaking turbine system. This must be trulded

off against the added cost of salts, tankage, and superheater heat exchanger.

Molten salts, particularly HITEC (and its other trade names) are definitely

near-term available. They have been used for over 20 years as a quenching

bath for heat treating, and as a heat transfer fluid in many industries.

Thw nitrates passivate carbon steel so corrosion is not a problem below

5000C, and they can be used up to 600 0C with special steels. There is

little or no fouling problem below 500 0C and the heat transfer coefficient

is much higher than that of oil.

Disadvantages. For the oil and oil/rock storage media in this concept, ad-

vantages and disadvantages are as previously described. The molten salt

subsystem has its own disadvantages. While not flammable, molten nitrates

are a powerful oxidizer and must not be exposed to flammable material.

There is slow degradation of I;ITEC above 500 0C that requires the maintenance

of makeup, replacement, or other processing. HITEC is considerably more

costly per unit of energy stored than oil (lower specific heat, higher cost

per pound). One proposed way to mitigate the cost is to use HITEC and rock

in a thermocline mode. While tried, there is not yet sufficient data on

long-term effects of the molten salt on the rock of or rock on the molten

salt to assure they are compatible. Another disadvantage of molten salts

as a heat transfer fluid is the high melting point. In case of shutdown,

provision maust be made to trace all pipes and tanks with steam pipes or

electric heaters to reestablish a flow path. American Hydrotherm has li-

censed a technology to facilitate shutdown and startup of a HITEC system by
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adding water at an appropriate rate during the cooling period to assure that

the medium stays liquid. Dupont has technical data sheets on the use of

HITEC/water mixtures to give any desired melting point and a corresponding

upper limit at which the vapor pressure exceeds one bar. It is claimed

that none of these mixtures will corrode carbon steel.

nll - All Molten Salt. In this selected concept only one medium is used -

molten HITEC (Reference 3-11). Three storage tanks would be used with the

salt temperatures 238 oC, 294
0
C and 4820C.

The lower temperature tanks are larger and use a small temperature drop

for effective neat exchange between a sensible heat medium and a condenser

or boiler. A -Fraction of the salt from the middle tank is further heated

in the desuperheater, and is lacer used to provide superheat.

Advantages. The basic motivation for all salt rather than two media is

simplicity. The complexity of two separate storage systems is avoided,

tankage requirements are reduced, some of the salt is effectively used for

the full temperature range from 238 0C to 482oC, and the possible hazards
from having flammable material (oil) in close proximity to strong oxidizers
(nitrates) are avoided.

Disadvantages, HITEC and Partherm 290 cost more than Caloria and far more

than rock:. One can conceive of salt and packed rock bed configurations

with thermoclines, either to cover the full range from 234 O to 432 0C or a

large tank covering 238 0C to 2940C plus a smaller tank covering 294 0C to

4320C, but compatibility of rock and molten salts has not yet been adequately

demonstrated. Other disadvantages previously listed for oil and for salt

also apply.

#12 - Phase Change Materials (PCM). Many proponents are concerned with

phase change materials with various distinctive features such as the salt

or other material used, and the method of heat exchange. The benef=icial

effect sough: from PCM is either: a high energy storage density per cubic

meter, because of the large heat of fusion as well as sensible heat capacity
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over the work i ng temperature range; or 	 gain in thermodynamic efficiency by

heat exchange to and from a boiling or condensing fluid (e.g., water) at

almost constant temperature hence with high heat exchanger effectiveness and

a minimum AT.

The latter advantage has proven difficult to achieve, not in the mel-

ting or storage-charging phase but in the freezing or storage-discharging

phase. In conventional heat exchangers, the freezing material tends to

build up on the heat exchange surface, so that heat exchange must include

conduction through a solid layer of low thermal conductivity. In fluid to

fluid heat transfer, the heat exchanger design assures adequately turbulent

flow to make the film thickness limiting heat transfer^ very thin. A buildup

of several millimeters or more of PCM reduces heat transfer by an order of

magnitude, and consequently increas::s required area and costs.

A number of ingenious ways to minimize this problem have been proposed

from additon of a mechanical scraper system to keep solid material from ad-

hering to the heat exchanger tubes (Reference 3-12), to encapsulation of the

PCM (Reference 3-13), to essentially increase the area of heat transfer by

use of a direct contact heat exchanger (Reference 3-14).

This variety of PCM concepts is combined into one selection as a means

of retaining flexibility to determine in the final selection process whether

any of these concepts can be called near-term available, economically com-

petitive with the other^ candidate concepts, or strongly indicated by improved

turnaround efficiency or utility operating advantages.

It should be ntded that the heat transfer between oil or^ salt and rock

in a packed bed involves similar^ thermal conduction through a solid. The

solution here is that very large heat transfer areas are achieved at low cost.

The use of sand and gravel with a size not much over a centimeter in diameter,

plus a very large cross section (5 to 15 m diameter) at the thermocline, and

a very slow motion of a finite thickness thermocline, leads to a negligible

AT between outside and inside of the individual par"Licles.
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AdyantaRes,, - The thermodynamic loss of availability is reduced by latent

to latent heat transfer, as compared to sensible to latent heat transfer

for boiling and condensing steam. Direct contact heat exchangers combined
with latent-latent Meat exchangers may be less costly than the sensible heat

transfer systems previously described.

Disadvantages. Because of problems of solid phase PCPs either settling or

freezing on heat exchange surfaces there are strong reservations that any

of the concepts are near-term available. While energy storage density per

unit weight or volume may be higher than competing materials for some ap-

plications, there is great doubt that any PCM could compete in energy stored

per dollar, if rock beds are found to be compatible with either oils or salts.

Disposition of Other Concepts

The foregoing listing of twelve selected concepts for further analysis

subsumes over twenty-five of the more than 40 listed Concept: Definitions

and variants in Reference 3-1, Appendix C. Some of the selections described

included variations. Others can be considered as minor variations subsumed
by one of the twelve, or potential growth directions when they become near-

term available. Some are rejected as not being directly applicable to coq-
ventional fossil and nuclear plants. Some are rejected as not as near-term
available as those chosen. A brief review of the disposition of the Concept

Definitions by inclusion in Selections 41 to #12 or by rejection is given in

Reference 3-1.

REFERENCE PLANTS

Selection

The context for comparison of the twelve TES concepts selected during

the preliminary screening includes the Basel oad plants	 nuclear and fossil

fueled — into which they are to be integrated. Selection and description of
near-capacity plants for installation in the period of interest:, 1985-2000,
will provide a frame of reference for comparing economic, technical, environ-

mental, and operational advantages and disadvantages of the various TES

systems.
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The major additions to capacity during the period are expected to be a

mix of LWR nuclear plants and coal-fired plants with flue gas desulfuri-

xation (FGD). There will also be additions of gas turbine plants, combined

cycles, advanced nuclear reactors, and alternative forms of storage, but

these are not considered as reference plants for TES installations.

Utility planned purchases of LWR plants are mostly in the 1000-1500 MW

capacity range. Planned coal-fired plants range up to 1200 MW, but most

units planned by large utilities are in the 600 to 800 MW range. Smaller

utilities will have need for units in the 100 to 400 M4 q range.

To cover this range of sizes, three reference plants on which suitable

data are available were selected. Basic data on these are given in Table

3-5. To be most useful as reference plants, not only the technical data and

thermodynamic, performance, but also a detailed and consistent data base

using the cost elements of the standard cost accounts should be available.

Recent ERDA/DOE and EPRI studies by United Engineers and Constructors, Inc.,

Bechtel National, Inc., and others have been used by these agencies as data

base for computer codes (CONCEPT) and cost scenarios for utility planning

purposes.

The first reference plant selected is an 800 MW high sulfur coal-burning

(HSC) plant as documented in NUREG-0244, Volume 3, produced by United Engineers

and Constructors (Reference 3-15). The second is a LWR nuclear plant as

documented by NUREG-0241, Volumes 1 and 2, by the same authors (Reference

3-16). To cover the lower end of the size range, for which no similar docu-

mentation was available, a 225 MW coal plant, for which technical data was

available, was selected and the costing was derived using the scaling laws

built into the CONCEPT IV code.

The cycle diagrams for the 800 MW HSC plant and the 1140 MW LWR,

including the heat and mass balances as determined for Task II are given

in Section 4. Similar diagrams for all three plants are given in Reference

3-1, but since the 225 MW coal plant was not used in the later studies, the

diagram for it is not given in this report.
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Table 3-5

REFERENCE PLATT PARAMETERS

Plant Number

Rated Output - MW  800 1140 225
Fuel Type Hi Sulfur Coal PWR HSC

Steam Pressure at Turbine - MPa (psia)

Superheater 24.2	 (3512) 6.72 (975) 16.6	 (2415)
Reheater 43	 (637) 1.13 064) 3.2	 (491)

Steam Temperature at Turbine - °C (°F)
Superheater 538	 (1000) 284 (544) 538	 (1000)
Reheater 538	 (1000) 284 (844) 538	 (1000)

Steam Flow Rate per Hour - 10 6 Kg (106 lbs)
HP	 2.64 (5.81)	 6.23 03.72)	 0.73 0.60)
TP	 2.36 (5.19)	 R065 0.42)	 0.65 0.44)

Net Station Heat Rate-J thermal/J electric (Btu/kWh)

HR	 2.78 (9482)	 3.0 00224)	 2.86 (975)
Thermal efficiency-percent	 36	 33.4	 35

Condenser Pressure--kPa 	 5.8/8.5	 8.5	 11.9

(in, HgA)	 0.7/2.5)	 C2.5)	 (3.5)

* The reheater flow from the LWR.

Modified Plant Designs for TES

The reference plant designs similar to those in Section 4 are quite

complex, including many small flows of steam from bearing and stop-valve

steam seals, and to auxiliaries such as turbine driven pumps. For computer

modeling there is no disadvantage to eliminating these flows. Other simpli-

fying changes in plant design were also made for the Task T analysis.
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In making changes to the reference plants so that TES systems can be

added, it is desirable that:

• Changes sho4,ld snot affect the rank ordering of TES concepts on
economj.ci^^ thy^ .;-,' iteri a. The changes may alter absolute
values of the criteria,'or modify relative values slightly.

• Changes should be generally favorable to storage, or not
unfavorable.

Changes should improve, or not handicap the near-term availa-
bility of the plant modifications required to integrate with TES.

If the source of energy for storage is to be either live steam (24.2 MPa,

538°F) or cold reheat steam (4.9 MPa, 3070C), the steam flow to the boiler

re peater tubes will be decreased while the flow through the main boiler

and superheater tubes remains unchanged. Operating the boiler as designed

in this mode, variable flow ratio between superheater and reheater, can

cause serious problems of excess reheater tube temperature, and increased

forced outages. The alternatives to avoid this seem to be:

• Redesign the boiler for variable flow ratios.

• Use hot reheat steam (output from the reheater) for storage
instead of live steam or cold reheat.

• Eliminate the reheater, so that cold reheat or live steam
can be used.

A telephone conversation with a leading boiler manufacturer indicated

that a conventional boiler could not tolerate more than small variations in

flaw ratio without danger of increased reheater tube failures; however, a

new boiler could be designed to accept changes in the reheater flow by some

means of damper controls to change the relative flow of hot gases and re-

direct energy to reheater and superheater. The total boiler thermal output

would be reduced during the charging of storage with live or cold reheat

steam, unless the superheater, boiler, and economizer tubes were increased

in the design revision.

a 1
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For the second alternative the relative effectiveness of live steam,

cold reheat, and hot reheat steam as a source for storage were compared.

For a given swing in the initial temperature and pressure of storage to

the temperature and pressure at the end of storage it was found, as expected,

that the turnaround efficiency ranked highest for cold reheat, next for live

steam, and lowest for hot reheat. The second alternative thus does not ap-

pear attractive.

The third alternative, eliminating the reheater tubes in the steam gen-

erator has the disadvantage of also being a major change in the steam gen-

erator design. However, it is in the direction of simplicity, reduced heat

exchanger problems, higher reliability, and known technology. It is a re-

version to practices before reheat cycles were common. Per unit of heat

transferred, the reheater is more expensive than the superheater and boiler

tubes and more sensitive to hot spots and failures if inadequately controlled

and maintained. Within the groundrules of this study, the third alternative

appears most satisfactory. It is achievable in the near-term, retains flexi-

bility to study live steam or, as preferred for turnaround efficiency, cold

reheat steam and provides a less costly, more reliable boiler.

Elimination of reheat will increase the required flow for the same

thermal output from the boiler, and will reduce the quality (increase the.

wetness) of steam in various stages of the IP and !.P turbine. Moisture

separation is desirable and necessary to minimize turbine efficiency reduction

and the danger of blade erosion. A moisture separator is added between LP

and IP -turbine and increased moisture separation at the extraction points

for feedwater heating will occur. The absence of reheat will increase the

heat rate by about 5 percent, and the increase in required "back end" steam

flow of almost 20 percent for the same power will increase proportionately

the cost of condenser, cooling system, and feedwater heaters. The turbine

cost will roughly increase in this proportion but generator and electrical

costs will not increase since the output is still 80OMWe . Simplification

of the boiler by reheater omission should reduce its cost to partially cancel

the added Turbine Island costs,
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Later studies during Tasks II and III have shown that this loss in ef-

ficiency and increase in turbine cost results in a large penalty for ob-

taining peaking power from thermal energy storage when added to the HSC

plant. Alternate configurations were briefly considered that retained

the reheater but with the boiler designed so that a portion of the cold

reheat flow would always be diverted for either storage or peaking tur-

bine operation. In such a configuration the reheater and the boiler/

superheater sections would have different but constant flow rates.

Such a boiler, although different from conventional designs, should be

near--term and no more costly; however, it was determined that the reheat

benefits generally apply only to the minimum power and that the plant would

lose flexibility during various periods of operation.

The 1140 MW reference LWR does not have three turbines in tandem, so is

not considered to have an IP section. Although the reference plant diverts

part of the live steam to a moisture separator/reheater in order to superheat

the steam to the LP turbine section, it was decided for convenience in model-

ing to retain the moisture separator but eliminate the reheater. This makes

the configuration of base plant #2 the same as that for #1 except for the

elimination of the IP turbine.

GE's Large Steam Turbine-Generator Division personnel suggested that

for purposes of this study, omission of the nuclear reheat would not have

a significant effect on the heat rate, and that for rapid load--following

the required variation of the reheat flow could present added problems of

control and reliability. Within the accuracy limits of our simplified

model, the heat rate is unchanged but the mass flows through the turbine

and back end components are increased by 5 to 12 percent, implying some

cost increase.

Base plant #3 for the 225 MW HSC is in general similar to plant #1

except in size. It is assumed to be modified in the same way: elimination

of reheat, inclusion of a moisture separator, elimination of minor flows to
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seals and auxiliaries. Performance was not separately modeled as the prin-

cipal difference expected is in the specific costs of the system because of

its smaller size.

Task I has thus defined six plants - three reference plants for which

data are available that are as consistent as can be readily obtained and

the three base plants that are modified for the inclusion of thermal energy

storage.

Only the large HSC plant and the LIAR were later selected to be used

with TES so the small HSC plant will have no further reference in the report.

During Task II and III, however, the study was expanded to include cycling

coal plants. The description of these added plants will be covered in

Section 4.

MODELING

The discussion of the modeling will be limited to general procedures

on how the work was carried out for Task I. If further details are desired

they can be found in Reference 3-1. The procedures used for determining

performance and costs in Tasks II and III are much more detailed and will

be described in Sections 4 and 5.

Performance Assumptions

In order to provide the capability to rapidly evaluate the performance

of the plants under various operation conditions, computer models of the

four basic flow diagrams representing the two reference plants and the two

base plants have been developed. Each model consists of an executive program

which calls individual subroutines for each of the components in the system.

The component subroutines were developed by GE-Energy Technology Operation

and utilize the computerized steam tables from the GE-Large Steam Turbine-

Generator computer library.

Because the primary emphasis in this study is to identify the most

promising TES concepts, simple models are used. The goal is to include all
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phenomena that would affect the relative ranking of the various TES systems,

but to omit complexities that would affect all systems equally. It is impor-

tant to bear in mind that the models are not intended to duplicate existing

equipment, but rather to be a reasonable representation of future equipment

capability.

In implementing this philosophy, numerous assumptions and approximations

are made. The most important ones relating to the turbine performance are:

• Linear expansion line, i.e., enthalpy is a linear function of
entropy through the expansion.

• Pressure distribution is independent of steam -Flow rate, there-
fore enthalpy at extraction ports is constant even when large
quantities of steam are diverted to charge the TES system.

• Separate moisture removal at the extraction ports is not modeled.

s Turbine efficiency is constant independent of moisture content
and steam flow rate and is 85 percent for the HSC plant turbines
and 80 percent for the LWR turbines.

a For the main unit LP turbines the enthalpy of the output steam is
increased by a leaving--loss correction to approximate the effect
of steam flow rate on heat rate or cycle efficiency. The leavitig-
loss correction is then modified by an empirical relationship to
account for the moisture content.

The moisture separators are assumed to remove all of the moisture
and put out saturated steam. For the HSC base plant the separator
input steam contains only 4 percent moisture so that separator
could probably be eliminated with negligible effect.

* The condenser pressures are assumed constant, independent of steam
flow. This implies a variable coolant flow rate as the heat
rejection requirements vary. However, auxiliary power requirements
for the cooling system are neglected.

* Pressure drops in the system are assumed to occur at discrete
locations - at moisture separators, deaerators, and at the steam
supply system.

• The feedwater pumps are assumed to be 66 percent efficient and
all other pumps 60 percent. The generator efficiencies are taken
as 98.7 percent.
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(Pd	Pn)td

Pn - Pc tc
(3-1)

With the HSC plant with TES (Plant No. 1), the sensible heat, steam-

generating TES systems divert intermediate pressure (IP) steam from the input

of the IP turbine, condense and cool it, and pump the condensate back to the

inlet of the high pressure feedwater heater. The HP turbine and its associated

feedwater heater are thus unaffected by the charging operation. The maximum

charge rate is determined by the minimum allowable flow through the IP and LP

turbines. For this analysis it is assumed that the minimum flow to the con-

denser is about 20 percent of the normal design flow.

To charge the sensible-heat steam-generating TITS systems of the LI4R

(Plant No. 2), live steam is diverted from the nuclear steam supply (NSS)

outlet, condensed and cooled, then pumped to the NSS inlet.

There are numerous performance indices that can be used to describe the

various systems. For convenience in later work (and hopefully, also for

clarity) the "turnaround efficiency" and "specific output" are chosen as

the primary measures of performance. Turnaround efficiency is simply the

ratio of the peaking electrical energy generated during the discharge cycle

to the reduction of electrical energy during the charge cycle. For these

analyses, where constant power generation is assumed during each cycle, this

becomes simply:

where

Pd = power generation during discharge cycle, MW

Pc = power generation during charge cycle, MW

Pn = power generation in normal operation (TES system inactive), MW

td = discharge time, hr

tc = charge time, hr
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Specific output is the ratio of the total electrical energy generated

during the discharge cycle to the total volume of storage required to pro-

duce it, or

(Pd - pn
)t

d 	 3
eo	

Vs	
, MWh/m ,	 (3-2)

where

Vs is the storage volume in m3.

High Temperature Water fnr Steam Generation. The proposed HTW system con-

cepts all store water under^ adequate pressure to prevent vaporization.

They differ only in the design of the containment vessel and the method of

operating it. The design of the containment vessel essentially influences

only the thermal losses during storage and the auxiliary power requirements.

Since all methods of containment can be designed to lose less than one per-

cent of the energy stored, thermal losses are neglected in the modeling.

The auxiliary power requirements may differ somewhat depending on whether

the vessel is located underground or on the surface. The density of the

steam is so small (about 1 lb/ft3 or 16 kg/m3 ) that this difference can be

safely ignored for systems that transport steam in and out of underground

storage vessels. For systems that transport water thethe auxiliary power may

be significant. However, it is neglected here on the assumption that any

power used in removing water from storage can be recovered from the water

injected into the storage, with the exception of pumping losses.

The major difference among the candidate TES systems is the method of

operating the accumulator. For steam generating systems all three accumu-

lator modes (i.e., variable pressure, expansion, and displacement) are ap-

propriate. For feedwater storage systems, no steam is wanted, and the tulm-

-perature and pressure of the HTW discharged should remain constant unless

some steam extraction is used for trimming between storage and the boiler
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inlet. The displacement mode would seem most appropriate if the means of

containment is suitable for this mode. The expansion mode would require a

large supplementary storage for cold feedwater.

There are numerous design parameters that affect the performance and

cost of a combined power plant with a TES system attached. The 800 MW base

coal Plant No. 1 with a Variable Pressure Accumulator storage system is

selected for sensitivity analyses of the major design parameters.

A schematic diagr€m of a variable pressure accumulator was shown in

Figure 3--6 and its op^ ati on discussed earlier. l , grder for the accumu-
lator to return to the same conditions after each cycle, the mass and total

enthalpy added during charging must equal the mass and total enthalpy re-

moved during discharging. When charging with superheated steam from the coal

plant it is necessary to mix in a small amount of feedwater to obtain the

balance. Charging with saturated steam from the nuclear plant requires re--

moving a small amount of the stored water. The throttle in the input line

is simply to control the rate of charge. The 'throttle in the output line

is necessary to control the rate of steam generation and to provide steam to

the turbine at a constant pressure.

Since the variable pressure accumulator is a non-equilibrium therEno-

dynamic process, it is modeled by assuming equilibrium processes are valid

for small changes in the storage pressure and temperature. Thus the accumu-

lator performance during discharge is evaluated by an iterative computational

procedure.

During recharge the input steam is assumed to have a constant specific

enthalpy, so the model is much simpler. The differences in mass and total

enthalpy between the charged and discharged states are calculated, thereby

determining the specific enthalpy required in the input steam. The enthalpy

of the charging steam from Plant #1 exceeds the requirements, so the amount

of feedwater to be mixed with the charging steam is calculated. The satu-

rated steam from the LWR Plant #2 does 	 meet the required specific enthalpy,

3-55



so some HTW must be removed from the accumulator. For convenience, the

HTW is removed continuously during the charging and returned to the inlet

of the nuclear steam supply.

Figure 3--7, shown earlier, is a schematic representation of an expansion
accumulator with the output HTW used in flash evaporators. When fully charged

there is a small steam cushion on top of a large volume of HTW, as in the

variable pressure accumulator. During discharge, HTW is withdrawn from the
bottom of the storage vessel, lowering the internal pressure. The steam

cushion expands and some of the remaining HTW flashes to steam to restore

equilibrium. The temperature and pressure in the vessel decrease steadily

throughout the discharge cycle but not as much as in a variable pressure ac-
cumulator. In this mode of operation nearly all of the stored HTW can be

withdrawn for external steam generation. The HTW removed from the accumu-

lator is throttled to a lower pressure in a flash evaporator. The output
steam is then used in a peaking turbine. The evaporator drain water can be

pumped into the main turbine feedwater loop, stored, or throttled to a

still lower pressure in another flash evaporator. Any number of evaporators

may be used, but this requires multiple peaking turbines or a multiple
inlet turbine.

To recharge the accumulator a mixture of steam and feedwater is admitted
to the storage vessel, gradually raising the water level, pressure and tem-

perature until the initial charged condition is reached. Because of the

latent heat of steam the mass flow of feedwater greatly exceeds that of
steam in the charge mixture.

In many respects the thermodynamic processes in the expansion accumu-

lator are similar to those ;t, the variable pressure accumulator. Thus the

modeling approach is similar. The performance during discharge is evaluated

using an iterative procedure. The final pressure, Frith all the HTW removed

from storage, is about 70 percent of the initial storage pressure. A large
fraction of the HTW can be removed with very little pressure and temperature

G
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drop. For recharging, the mix of feedwater and steam required is calcu-

lated by a mass and enthalpy balance between the charged and discharged con-

ditions assuming that the mix remains uniform during the entire charging

process.

Early in the study consider^:tion was given to using a combination of

steam generation and.feedwater supply with the expansion accumulator

(selected Concept No. 1). The drain from the final flash evaporator is

pumped into the feedwater loop at a point where the temperatures match.

This scheme requires a sizeable surge/storage tank to accommodate the cold

feedwater replaced by the drain water from the evaporators. The peaking

swing is also severely limited because the discharge rate of the accumulator

is restricted by the boiler feedwater flow. In fact, the maximum swing is

not much greater than for a pure feedwater storage system. For this reason

the concept was dropped from further consideration and all analyses assume

that the evaporator drain water is stored in a supplementary storage vessel

at an intermediate pressure.

Figure 3-8, also shown earlier, shows a schematic representation of a

displacement accumulator with the output HTW used in flash evaporators.

When fully charged the storage vessel is full of HTW at slightly above satu-

ration pressure. During discharge HTW is withdrawn from the top of the

vessel and throttled to one or more flash evaporators. The drain from the

final evaporator is pumped to the bottom of the vessel, creating a sharp

temperature gradient (thermocline) between the HTW and the drain water.

If care is taken to avoid mixing, the thermocline can be maintained reasonably

sharp. Because some steam nas been produced and the :train water has a lower

specific volume than the HTW removed, water at the drain tempe--R.ure is

required from a supplementary storage tank to keep the accumulator full.

Dote that the temperature and pressure of the output HTW are constant

throughout the discharge until the thermocline reaches the top of the tank.

To recharge the accumulator, cold water is circulated from the bottom

of the tank, mixed with charging steam and returned tc the top of the tank,

pushing the thermocline down. Because of the steam added and the increased
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specific volume, excess cold water must be removed and returned to the

supplementary storage. In general the mass of water returned to storage

during charging is not equal to that removed during discharge.

Modeling the accumulator is relatively straightforward since only

equilibrium thermodynamic processes are involved so no detailed descrip-

tion is given. All that is required is to maintain a mass, volume, and

enthalpy balance. The then rocl i ne is assumed to be perfect; thermal

losses and pressure drops are neglected.

Feedwater Storage. With HTW feedwater storage systems excess feedwater is

drawn from a cold storage reservoir during the charge cycle, heated in

standard feedwater heaters by extraction steam, and stored in a pressure

vessel just above the saturation pressure. When extra electrical output is

required, the stored HTW is pumped to the boiler inlet, replacing a part

o F the normal feedwater. This reduces the extraction steam flow, allowing

more steam to flow through the entire turbine and producing extra power.

No large steam turbine is currently capable of operating with all (or most)

of the extraction steam shut & F . The maximum peaking swing is estimated

by various authors and ,proponents at 6 to 35 percent. Some assume quite

low boiler inlet temperatures (Selection #5), others assume very high

boiler inlet temperatures (Selection #8) in part accounting for the vari-

ance. Conventional near-term available plants are most likely to be

limited to under 20 percent.

Either a displacement accumulator or a two-tank system are suitable

for feedwater storage. Since boiler quality feedwater should not be

exposed even to inert gases, the "cold" tank of a two-tank system should be

near 10000 with a steam cushion. Except for the thermal stresses developed

in the displacement accumulator there is essentially no other difference

between the two, so a two-tank system is modeled here. In order to handle

the extra steam flow during peaking operation, the exhaust area of the main
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turbines in both the coal plant and the nuclear plant are increased by 25

percent, giving a slightly increased output at the design flow rates.

Low Pressure Sensible 5t ra2e The "one-bar" or atmospheric pressure thermal
energy storage systems are characterized by the use of low vapor pressure
(LVP) fluids as a heat storage medium, as a heat transfer fluid to a solid
phase for beat storage, or in both roles. The primary requirements on the
fluid are its low vapor pressure at the temperatures of interest, which per-

mits containment in conventional atmospheric pressure steel tanks, large

heat capacity, sufficiently low viscosity, and stability tinder repeated

heating/cooling cycles.

A number of sensible heat storage concepts employing low vapor pressure
fluids were described previously, which differed in the configuration and
mode of operation of the storage system itself. With the same interface
and mode of use of stored thermal energy, the storage system can be con-
figured as multiples of variously sized liquid-filled tanks, or of packed-

bed thermocline tanks operated such that the void volume is kept filled

with fluid, or is drained once the unit has been charged to its upper tem-

perature. In modeling these systems, it is found that the nature of the

interface with the power plant (i.e,, the design of the heat exchangers)

and the physical properties of the heat transfer fluid dominate the power-

related aspect of the TES system and that these factors are significantly

decoupled from the configuration and mode of operation of the heat storage

units which dominate the energy-related aspect of the system.

Tile -two ways of utilizing the stored energy in these sensible heat

systems are the same as those investigated for the high temperature waver

QW) systems; steam generation, employing the stored heat to generate

steam for admission to a separate peaking turbine when demand rises; and

feedwater heating, allowing the main turbine to operate with reduced ex-

traction thereby generating additional power during peal: demand periods.

The cm.e--bar, sensible heat systems differ from the HTW systems in that pro-

vision must be made to keep the heated medium physically separate from the

working fluid by the use of appropriately designed heat exchangers.
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Steam Generation Systems. Thermal energy stored as sensible heat in a

fluid plus solid medium during the off-peak or charge phase of a load
cycle can be used to generate steam for admission to a separate peaking
turbine-generator to provide increased power during the on-peak or dis-

charge phase. The virtually complete decoupling of the main and peaking

turbines results in flexibility of equipment design and operation for

the charge and discharge phases. An essential part of the analysis of

these concepts is to investigate their performance and cost as a functioi,

of certain primary design parameters.

The qualitative temperature relationships among the charge steam,

the storage medium, and the generated steam were displayed in Figure 3-10.

The highest temperature profile represents the charge steam; in general,

the major part of its total enthalpy decrease occurs as the latent heat

of condensation is transferred to the storage medium at saturation tem-

perature.

The intermediate sloping line represents the heat transfer fluid to

the storage system, which may also be the storage medium. As long as the

temperature dependence of the heat capacity of the storage medium is small,

its temperature profile can be represented by a line of essentially con-

stant slope, indicating that all the energy transferred to it is in the

form of sensible heat, i.e., no phase change occurs. A useful choice of

the two parameters required to specify the position of this line is the

temperature difference between it and the hot end of the condenser, and its

slope. The temperature difference specifies the fluid temperature approach

or "pinch point," and is a result of the effectiveness of the heat exchangers.

The slope specifies the temperature swing of the storage medium and depends

on the mass flow ratio between the heat transfer fluid and the charge steam;

a large ratio zorresponds to a smaller slope and a smaller fluid temperature

swing than in the case with a small ratio.

Once the configuration of this kind of system is known (charge steam

properties, choice of storage medium, etc.), the key parameters which de-

fine the thermodynamic performance of the system are the values of the
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temperature approach at all heat exchanger pinch points and the ratio of

the quantities of heat storage fluid and charge steam involved. Once these

parameters are specified, the properties and flow rate of the generated

steam can be determined.

Overall heat transfer coefficients, U, were estimated by standard

methods from inside and outside film coefficients, assumed fouling re-

sistances, and steel tube-wall conduction assuming nominal 2.5 cm (1 in.)

outside diameter tubes of 0.4 cm (0.15 in.) wall thickness. Film coef-

ficients were calculated using Colburn (j-factor) correlations for forced

convection under conditions of fully turbulent flow. In general, standard

tabulated values were used far film coefficients of water or steam as tube-

side material, and film coefficients were calculated for the various heat

transfer fluids or shell-side material flowing normal to staggered tube

banks.

For the base case, the energy storage calculation assumes the use of

rock and gravel packed-bed thermocline tanks with a bed volume fraction of

0.75, operated in the filled mode so that the fluid volume fraction is 0.25.

Cost sensitivity excursions about the base case were made by varying the

bed volume fraction from zero, i.e., an all-fluid storage medium with no

packed-bed, to unity, i.e., an "all-bed" or drained-tank storage medium.

Feedwater Heating Systems. Only Selected Concept No. 8 utiiizies the com-

bination of sensible heat storage with oil and Feedwater heating. Of the

various configurations identified as concepts, the one chosen for modeling

is thermodynamically simplest and involves the smallest number of special

components (heat exchangers), but would have a number of practical draw-

backs if actually implemented. As modeled, however, it should be the least

expensive version of this type, and so should compete most favorably among

alternative Systems. The application described here is evaluated for

Plant #2, the 1140 MW MR.
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The system employs Caloria HT-43 oil as a heat transfer medium and

rock and gravel packed-bed thermocline tanks kept filled with oil as the

heat storage medium. As shown in Figure 3-11, cold oil is drawn from the

bottom of the tanks at temperatures below 9300 (2000F) during the charge

(off-peak) phase of the cycle, and is passed through a separate circuit in

the feedwater heaters or separate train of heaters of similar design in

parallel with the normal feedwater return flow, where it is heated by the

increased flow of extraction steam caused by its presence. The oil circuit

enters the feedwater heater chain above the lowest pressure heater (which

is physically located in the condenser), where the feedwater is at about

80 O (177 0F), passes through five heaters in series, and leaves the highest
pressure one at 22700 (440 0F), the same temperature as the feedwater being

returned to the nuclear steam supply system. To increase the oil tempera-

ture above this point, it is passed through a "trim heater" fed from the

main steam line at 283 0C (541 0F) where its temperature is raised to 23800

(4600F) to provide for the 17 oC (200F) temperature approach assumed for the

discharge heat exchanger.

From the trim heater, the hot oil is directed to the top of a dis-

charged thermocline tank where it transfers its heat to the rock bed as it

flows downward, leaving as cold oil to repeat the circuit.

During the discharge (on-peak) phase of the cycle, the turbine's output

power is increased by diverting a fraction of the return feedwater flow

from its normal path through the extraction heaters to the TES system dis-

charge heat exchangers, where it is heated to boiler entry temperature in

countercurrent flow against the hot oil drawn from the top of charged

thermocline tanks. A separate feedwater pump in the diverted flow line

raises the pressure to its boiler entry value of 8.3 MPa (1200 psi).

The heat exchanger characteristics required for this feedwater heating

system can be derived from the • hot and cold steam temperatures and flow

rates indicated by the thermodynamic model of the system. From these data,

the heat exchanger effectiveness, number of thermal units rating and overall

heat exchange area can be determined.
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Economic Assumptions

A number of assumptions must be made, and terms and methodology de-

fined, for understandable and consistent economic analysis of different

plants and different storage system concepts in different future years.

The Electric Power Research Institute (EPRI) has issued a Technical Assess-

ment Guide (TAG) (Reference 3-17) as an aid to corr^parative evaluations.

Its intent is to supply a consistent set of assumptions, organized in an

economic methodology familiar to and accepted ;y electric utilities, so

that studies made by different groups and contractors can be more easily

compared. To the greatest extent possible the methodology and the recom-

mended numerical parameters in this guide (TAG) are used, based on data

in an earlier version of August 1977.

Some key assumptions.

• All dollar values are given in mid-1976 dollars. Future costs
are expressed in 1976 dollars.

• All capital costs are assumed to escalate at a constant general
inflation rate of 6 percent/annum. Compatible with this is a
fixed charge rate (FCR) of 18 percent to convert capital costs
into uniform annual fixed charges over a 30--year life of plant.
For other equipment lifetimes an adjustment in FCR must be made.

• Fuel costs are expressed in 1976 dollars but are assumed to
escalate faster than general inflation at net rates given in TAG.
The fuel costs over a time period, reduced to 1976 dollars, will
be higher for later dates of initial plant operation. For sim-
plicity in this analysis, 1990 is assumed as the initial operation
date for all analyses.

• Single unit plants are assumed. The TAG prefers to give specific
costs (dollars per kilowatt - $/kW) for twin units at one site,
but gives relationshipsto find the cost of the first unit and
the cost variation with plant capacity.

• As there are regional differences in costs, plants located in the
East Central region are assumed, as suggested in the TAG, as
roughly average for thethe nation.

Cost Components of Reference Plants. Table 3-6 compares the costs of the

three reference plants and illustrates the various components of the cost
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and levels of cost. All figures are in millions of dollars (M$) except the

$/kW summary at the bottom.

The several sources use cost accounts to indicate at a two--digit level

the major cost elements or subsystems, and at a level of three or more digits

the elements of the subsystems down to individual parts (e.g., pumps, motors,

tanks) and construction materials (e.g., pipes, concrete, reinf=orcing steel).

At the two-digit level, Table 3-6 presents the account numbers, the account

title, and the "direct cost."

Table 3-6

COST ACCOUNTS OF REFERENCE PLANTS

#1 - HSC Coal 800 MW per UE (NUREG 0244 U3) and EPRI (TAG)

#2 - LWR 1140 MW per UE (NUREG 0241)	 and EPRI (TAG)

#3	 --- HSC 225 MW

#1 - 800 MW	 #2 - 1140 MW #3 - 225 MW

Millions of Dollars

2.0 2.0 1.4
38.0 101.4 14.6
8.7 11.8 5.6

120.1 133.4 38.3

65.2 111.3 20.8
28.9 39.4 15.3
12.0 21.6 4.9

275.0 421.0 100.9
x1..22 = x1.35 = x1.3 =

335.2 568.8 131.0
x1.77 =	 x1.57 = x1.5 =

594 894 197
x2.16 x2.12 x1.95

343 370 448
419 500 583
743 785 874

Grouped Cost Accounts

20 Land
21 Structures
25 Misc. Plant

22 Steam Gen. Plant

23 Turbine Plant
24 Electric Plant
26 Heat Rej. System

A Total Direct

B Base Cost

C TOTAL Investment Cost
Direct to TOTAL

$/kW
Direct Cost
Ba4e Cost
TOTAL Investment Cost
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It is important to note and understand some of the terminology used

in the cost accounting system. There are many echelons of costs, and
serious errors in comparing concepts or systems can be made by not assuring
that the costs of each are at the same echelon, with the same assumptions.

For example, Plant #2 has at the lowest subaccount echelons the costs
of factory equipment, the onsite labor costs, and the onsite material costs.
The sum of these three is the direct cost, also often called the -installed
cost. Some illustrative examples of the echelons of cost accounts from

Reference 3-16 are shown in Table 3-7.

Table 3-7

ILLUSTRATIVE COST BREAKDOWN OF COST ACCOUNTS
(millions of dollars - 1976$)

Di rect
Account Number	 Factory Labor materials	 Cost

231.11 Turbine Factory Cost 53.22 --- -- 53.22

231.1 Turbine & Accessories 53.22 2.57 0.24 56.03

231.2 Foundations -- 1.34 0.83 2.17

231. Turbine Generator 54.87 5.19 1.29 61.36

23. Turbine Plant Equip. 82.63 23.34 5.32 111.28

2. Total Direct Costs 221.10 133.14 66.72 420.96

9. Indirect Costs 95.92 19.45 32.50 147.87

Total Base Costs 317.02 152.59 99.22 568.83

It can be seen that some 4-digit accounts are all factory equipment

cost, some are all onsite costs.	 The sum of all turbine and accessory

accounts give a 3-digit Turbine Generator Account.	 To this must be added

the condenser, feedwater heating equipment, and other parts of the Account
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23 Turbine Plant Equipment. Adding the reactor equipment, electrical ac-

counts, land and construction accounts, and miscellaneous gives the

Account 2 Total Direct Costs. Yet to be added are the indirect costs

such as home office and onsite overhead costs. Including these gives

the echelon called Total Base Costs.

Sometimes a multiplier is used on factory equipment costs to give a

rough estimate of direct or installed costs.

Not included in the base cost are a number of cost elements that must

be included to -Form a proper estimate of the investment required by a

utility to make a plant operational. Reference 3-16 indicates some of

these as:

Owner's costs for consultants, site selection, etc.

e Fees, permits, State and local taxes

• Spare parts

* Interest during construction for AFDC - allowance for funds
during construction)

s Contingency allowance

The EPRI Technical Assessment Guide, in order to provide a complete

cost estimate acceptable to utilities, and to be useful in comparing the

plants they describe and other energy options being studied, include the

above cost elements, but exclude certain components such as switchyards,

which are common to all plants. Thus three cost levels are sometimes used:

direct cost, base costs, and TOTAL investment costs. From the TAG total

cost in $/kW times the capacity in kW, the TOTAL investment cost in mil-

lions of dollars is found, which includes the above cost elements. To

couple these TOTAL investment cost estimates from EPRI to the detailed data

base on the direct cost of plant subaccounts, a multiplier on the total

direct cost is derived. It can be seen from Table 3-6 that for the three
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plants this multiplier does not vary widely; it is 2.16, 2.12, and 1.95,

or may be conveniently called 2.1. Our main interest is in converting

direct costs to TOTAL investment costs.

Reference sources that do not clearly state their assumptions on the

type of costs that are given and the basis of dollars used (e.g., 1976$)

are difficult to compare, and can be misleading by factors of two ol- more.

While direct costs will be used in this report in combining and comparing

costs at the component and subaccount level, the analysis of investment

costs and annual costs must include all the adders required to give TOTAL

investment costs.

Cost of Electricity. The cost of electricity (COE) in $/MWh (or mills/kWh)

is obtained by dividing the total annual cost by the number of MWh pro-

duced annually. The annual capital charge is the TOTAL investment cost

multiplied by the fixed charge rate. To this is added the annual fixed

operation and maintenance cost, in $/kW • a, and levelized as described in

the EPRI TAO. The sum is the annual fixed cost in millions of dollars.

For future use on other capital costs (e.g., storage), fixed O&M can be

expressed as a multiplier to the fixed charge rate.

The other major cast components are the variable costs, princiapally-

the cost of fuel. The amount of fuel used is related to the annual output

of electric energy by the heat rate (or the thermal efficiency). The TAO

gives price scenarios for nuclear fuel and coal over the time period 1975

to 2000.

Converting this escalating stream of annual fuel costs into an equi-

valent uniform or isvelized stream of payments requires finding a fuel

cost intermediate between the extremes that has the same present worth as

the escalating stream. These levelizing factors are given in the EPRI

TAG.
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The capability of each plant to produce electric energy is limited

by periods of reduced output or zero output caused by scheduled maintenance

or forced outages. The fraction of the maximum theoretical output that can

be obtained is called the availability. Again, TAG provides recommended

values based on current experience, e.g., 0.723 for both the 800 and 1140

MW plants. Currently, plants over 600 MWe have significantly lower availa-

bility than small plants, in part because of immaturity of the technology.

Combining these factors with the thermal efficiency leads to the annual

fuel costs to produce maximum output as limited by the availability. Vari-

able 0&M costs are given in TAG in $/MWh in 1976$. Escalating to 1990 in

1976$ by the net escalation rate for fuel and applying the same levelizing

factors used for fuel gives the annual variable ON costs. These plus annual

fuel costs give annual variable costs.

Combining fixed and variable costs gives total annual costs. Dividing

by the number of MWh produced annually gives the specific cost of electricity

(COE) in $/MWh (the same as mills per kWh).

High Temperature Water Containment. Five forms of high pressure contain-

ment have been considered for storing HTW:

a Prestressed Cast Iron Vessels (PCIV)

a Prestressed Concrete Pressure Vessels (PCPV)

a Steel Pressure Vessels (Steel)

a Underground Cavity Containment (UG Cavity)

a Confined Aquifer Storage (Aquifer)

The cost of containment of HTW in these vessels is a function of the design

pressure, temperature, and the volume. Pressure and temperature effects

are closely correlated for saturated HTW so will be treated together. The

cost versus volume relationship is not necessarily linear for a single

pressure vessel, but when the volume required is many times the largest

unit size believed to be practicable a linear relationship can be assumed.
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Following are the sources for costs on these forms of containment

for high temperature water. The costs and a comparison of the costs for

the various containment types will be presented later.

PCIV. Professor Paul V. Gilli (Reference 3-2), in a 1977 study

performed for ERDA/STOR, makes estimates on PCIV costs for a range

of volumes and pressures. His cost items approximate the direct

cost level. Appropriate factors were used to convert these costs

to TOTAL investment costs for consistency with the Other costs when

considering annual costs. In Reference 3-2 transportation costs

are specifically excluded, some items are included for erection

and foundation, a small amount is included for engineering and'

testing.

PCPV. No proponent has specifically studied the use of prestressed

concrete pressure vessels for containing HTW in the 3-10 MPa range.

Cost data from several sources on PCPV versus pressure were located

and compared as shown in Figure 3-12.

Ian Glendenning of the British Central Electricity Generating Board

(CEGB) used a rock-bed in PCPV for thermal storage (References 3-18

and 3-19) in a study on compressed air storage systems.

It was found that the Ralph M. Parsons, Inc. were performing a study

for the Department of Energy (Fossil Fuels) on the cost of PCPV con-

tainment of several coal gasifier process modules. The assistance

of Messrs. James O'Hara and Richard Howell of that project was solic-

ited to separate the cost of containment and liner from the process

machinery internal and external to the pressure vessel in their

process studies.

The cost figures derived by R.M. Parsons were base costs, in

Decemhar 1977 dollars. To reduce these base costs in 1977 year-

end dollars to direct costs in mid-1975 dollars a factor of 1.4

was used.
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Steel. Pressurized vessels of welded steel conforming to ASME

Boiler and Pressure Vessel Codes are necessarily limited in volume

if wall thicknesses are not to be excessive. Both Glendenning of

the CEGB and O'Hara of R.M. Parsons, Inc. derived costs for both

the PCPV and steel vessels of comparable volume and pressure/tem-

perature rating.

Underground cavities. Twe proponents emphasized underground

cavity containment of HTW: James Dooley of R&D Associates (Ref-

erence 3-4) and Allen Barnstaple of Ontario Hydro (References 3-5

and 3-6). Their estimates for the cost of excavating underground

cavities and preparing them for use as storage were reasonably com-

parable.

Shaft costs are considered to be related to the power (pipe size,

etc.) and to pressure (depth or pipe length, etc.). The depth and

pressure proportional components are principally shaft excavation

and muck disposal, shaft preparation and lining, and steam piping.

Aquifers. Sind. aquifer storage requires no excavation of

cavities, construction of liners or other volume-dependent expen-

ditures, it comes close to having zero energy-related costs. It

relies upon natural formations confined at top and bottom to

isolate it from other aquifers. These may extend for thousands of

meters with heights of 10 to 100 meters, so extremely large quan-

tities of energy can be stored for long times making seasonal

storage feasible (Reference 3-20).

The only costs that can be considered energy-related are the op-

erating costs, including thermal losses in the aquifer and pumping

energy costs, and maintenance costs such as heat exchanger clean-

ing, well treatment to reduce plugging, etc. There are, however,

power-related costs for aquifer storage and these are discussed

by Charles Meyer (Reference 3-7).
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Low Pressure Sensible Storage Containment. Relationships were developed

for the three main components of sensible heat storage systems: the heat

exchangers, the tanks, and the heat storage media. Two costing approaches

were used for the heat exchangers: the method given by Guthrie (Reference

3-21) and a simplified expression derived from feedwater heater cost data

contained in the MUREG-0241/2/3/4 reports (References 3-15, 3-16, 3-22, and

3-23). Guthrie's method estimates a base cost as a function of heat trans-

fer area and modifies this by factors reflecting design type, tube pressure

shell/tube materials, cost escalation, and installation labor and material

factors to obtain direct costs.

Comparison of the two cost formulations for the types and sizes of

heat exchangers required indicates that they are in good agreement for

design pressures below about 5 MPa (700 psia), but that the pressure de-

pendence of the simple formula is too extreme above this value. Conse-

quently, the simple -Formula is used at the lower pressures and the Guthrie

approach at the higher. In the analysis, individual heat exchangers were

limited in size to a maximum surface area of 2800 m2 (30,000 ft2 ) per unit.

This is achievable in a counterflow, tube and shell unit of 1.8 m (6 ft)

o.d. and 14.6 m (48 ft) length using 0.025 m (1 in.) tubes with a triangular

pitch of 1.25 times the tube diameter. The cost of multiple units, when

needed, is taken as the same multiple of the unit cost.

The cost of storage tanks is based on the estimating relationships

given by Guthrie (Reference 3-21) for large, field erected, welded storage

tanks with conical roofs to API specifications. Assuming a nominal size

tank as 40 m (131.2 ft) in diameter and 10 m (32.8 ft) high with a capacity

of 12,190 m3 (430,000 ft3 ), an estimate of the cost of insulation was made

and incorporated as a constant factor for tanks of all sizes. The direct

cost of the nominal size tank was found to be $295,700 in 1976 dollars;

when required, multiple tanks are costed as multiples of the unit cost.

For the storage media the assumed cost of rock as river bed gravel is

16.5 $/dig (15 $/ton) and the assumed 1976 cost of Caloria HT-43 is 246 $/Mg

(233 $/ton, 80 ^/gal).

3-73



Peaking Turbines. Costs for the peaking turbine and all associated power

related equipment must be derived that are consistent with the cost data

for the reference plants and for the other TES costs. The peaking tur-

bine capacity is the largest power related component of TES cost.

For HTId storage concepts in which part of the water is flashed to

steam during storage discharge, saturated steam at about constant pres-

sure and temperature is delivered to the peaking turbine.. A throttle

between storage and the turbine assures the constant pressure for constant

turbine output. This constant, throttled pressure must be lower than the

HTW storage pressure. The lower the pressure the larger the fraction of

the ;;i1J that can be flashed to steam, and the higher the storage density

in kWh/meter3 . But the lower the saturated steam pressure, the greater

the steam mass flow rate required per kilowatt of electric output from the

turbine generator. The cost in $/kW of a number of the cost elements of

the Turbine Island are almost directly proportional to the mass flow. As

the turbine inlet pressure decreases, the specific cost of the peaking

Turbine Island will increase.

There is a similar decrease in the turbine inlet pressure from charge

steam used for storage in a sensible heat storage system, e.g., oil/rock,

and the discharge steam deliverable from the storage output heat exchanggrs.

In this case, however, TES design may provide some superheat in the reduced

pressure steam delivered to the turbine.

Only a rough estimate of the variation of peaking Turbine Island

specific cost can be derived, as detailed turbine plant redesign and

costing for each input steam condition is not feasible for this screening.

Computer calculations of steam flow through the peaking turbine can

give a better estimate of the power output per kg/hr of steam or its

inverse the kg of steam per kWh output. This is a function of the steam

input conditions expressed as , pressure and specific enthalpy (kJ/kg),

or its equivalent using temperature, degrees of superheat, or steam

t^
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quality as a parameter. Figure 3-13 is derived from such runs for the

peaking turbine for base Plant #1. The output scale is given both as

the enthalpy flow through the condenser and heat rejection system per

kWh of peaking output and as the equivalent estimated TOTAL investment

cost of the incremental power capacity in $/kO. The dashed line minimum

indicates a constant $/kW, and the maximum indicates the extreme if the

turbine cost were exactly proportional to the enthalpy flow. Both

saturated and one example of superheated steam input are given to show

the effect of superheat on cost.

Figure 3--13. Specific Cost of Peaking Turbine Island for Plant #1 as a
Function of Throttle Pressure
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Capital Cost of TES. The capital cost of peaking power from a TES sys-
tem on the basis of $/kW is considered to be the incremental increase
in TOTAL investment plant cost as a result of adding TES divided by the

incremental increase in peak power available also as a result of adding
TES.

Cost of Electricity of TES. Another sometimes useful economic measure

of storage concepts is the cost of electricity (COE) in mills per kilo-
watt hour ($/MWh). The value for COE of a Baseline/TES plant can be

useful in giving additional perspective in the comparison of TES with

other forms of storage or with other means of peak-load generation.

However, great care must be used in assuring that all the economic as-
sumptions made in COE for TES plants match the assumptions made in the
other systems to which they are to be compared. There are many more
assumptions involved in the COE than there are in the comparison of

capital costs, and correspondingly, chances for error and ambiguity.

The cost of electricity of peaking power from a TES system is ob-

tained in a manner similar to capital costs by basing the costa on the

incremental increases as a result of adding TES. The fixed costs are

based on the incremental costs as determined above, multiplying by a
fixed charge rate to determine the annual incremental costs and dividing
by the hours of peaking operation per year. Fuel costs are based on the

costs of fuel as projected by Reference 3-17 using a levelizing factor

for a 30 year period. The quantity of fuel is based on the product of

the normal plant efficiency and the turnaround efficiency for TES oper-

ation. The operation and maintenance (O&M) costs are assumed to be pro-

portioned to the fuel costs.

During TES charging an alternate power system must be used in a
utility to replace the reduced output. The fuel used in the alternate
system may be a more expensive fuel than that being used in the TES plant

for charging, however, in this analysis it was assumed to be the same as

that used by the TES plant.
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EVALUATION OF SYSTEMS

During the Task I screening various analyses were made to aid in the

selection of values of many of the parameters of the TES systems. Some of

the analyses involved only particular components while others required

consideration of the entire base plant incorporating the TES system. Various

portions of the methodology described previously were used in these analyses.

Reference 3-1 should be consulted for a more detailed consideration of the

assumptions, methodology, and results of these evaluations.

Huh Temperature Water Systems

For a given pressure, and hence temperature for saturated water, and

a given mode of extraction of water or steam the type of containment has

very little effect on the system performance. The cost of these various

types of containment can therefore be compared at various pressures and

volumes independent of the remaining systems.

Costs from the sources discussed previously are all plotted together

in Figure 3-12. The costs shown in this figure are direct costs and must

be converted to TOTAL investment costs for consistency with the other costs

when considering the entire plants.

Data from Giili for the PCIV (curve 1, Figure 3-12) for other volumes

(V) and pressures (P) can be approximated by: $/m3 = 1248 (0.953 + 376/V)

(0.264 + 0.1226 P), where V is in m3 and P is in MPa. In order to display

the comparative costs graphically, this relationship is shown an Figure 3-12

for the 8000 m3 size. It will be noted from the above that only a few per-

cent savings could be expected from larger size, so 8000 m3 will be taken

as the module.

For 400 MW, and 6 hours peaking, i.e., 2400 MWh stored, a volume of
120,000 m3 would be required if the specific output, e o , of a3TES system

were 20 kWh/m . This would require 15 PCIV modules of 8000 m size.

A similar curve is plotted for the PCPV (curve 2) from Glendenning.

This data can be approximated by: $/m3 = 1600 (0.264 + 0.1224 P) for the
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only size shown, 28,800 m". Again, multiple modules would be required
for the duty described above.

Three modules for coal gasification conceptually designed by Ralph

M. Parsons, Inc. had pressure, temperature, and volume requirements as
follows:

A. Absorber - 1620 in 	 - 7.5 MPa - 66 o

B. Dissolver/Separator - 4400 m3 _ 13.8 MPa - 455 o

C. Gasifier - 1860 m3 -	 7.5 MPa - 16500C

The three cases are represented on Figure 3-12 as points labeled 3 (O'Hara).

Two at the same pressure of 7.5 MPa are above and below the Glendenning

values. The upper one representing the gasifier C above has excessively

high temperatures; a significant part of the cost was the cooling system:

both refractory bricks inside the steel liner, a thick layer of high tem-
perature concrete, and an elaborate cooling system. The arrow indicates
it should be moved downward for comparability. Similarly the lower point
at that pressure representing the absorber A is at a low temperature and

should probably be raised for comparability. Goth A and C are smaller in

volume than the 28,800 m3 for the curve 2 so might well be higher in

specific cost. The higher pressure point for case B similarly falls a

little above curve 2.

Glendenntig's result for steel vessels is a straight line (curve 4)

indicating that it comprises multiple small modules optimum for the pres-

sure rating. R.M. Parsons found it necessary to use two to nine steel

vessels to match the capacity of PCPV cases A, B and C. These are rep-
resented by points 5 (0'Hara's) and are considerably higher than the

former.

For a single steel vessel of a given size, the variation in cost

with pressure is given by Guthrie (Reference 3-21) as P0.6 , shown as

curve 6.



For the underground cavity (Dooley) there are costs both for the

cavity itself and for the shaft(s) from the surface. Shafts are needed
to access the cavity, remove the muck during construction, and to carry

steam pipes and other services from the cavity.

No indication of sensitivity of completed cavity cost to pressure
is given by Dooley. It is assumed that the cavity depth is proportional
to pressure so that the rock overburden pressure will be compatible with
the storage pressure. Probably the costs of excavation, rogk preparation,
lining, and injecting high strength concrete between rock and liner will

not be very sensitive to the pressure or depth.

Cavity costs, if independent of pressure, are related to energy or

volume of the cavity. For the smallest cavity described, 29,000 m 3 , the

direct costs of the cavity, 5.03 M$, gives a specific cost of 172 $/m3.
For larger cavities this was estimated to vary roughly in proportion to
V-0.22

Shaft direct costs are estimated as 15.27 M$ and 20.98 M$ for depths

of 360 to 720 m (for storage pressures of 6.9 and 13.8 MPa). These energy

related costs total roughly 5 M$ out of 15.27 and 10 M$ out of 20.98 M$.

The remainders, 10.27 and 10.98 M$, are roughly independent of depth and

pressure. These values are for a shaft designed for 500 MW power capa-

bility or 10.5/0.5 = 21 $/kW power-related cost.

A 500 Made power capability for 6 hours discharge (3000 MWh) requires

about 6 cavities of 29,000 m3 at 18 kWh/m3 . Distributing the pressure

dependUlt part of the shaft cost over the cost of these cavities leads to

an energy-related specific cost of {172	 4 P} $/m3 . Using similarly the

R&D Associates (Dooley) data for a 200 MW shaft and two cavities, such as
might be suitable for 15 percent swing, gives a power-related component of

48 $/kW and an energy-reaated cost of (172 + 9 P). These energy-related

costs are shown as the lower and u pper curves 7 on Figure 3-12.
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It is evident from the exponent of cost versus volume of cavity and

from the decrease in shaft costs per kilowatt with increased capacity

that underground excavation costs are more susceptible to economies of

scale than the other forms of containment for which multiples of reason-

ably small modules seemed to be required. Since the UG cavity costs are

considerably less than the other forms, no attempt will be made to justify

larger cavity sizes than the one described. The upper curve 7 was used

for small swings and the lower one for large swings.

In aquifers it was assumed that there would be two wells per instal-

lation. Costs of $150,000 to $450,000 per installed doublet well in-

cluding pumps for a 20 MW thermal capability of heat injection and with-

drawal were assumed by Meyer. Using $400,000 gives 20 $/kW direct costs.

The heat exchanger (necessary with aquifer storage) will cost an addition--

al 20 $/kW, totaling 40 $/kW. The above assumes a storage temperature of

175 - 2000C and a return, or supplementary storage temperature of 70°C.

Because of the limitations of aquifer storage, however, it will not be

considered further for daily storage.

From this data it is clear that underground containment, wheve the

stresses to contain the high pressure water are absorbed by the ground, is

much cheaper than aboveground containment. Of the aboveground systems

the PCIV appears to be the cheapest on the basis of data obtained from the

references. If other types turn out to be better on the basis of more

detailed designs, a change to another containment type should have little
effect on the rest of the system.

Containment Mode, Stora qe and Throttle Pressure and Number of Evaporators.

Using the costs previously developed, the total installed costs per kW of

peaking power, $/kW, were determined for several combinations of modes,

pressures and evaporators for both the large high sulfur coal (HSC) plant

and the nuclear (LWR) plants utilizing high temperature water storage.

The results for the HSC plant utilizing a PCIV for containment are sum-

marized in Table 3-8.
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Table 3-8

SUMMARY OF TES SYSTEM COSTS WITH LARGE NIGH SULFUR COAL PLANT
(High Temperature Water Systems Using PCIV)

Mode Variable Pressure Accumulator Expansion Displacement FWS

Pstor' MPa 4.65 4.65 4.65 1.03 2.41 4.65 4.65 4.65 4.65 4.65 4.65 5.0

Pthrottle' MPa 2.24 1.72 1.03 0.52 1.20 2.24 2.24 2.24 2.24 2.24 2.'4 -

-- - 1.21 1.21 - 1.21 1.21 -

-- - - 0.16 - - 0.16 -

Turnaround Efficiency, "TA 0.88 0.84 0.77 0.94 0.78 0.82 0.78 0.60 0.83 0.79 0.61 0.88

Specific Output, kWh/m3 15.0 18.2 22.5 6.6 10.24 11.33 18.9 2a.3 13.9 21.3 30.6 40.0

8°	 Swing, + From Normal 0.50 0.50 0.50 0.15 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.15

$/kW

PCIV - Primary Tank 900 742 600 870 884 1194 714 477 971 634 441 340

- Supplementary Tank - - - - - 641 261 69 107 93 y 49

- Capital Cost due
to nTA 26 38 58 12 56 43 53 128 39 50 123 26

Energy Related 926 780 658 882 940 1878 1028 674 1117 776 619 415

Evaporators - - - - - 10 10 20 10 10 20 -

Turbines 400 420 465 535 446 400 422 536 400 422 468 359

Added Feedwater
Heaters - - - - - - - - - - - 136

Power Related 400 420 465 535 446 410 432 556 410 432 488 495

TOTAL Investment, 3/kW 1326 1200 1123 1417 1386 2288 1460 1230 1527 1208 1107 910



Variable pressure accumulator.
Throttle pressure. For the variable pressure accumulator and

storage pressure of 4.65 MPa (675 Asia) three throttle pressures

were investigated. As throttle pressure is reduced the specific

output from storage •'ncreases but the turnaround efficiency de-

creases. The peakinEi power costs in $/kW decreases with decreases

in throttle pressure over the range explored reducing the TOTAL

investment cost to 1123 $/kW. There is clearly a limit, since at

a throttle pressure equal to condenser pressure, output is zero.

The high specific volume of steam at pressures below l MPa re-
quires very large pipes and expensive turbine technology.

Storage pressure. Two cases of reduced storage pressu re were ex-

plored, namely 2.41 MPa and 1.03 MPa. Since the cost of PCIV con-

tainment goes down with reduced pressure (from Figure 3-12), the

specific cost of the PCIV is 699 and 488 $/m 3 , compared to 1041

$/m3 at a pressure of 4.65 MPa. In each of these cases the pres-

sure ratio of storage to throttle pressure was kept at 2:1. The

specific output decreasaes as rapidly as the specific cost of the

PCIV decreases so there is a negligible gain from a storage pres-

sure reduction.

Of the Variable Pressure Accumulator cases explored, the third
column gives the most favorable results with energy-related costs

of 658 $/kW, power-related costs of 465 $/kW, and TOTAL. investment

cost of 1123 $/kW.

Expansion accumulator. With Expansion Accumulators external
evaporators are used for steam generation, and when there are mul-
tiple evaporators in cascade, steam at two or three throttle pres-
sures is fed into separate turbines. Almost all of the HTW is

removed from the expansion accumulator; that which is not flashed

to steam must be stored in a separate tank at the drain pressure

and temperature. For a single evaporator at a storage pressure of
4.65 MPa and throttle pressure of 2.24 MPa the supplementary tank
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or drain storage volume is 83 percent of the storage tank volume,

and must stand a pressure of 2.24 MPa. Also the specific output

is lower than for the variable pressure accumulator at the same

throttle pressure. As a result, the energy-related costs are

1878 $/kW.

Evaporators are very small in volume compared to storage volumes,

and are very simple and low in cost. Including the valves and

piping associated, the cost is estimated at 10 $/kW within a factor

of 2. The resultant TOTAL investment cost for a single evaporator

is 2288 $/kW.

Multiple Evaporators. The specific output is markedly improved

by multiple evaporators and a lower steam pressure at the final

evaporator. Since the third evaporator at very low pressure will

be larger, the specific cost is arbitrarily doubled. Neither of

these values play a significant role in screening. Both the size

and the pressure of the supplementary tank required for drain storage

are reduced, leading to further reductions in cost. However, with

multiple steam supplies generated, a turbine for each throttle pres-

sure must be costed. The share of the output power produced by

each turbine is in proportion to the increment in specific output.

Despite the lower turnaround efficiency, the three-evaporator case

costs less than the two-evaporator case. However, the use of very

low pressure steam at 0.16 MPa (23.5 psia) for a fairly large power

capacity (over 130 MWe ) may pose very difficult turbine design

problems.

Displacement accumulator. As with the expansion accumulator, evap-

orators are required, and some supplementary storage. However, in

the thermocline mode, the bulk of the HTW is always in the main

pressure vessel either as hot or cold water. Only enough supplemen-

tary tankage is needed to account for the expansion of the water

when heated. The specific output of the first evaporator is about

20 percent higher than the corresponding expansion accumulator case.
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The significant decrease in the cost of both storage and sup-

plementary tanks reduces the energy related costs to 1117 $/kW,

with a corresponding reduction to 1527 $/kW in the TOTAL invest-

ment costs.

Multiple Evaporators. The improves specific output of the first

evaporator improves the combined specific outputs for the two- and

three--evaporator cases reducing the energy-related costs below

the expansion accumulator counterpart. Since the highest pressure

turbine produces a larger share of the -total power produced, the

turbine cost is also less, and for three--evaporator case the TOTAL

investment cost, 1107 $ /kW, is closely comparable to the best

value found with the variable pressure accumulator, i.e., 3123 $/kW.

feedwater storage. Feedwater storage, or manipulation of the

relative mass flow in the feedwater heat train during the charge

and discharge cycle inherently has a high specific output, i.e.,

40 kWh/m3 , and results in 340 $/kW for the PCZV tank - the lowest

of all the cases.

A displacement accumulator, or a two--tank system, can be used for

feedwater storage; a two--tank system is assumed in Table 3--8, so

the cost of the supplementary tank reflects the large volume for

cold water that must be stored between discharge and charge. For

the displacement mode, this cost item would be reduced by a factor

of about four.

To estimate the cost of increased capacity in the main turbine,

allowance must be made for the increased requirement of feedwater

heaters for increased steam extraction during the charge cycle,

and the fact that the added turbine capacity during discharge does

not require feedwater heaters. A cost item for a major addition

of feedwater heaters to the main turbine complement is in part

balanced by a deletion of the feedwater heater cost from the

added turbine cost.

s;
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The TOTAL investment cost for this case is 910 $/kW: 415 energy-

related and 495 power-related, It is lower than any of the other
cases explored. As noted earlier, however, feedwater storage

'

	

	 cannot be used at 50 percent swing; 15 percent swing was assumed

in this case.

Nuclear LWR Plant. A similar set of analyses were made for the 1140 MW
nuclear plant, and results are shown in Table 3-9.

Table 3-9

SUMMARY OF TES SYSTEM COSTS WITH NUCLEAR (LWR) PLANT
(Nigh Temperature Water Systems Using PCIV )

Variable
Pressure

Made	 Accumulator	 Expansion	 FWS

Pstor' MPa	 6.21	 6.21	 6.21	 6.21	 3.70

Pthrottle' MPa
	 3.10	 2.59	 3.10	 3.10	 -

--	 -	 1.21	 -

Turnaround Effiricacy, nTA 	
0.90	 0.87	 0.83	 0.77	 0.88

Specific Output, kWh/m3	15.4	 17.9	 10.9	 21.3	 30.0

Swing, : from Normal 	 0.50	 0.50	 0.50	 0.50	 0.15

5/kW

PCIV - Primary Tank	 1078	 927	 1522	 779	 388

- Supplementary Tank	 -	 -	 794	 213	 5o

- Capital Cost due to "TA	 19	 26	 34	 52	 23

f	 Energy Related	 1097	 953	 2350	 1044	 451

I

Evaporators	 -	 -	 10	 10	 -

Turbines	 394	 412	 394	 435	 375

Added Feedwater Heaters	 -	 -	 -	 -	 462

Power Related	 394	 412	 404	 445	 462

TOTAL Investment, $*W	 1491	 1365	 2754	 1489	 923
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Variab le pressure
Ac021 lator
HSC	 LWR

4.65	 G.21

1.72	 2.59

0.81
	

0.87

18.2
	

17.9

0.50
	

0.50

HSC	 LWR

4.65	 6.21

2.24	 3. 10

1.21	 1.21

ON

0.60

28.3

0.50

FWS

1150	 LWR

5.0	 3.70

	

0.8I1
	

0.88

	

40.0
	

30.0

	

0.15
	

0,15

1200 1365	 1230 1489	 910

1407 1383 1019

2758 2231 1624

649 64S 720	 775

923

Sco

A hi gher SP inlet steam pressure is available in the LWR plant
than i n the HSG p lant, This makes a higher storage p ressure feasible
(6.2 1 MPa) and i ncreases  both the specific $/m3 cost of PCTV and the
specific output.

The feedwater ;storage case is the least costly, as with pl ain #1.

The specific output is 30 rather than the 40 l:tidh/m 3 Mound for plant #1,
due mostly to the smaller temperature di fferenti al from hot to cold
feedwater.

^1l perils ^ CO11 ait11H^11t T,Y 5. CO11tc11i1ment Casts shown in Figure 3-12

were used as a basis for determining TOTAL investment costs of plants

with other types of containment. The results are shown in Table 3-10.

Table 3-10

SUMMARY OF YES SYSTEM COSTS WITH ALTERNATE TYPES Or CONTAINMENT
(High Temperature Water Systems

___Made

pstar, Hpa

p tl^r•0ttle' Mp`^

Turnaround Efficiency, nTA

Specific Output, kWh/m3

swing, ± F1,0111 N0171:a1

TOTAL. Investment, $/kid

My

FCPV

Steel

Underground Cavity
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In all cases the underground cavity gives the lowest TOTAL invest-

ment cost of peaking power, particularly for those systems designed for

larger swings that require larger storage volumes. Of the aboveground

systems the PCIV looks best as discussed earlier.

Low Vapor Pressure Systems

Low Vapor Pressure (LVP) systems, also called sensible heat systems,

atmospheric pressure, or one--bar systems, is the second major class of

selections considered. The names above describe related characteristics
of the systems; a liquid is used for heat transfer and storage that has
a low vapor pressure (less than 0.1 MPa) at the temperatures of interest

for storage, so that containment may be at atmospheric pressure (i.e.,

one bar). This results in low cost containment compared to those dis-
cussed for HTW containment. The system data used as an example in the

modeling described earlier gives a direct cost of $295,700 for a tank of
12190 m , or a specific cost of 24.3 $jm3,

To use such low cost containment, storage media of higher cost than

HTW must be used, and heat-exchanger trains must be used to keep the HTW

and steam separate from the storage media yet transfer heat to and from
storage. The costs of these items must be compared to the reduced con-
tainment cost.

Sensitivity to a and M c. As discussed earlier, two parameters affecting

the costs and performance are the mass flow ratio of oil to steam in the

heat exchanger, Mc , and the minimum AT between the two fluids in the heat
exchanger, a. The effect of both M c and a on turnaround efficiency and

TOTAL investment costs are shown in Figure 3--14 for the HSC plant.

Increasing the mass flow ratio, M c , or decreasing a, permits de-
creasing the temperature drop between the charge steam and discharge

steam thereby increasing the turnaround efficiency. The same trend also

generally increases the TOTAL investment cost because of the greater mass
of storage required (as Mc increases) and the larger heat exchanger area
required (as a decreases).
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Figure 3 . 14. Effect; of Approach AT, a, and Mass Flow Ratio, M , (oil to
steam) on Turnaround Efficiency and TOTAL Investment Cosh

For low values of M c or high values of a that result in low turn-

around efficiencies, decreasing M c or increasing-+Y can also increase TOTAL

Investment cost because of the increasing effect of turnaround efficiency

at low values on cost.

For the HSC plant,baseline values selected for further analysis were

Mc = 15 and a = 5.6 0C (100F). Other parameters selected were charge steam

at IP turbine conditions 4.86 MPa (705 psia), 306 0C (5840F), 440C super-

heat (90 0 F) ynd discharge steam at 2.01 MPa (292 psia), 251 0C (4840F).

Storage was in granite rock-beds with voids filled with the heat transfer

fluid, Exxon Caloria WT-43 or its equivalent. It was assumed that the

volume of the storage media was 25 percent oil and 75 percent rock.
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Values of Mc and a, along with the properties of the oil, such as

specific heat, density, and viscosity as a function of temperature,

dominate the design of the heal: exchanger. The properties of HTW and

steam also contribute to the heat transfer coefficient, determining

the area of heat exchange systems required for each part of the heat

exchanger gain.

The direct cost of these heat exchangers for the baseline case is

30.6 M$. Converting to specific TOTAL investment costs for 50 percent

swing gives 165 $/kid. This is one of the power- related components of

storage costs, shown in Table 3-11 in a format similar to Tables 3-8 and

3-9.

Table 3-11

SUMMARY Or TES SYSTEM COSTS WITH LARGE HIGH SULFUR COAL PLATT
(Low Vapor Pressure Systems)

Fluid

Fraction

Rock

Fraction

ac, oc

Mass Flow Ratio, M ,
lb oil/lb steam c

Pthrottle' W.-

Turnaround Efficiency, iiTA

S/kW

Medium and Tanks

Capital Cost due to nrA

Energy Related

Heat Exchanger

Turbines

Power Related

TOTAL Investment, SJkW

Caloria_NT-43

Oil	 Oil	 Oil	 Oil

0.25	 0.25	 1.00	 0

0.75	 0.75	 0	 1.00

5.6	 8.4	 5.6	 5.6

15.0	 12.5	 10.0	 10.0

2.28	 1.47	 1.24	 1.24

0.83	 0.78 0.76	 0.76

154 134 281 68

39 55 61 61

193 188 342 129

165 123 125 125

400 418 435 435

565 541 560 560

758 729 902 689

HITEC

Salt	 Salt	 Salt

1.00	 0.25	 0

0	 0.75	 1.00

5.6	 5.6	 5.6

20.0	 20.0	 20.0

	

1.81	 1.81	 1.81

	

0.75	 0.77	 0.79

1138 370 75

62 56 50

1200 426 125

85 85 85

416 416 416

501 501	 . 501

1701 927 626
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The peaking Turbine Island cost as before is 400 $/kW for 2.28

MPa throttle pressure. The costs of the storage media and tankage are

dependent on the media used, their configuration, and the assumed costs

of the media. As indicated above, the selected baseline system uses

Caloria HT-43 and rock in packed beds.

For the baseline case the oil required is 57,500 m 3 (54,750 tons;

15.2 M gal). The rock required is 560,000 Mg (615,700 tons). The

tankage required is 289,000 m3 (10.2 M ft3 ). The cost of these may be

totaled: 12.21 M$ for oil, 9.24 M$ for rock, 7.02 M$ for the 16 tanks,

totaling 28.47 M$ direct costs. TOTAL investment costs for the medium
and tankage are 154 $/kW. The TOTAL investment cost for the TES system

base case, given in the first column of Table 3-11, is 758 $/kW.

The minimum cost value within the range explored (Figure 3-14) is

the point representing Mc = 12.5, a = 7.5. System costs for values

near these ( a = 8.4) are given in column 2 of Table 3-11. The improve-

ment from the base case of 758 to 729 $/kW is 4 percent.

Sensitivity to Media Cost. The cost of TES is also sensitive to the

properties of the storage media, including their specific cost in $/kg

or $/m3 . For the selected case, the shares of the medium and tankage

cost item are 0.429 oil, 0.324 rock, and 0.247 tankage. Use of a more
expensive oil such as Therminol, at 10 $/gal versus 0.80 $/gal would

increase the medium costs by 760 $/kW. Rock costs in most of the United

States can be as low as 3 to 6 $/ton for crushed granite or similar rock,
washed and screened to a size class, e.g., 1.9 to 2.5 cm (3/4 to 1 in.).

The more rounded river bed gravel can cost 13 to 15 $/ton; $15 was used

in the selected case. Special solid materials such as taconite pellets:,

alumina, or magnesia spheres can be considered more costly; taconite has
been estimated at 40 $/Mg (36 $/ton).

If lower cost rock can eventually be used, i.e., is found to be

compatible with oil over the temperature range of the selected case,

for long periods of time with low makeup and maintenance costs the value
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of medium and tankage could be decreased. For rock at $5 rather than

$15/ton the cost would be decreased by 33 $/kW.

Sensitivity to Packing Volume Fraction. deviations from the assumed ratio

of a packing volume fraction of 75 percent for rock and 25 percent for

oil can be considered. At one extreme the rock packing fraction can go

to zero, i.e., only oil is used. At the other extreme are "drained bed"

concepts in which the voids between pebbles are normally filled with inert

gas, and the oil is only used as a heat transfer fluid during charge and

discharge. Much less oil is required for these concepts; as a limit, the

cost of the TES systems with 100 percent of the thermal storage in rock

can be considered.

These two extremes are shown in columns three and four of Table 3-11.

With all oil a lower value of M c should be used to reduce the cost, but

the TOTAL investment cost increased from the base case of 758 to 902 $/kW.

At the other extreme, drained rock--beds in which the oil only functions

as a heat transfer fluid, the results for the same M c of 10 and a of 5.6°C

are shown in the fourth column. TOTAL investment cost is now reduced to

689 $/kW. A more reasonable approximation to a drained bed to allow for

filling the pipes and heat exchangers and wetting the rock with oil is

probably a fluid fraction of 0.10.

Other Heat Transfer Fluids. Other materials than Caloria HT--43 can be

used as the heat transfer fluid. Many are more expensive but have ad-

vantages such as less degradation at high temperatures, better compati-

bility with low cost rock--beds, or better heat transfer capability. Two

such fluids proposed are molten salts, such as HITEC or PARTHERM 290, and

molten sulfur. Three cases for using HITEC as the heat transfer fluid are

included in Table 3-11. It is clear from Table 3-11 that the economics of

an all molten salt system (100 percent volume fraction) is not favorable

compared to the other LVP systems and many of the HTW systems.
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The drained bed case with salt is less costly than the drained bed

case with oil because the heat transfer characteristics of molten salt

are better than oil. A fouling factor must be included in considering

oil as a heat transfer fluid, since the high molecular weight degradation

products tend to coat the heat exchange surfaces; HITEC is sufficiently

clean that no fouling factor need be assumed. Comparing literature

values and those offered by some proponents indicates that the.heat

transfer coefficient, U, for HITEC and comparable salts may be as much

as an order of magnitude better than for oil. This is particularly

important for the boiler and condenser heat exchanger, when the liquid

side contribution to U dominates, but has apprecia',le impact on super-

heaters and subcoolers as well.

Feedwater Storage. The feedwater storage mode uses Caloric HT-43, and

separate tanks for storage of hot oil and cold oil. For discharge, an

oil to water counter flow heat exchanger is used to heat feedwater from

8000 to 227
0
C, in the case of the LWR plant. During the charge cycle

the steam extraction from the main turbine is increased at all extraction

points to heat oil to a temperature higher than 227 0C by the approach a

to be used in the discharge heat exchanger design.

The cases studied in Table 3-11 showed that an all-oil system

is considerably more costly than one with 25 percent volume fraction of

oil in a packed-bed thermocline system. Use of hot and cold tanks instead

of a thermocline would make it still more costly. In order to compare

feedwater storage most favorably to steam generation systems, the packed-

bed thermocline system will be assumed. The added cost for all-oil can

be estimated.

The results of the case studies for the LWR plant using feedwater

storage with an oil/rock system is summarized in Table 3-12. In the

first column an a of 11.1 0C (20 0F) was assumed for a TOTAL investment

cost of 751 $/kW. Doubling a reduced heat exchanger costs and although

the turnaround efficiency also decreased, the TOTAL investment costs

decreased to 670 $/kW.
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Table 3-12

SUMMARY OF TES SYSTEM COSTS WITH NUCLEAR (LWR) PLANT
(Low Vapor Pressure Systems with Feedwater Pleating)

Fluid

Fraction

Rock

Fraction

a 0 
Turnaround Efficiency, nTA

Oil	 Oil

0.25	 0.25

0.75
	

0.75

11.1
	

22.2

0.85
	

0.76

$/ kW

Medium and Tanks	 80	 80
Capital Cost clue to 

nTA	
29	 51

Energy Related	 109	 131

Pleat Exchangers	 253	 150

Turbines	 389	 389

Power Related	 642	 539

TOTAL Investment, $/kW	 751	 570

Discharge Time

With systems utilizing peaking turbines, they are assumed to operate

at their design output, hence varying the design output implies varying

their size with no change in efficiency or Meat rate of the peaking power.

The output power and discharge time, therefore, affect the storage volume

but not the turnaround efficiency.

The main unit is assumed to be a fixed size operating at reduced load
during the change cycle. The leaving-loss correction effectively modifies
the efficiency as a function of steam flow through the turbines. It was

found that there is a minimum steam flow rate, and hence a maximum rate
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at which to charge the TES system. However, as exit velocity and mass

flow rate are roughly proportional; a 30 percent decrease in mass flow

(and in power output) has little effect on efficiency but a much greater

decrease in mass flow would carry an efficiency penalty (see Figure 3-15).

For a given discharge period and peaking swing, e.g., 6 hours and 50 per-

cent swing, the optimum charging period may be longer than reasonably

attainable for the utility daily load pattern ratio of off-peak hours to

peak hours.
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at which to charge the TES system. However, as exit velocity and mass

flow rate are roughly proportional; a 30 percent decrease in mass flow

(and in power output) has little effect on efficiency but a much greater

decrease in mass flow would carry an efficiency penalty (see Figure 3--15).

For a given discharge period and peaking swing, e.g., 6 hours and 50 per-

cent swing, the optimum charging period may be longer than reasonably

attainable for the utility daily load pattern ratio of off--peak hours to

peak hours.
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To explore the effect of charge time, daily charge periods of 6 to

16 hours were considered for 6 hours of discharging, i.e., discharge to

charge ratios of 1.0 to 0.37 for the H5C plant using a variable pres-

sure accumulator. The results are shown in Figure 3-16. The turnaround

efficiency is shown as a function of the discharge/charge time ratio for

several values of peaking swing. From these results it is clear that

long charging times are desirable, particularly for large peaking swings.

This is true simply because the main turbines can operate closer to their

"optimum" output when long charging times are avai.table. 'However, oper-

ational considerations impose constraints that prevent extremely long

charge times. A 6--hour discharge time and an 8-hour charge time (cor,

responding to a ratio of 0.75) are chosen as a base case representative

of typical daily-load curves, and are used for most other calculations,

bearing in mind that longer charging times would improve the efficiency.
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Figure 3-16. Effect of Discharge/Charge Time Ratio on Turnaround
Efficiency
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SELECTIONS

Some of the criteria used earlier in the preliminary screening will

be discussed for the twelve concepts to a ild in arriving at a recommended

set of TES plants for more detailed conceptual designs in Task II. The
set of twelve selections are shown in Table 3-13 along with a ranking of

two criteria	 near term ava i lability and cost.

On the basis of results from the previous section, parameters and

operating conditions were selected for each of the twelve concepts being

considered.

The principal purpose of discussing the relative value of the

selections on these and other criteria selected earlier is to assess the

impact that particularly good or bad features may have on the preliminary
ranking by cost. A major fault could move a selection downward, or a

unique advantage move it upward. Minor differences will not be empha-

sized, nor are they likely to alter rankings Unless a confluence of

many advantages seems to merit it.

Table 3--13

ECONOMIC AND NEAR-TERM AVAILABILITY RANKING

Costs Rank -
Selection Short Energy Power TOTAL Rank - Near-Term

Number Title JMkWJ (S/kW (5 kW Economic Availability_

1 PCIV-FWS 461 462 923 6 4

2 PCPV-FWS 524 495 1019 9 4

3 STEEL-FWS 1129 495 1624 12 1

4 UG-C-VARP 172 477 649 1 3

5 UG-A-FkS 108 667 775 5 6

6 UG-A-EVAP 180 487 667 2 4

7 AQUIFER 75 855 930 8 6
8 OIL-FWS 132 538 670 3 5

9 OIL/ROCK 188 541 729 4 3

10 OIL/SALT --- --- —1400 10 2
11 SALT/ROCK 426 501 927 7 4
12 PCM >1000 --- --1500 11 8
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Costs

Summary Table 3-13 indicates the results in $/kW for the case chosen

to represent each selection. For ready reference, the energy-related and

power-related costs are also given in separate columns. Since all cases

were for six hours discharge, the energy-related costs in $/kWh can be

found by dividing the energy related costs by six. The rank ordering by

TOTAL cost charged to the TES concept is given in the sixth column. TOTAL

cost as used here is the TOTAL investment cost as defined earlier.

Although the economic ranks are numbered sequentially, it is apparent

that there are several groups with relatively small TOTAL cost differences.

In sequence, #4, #6 and #8 are all in the 649 to 670 $/kW range; #9 and #5

are in the 725-775 $/kW range; #1, #7, #17 and #2 are in the 900-1020 $/kW

range; #10, 7#12, and #3 are distinctly higher.

For the purposes of this report it should be noted that components

common to many of the selections should affect those selections similarly.

For example, the peaking Turbine Island is a significant part of all the

concepts, ranging from 400 $/kW to 530 $/kW. While revised estimates from

detailed design of specific turbine configurations could move these costs

upwards or downwards, they would probably move comparably and not affect

the ranking among the above groups.

Some of the components with significant cost are unique to one

selection or a small subset. They may be uncertain in cost because of

uncertainties in technology that have not been resolved by adequate

development and testing to date. These uncertainties can be considered

as a factor in judging the near-term availability of the selected concepts.

Near--Term Availability

For near-term availability, and other criteria that are in part

subjective, ranking should not only indicate the best and the worst, but

should indicate groups that are very comparable in rating and places in

the sequence where there is judged to be a large gap. The scale of one
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to ten is used, one best and ten worst, with the same rating on similarly

valued selections and omitted numbers where there is a large difference

in value. A subjective ranking of near--term availability is made in the

last column of Table 3-13.

The definition of near--term availability used in the ranking judg-

ments is that the technical uncertainties have either been resolved by

demonstration, or could be so resolved in the near future by industry or

government action, so that an electric utility customer could order a

TES system with "reasonable confidence" by 1985, for delivery and op-

eration during the period 1985 to 2000.

Judgment of near-term availability is mostly concerned with technical

problem areas not yet resolved. The principal problem areas are briefly
discussed as justification of the rank ordering assigned. In most cases
it is a key component, not common to the other selections that are dis-

cussed.

Steel Tanks. Steel pressure vessels for containment of materials at tem-

peratures and pressures to and beyond those needed for TES (Selection #3)

are state--of-the-art. Design practices are well codified and backed by

j	 years of operating experience.

Underground Cavities. The technology of excavating shafts and cavities is
well known from mining, tunneling, and other industrial applications.

r	 Problem areas specific to Selection #4 include:

• Competent rock must be found. This limits sites to specific
regions and requires exploratory drilling on specific sites.
Until actual excavation some uncertainty remains.

• Applications that keep the rock at high -temperature have not
been demonstrated for long -life effects.

s Cycling in.temperature and pressure on a daily cycle has not
been demonstrated for long-life effects. The proposed mode of
operation as a variable pressure accumulator with modest swings
in pressure and temperature should minimize these effects.
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Underground cavity volume required is larger than demonstrated
by current technology. Until moderate size cavities (30,000 m3)
have been thoroughly demonstrated, larger volumes Will have to
be obtained by using multiple cavities or possibly using
elongated cavities with smaller diavVrs.

Underground Cavities--Air Supported. Selections #5 and #6 are rated some-

what lower than Selection #4 because of additional problem areas.

The use of compressed air support for a low pressure contain-
ment vessel has not been demonstrated. While there are ad-
vantages in accessibility to the cavern components, the problems
of air leakage out, water leakage in,  pressure seals for access
doors, cooling of compressed air, risk of severe pressure swings
despite the equalization tank have more technical risk than the
concrete-supported cavity.

Oil/Rock. The use of a thermocline tank with oil as a heat transferfluid,

and gravel and sand as the storage medium has been demonstrated for a

limited time. Some confidence has been gained, but long-term stability

requires demonstration.

• Degradation of the oil by temperature, presence of the rock, or
the combination causes maintenance expenses.

• Uncertainties in heat exchangers. General references on heat
exchangers give condensing steam to oil heat transfer coefficients
as seven to ten times lower than those for condensing steam to
water. There may be an uncertainty of two to one in heat ex-
changer costs for oil.

o Settling behavior of rock beds under thermal cycling has been
suggested as a problem area. Pests so far do not indicate that
this is a problem and If it turns out to be later there are pos-
sible solutions through alternate materials and bed arrangements.

PCIV_. The prestressed cast iron vessel of Selection #1 has not been demon-

strated at pressures and temperatures of interest,

R Task I emphasis is on a hot-going PCIV with external insulation.
Another method is to use a form of thermal insulation suitable
for use inside the steel liner of the PCIV. It must be com-
patible with boiler quality feedwater and able to withstand
high pressure while retaining low conductivity. Siempelkamp is
reportedly working on such an insulation but has supplied no
details.
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r The expansion accumulator mode gives lowest daily changes in
pressure and temperature, but for the feedwater^ storage mode
of operation chosen for greatest economic viability, this would
require a cold storage volume comparable to the hot PCIV volume.

. A displacement accumulator mode would eliminate the large cold
tank, but to operate in a thermocline mode the internal thermal
insulation would be required. Such insulation would not only
greatly reduce the thermal stress caused in the liner and the
tank by a thermocline but would greatly reduce the vertical con-
ductivity effects which tend to degrade a thermocline.

P PV. The prestressed concrete pressure vessel, like the PCIV, has not

been demonstrated at the temperatures and pressures of interest. Many

very large PCPV's have been used at lower pressures (0.3 MPa to 3 MPa)

so there can be considerable confidence in the technology and design

principles. Hot-going systems are not feasible so some kind of cooling

system is required outside the liner and layer of high temperature con-

crete.

Salt/Rock. There has been less reported experimentation on the compati-

bility of molten salt and rock than that reported for oil/rock.

Degradation rates could be excessive with some forms of rock,
e.g., dissolving of some rock Constituents.

P Heat-exchanger fouling does not appear to be a problem with
pure salt, heat transfer is very good, comparable to water.
Effect of degradation products from interaction with rock
are not known.

• Lower cost forms of molton salt such as impure HITEC and draw
salt are not near-term-available until thorough tests on cor-
rosion and materials compatibility are made.

Aquifer-and Phase Change Materials, PCM. Both of these have been labeled

as not near-term available. They are also low in economic ranking.

Summal^ . Although Selection #3, STEEL, is most available, it is also

most costly. Availability is not considered to overcome the cost ob-

stacle. Two out of the top four in availability are also in the top four

in cost ranking. Selection #G ranks better than Selection #5 on both
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criteria, suggesting that only #6 of these two similar selections be

retained unless other criteria strongly indicate otherwise.

Utility Operating Requirements

Site Flexibility. Of the twelve Selections, four are limited to suitable

geologic areas. Selections #4, #5 and #6 require competent rocks,

suitable for excavation with minimum reinforcement and minimum risk of

catastrophic failure or seismic damage. It is estimated that roughly

one-third of the United States is underlain by potentially suitable rock

formations and these areas probably are included in the utility areas

serving well over half of the population.

Selection #7 requires suitable aquifers. Sedimentary geology with

potentially suitable groundwater layers underlies about half of the United

States. Suitable regions are widely dispersed and probably occur within

the utility areas serving over two-thirds of the population.

Other aspects of site flexibility are land requirements and aesthetic

acceptability. The underground selections use little land and show little

visible profile. Disposal of the muck from an excavated cavern poses an

aesthetic problem or disposal problem, but often it is salable or can be

used for other on-site construction. The PCIV and PCPV require large

arrays of storage vessels. Location near populated centers might en-

counter aesthetic objections.

Operating Flexibility. Two factors affect operating flexibility most.

The first of these is Power Swing. In the course of the study, discussions

with several utilities indicated less interest in small peaking increments,

such as 5, 10, or 15 percent of the baseload plant capacity, than in

larger peaking increments such as 30 to 50 percent. On this basis,

large power swing capabilities were emphasized over the limited swing

available from feedwater storage.
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On this criterion, Selections #l, #2, #5, and #8, small swing feed-

water storage, would be somewhat downgraded compared to the other

selections.

The second -Factor is Discharge Hours. Operating flexibility is also
concerned. with the number of hours of discharge at full capacity that
is available. The energy--related component of cost is roughly proportional

to the hours of discharge whereas the power related component is not.

For this study, 6 hours discharge and 8 hours charge were selected as a
uniform basis for comparison. Since the relative cost of the energy-
related and power-related components differs for the selections, the
ranking may be altered for a different design with more or fewer hours

of discharge. This is illustrated in Figure 3-17.

The peaking power TOTAL investment cost in $/kW is plotted against

the number of hours of discharge capacity built into a TES plant. The

Y intercepts at zero hours represent power-related costs alone from

column 4 of Table 3--13. At six hours the points are equal to the TOTAL

costs in column 5. Some of the high-cost systems, such as PCPV and PCIV,

cross over the oil/rock systems with higher power--related costs at about
two hours discharge capability. Aquifer storage, not very attractive
for short discharge designs, has a low slope and would cross all the

other lines by 48 hours discharge requirement. It is thus most suitable

for long-term or seasonal storage.
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Figure 3-17. Comparison of Capital Cost of Selections from Different
Discharge Cycles

Reliability. One of the objectives of the use of TES systems is to im-

prove the boiler island outage rates by minimizing the output variations

required of it. It has also been indicated that reliability could be

improved (availability increased) if the peaking turbine can be operated

from storage when the boiler island is shut down or from the boiler island

steam source if the main turbine is shut down. Both appear feasible at

some cost. In any case effects apply equally to all selections except

the feedwater storage selections using an enlarged main turbine.. Even

the feedwater storage selections could use a separate peaking turbine

representing the differential capacity that would have been added to the

main plant. Turbine design would probably be more difficult and costs

higher than shown in Table 3-13.
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Reliability can of course be affected by forced outage rates, and

the amount of scheduled maintenance required of the TES components. The

higher modular construction incorporated in the various selections to use

sizes that have least technical risk (e.g., 3 to 20 PCIV's; 16 oil/rock

storage tanks; 5 to 35 parallel heat exchangers) should assure reliable

operation providing isolation devices such as stop-valves and control
features are adequately designed.

Maintenance in an underground cavity, while hopefully seldom needed,

could require an outage of many weeks to many months while cavities are

emptied and cooling is used to make manned access feasible. Molten salt

systems cannot be shut down and allowed to cool below their freezing

point without extensive work required to get them back in operation.

Operating Hazards. It can be expected that electric utilities would be

reluctant to adopt a TES concept that potentially endangered the conven-

tional plant components such as boiler or nuclear steam supply, main

turbine generator, electrical and heat rejection systems. Such hazards

would most likely occur at the interfaces of the TES system with the main

power plant. Precautions must be taken that the quality of boiler feed-

water, for example, is maintained at utility standards. Small leakages

of foreign materials into it can cause corrosion and scale.

HTW storage systems will probably have lesser hazards from boiler

feedwater contamination, but all parts of the storage systems, tanks,

pipes and pumps must be cleaned and kept clean, and be of suitable cor-

rosion resistant materials.

Avoiding risks to the boiler island in a conventional plant was one

of the reasons for opting to eliminate the reheater from the high sulfur

coal plant as was discussed earlier.

Diversity

Judgment must be used to assure that all selections recommended for

further conceptual design are not simply variants of one concept. For
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example, on the basis of the foregoing discussion, all recommendations

should not be underground cavities, though three out of the top ranked

five (Table 3-13) are UG cavity concepts. Nor should all be variants of

LVP systems with oil as the heat transfer -Fluid. All should not be

regionally limited by geology. Growth potential considerations, fre-
quently mentioned in the preceding sections, should be considered so
that selecting the most available does not foreclose future improvement

in cost and performance.

Some judgments on the basis of diversity, bearing in mind the other

criteria, are fairly easy. Because of geologic specificity, at most one
selection should be underground. Since Selection #4, the UG cavity, con-

crete supported, variable pressure accumulator concept comes out best of
all in economic ranking, it should be one of those selected, excluding

Selections #5, #6, and V.

The similarity in all system details except the pressure vessel of

Selection #l, PCIV, and Selection #2, PCPV, suggests that at most one of

them should be included. Present data favors somewhat the PCIV; if more

detailed conceptual design indicates problem areas or major cost revisions,
a conversion to the alternative pressure vessel can be made.

LVP systems are fairly similar in configuration, whether oil,
molten salt, or another medium is used. All appear relatively unattract-
ive if difficulties are found with the dual media concept of oil/rock/

thermocline. At 25 percent or more volume fraction of fluid, oil
(Selection #9) appears to rank higher than molten salt (Selection #11)

in economics and availability. For drained--tank concepts or for cost
reductions of salt through purity/compatibility studies, molten salt
offers more promise. As these growth directions are not as near-term,

Selection #9 must be preferred to #11.

Although feedwater storage systems are limited in peaking capacity,
they are attractive in specific output as illustrated in the comparison
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of Selections #8 and #9. Although diversity considerations would not

Indicate that oil/rock systems should be two out of three selections

chosen, both could be considered in a group of four choices. If desired,

one of these could emphasize oil and the other emphasize molten salt to
inject an additional difference. In this case, oil is indicated for the

feedwater storage because of the larger temperature swing used, which

would extend below the freezing point for NITEC.

Environmental Acceptability

Environmental requirements on the main plant play a major role in

site selection, so limit site flexibility. In addition to main plant

constraints, unique features of the TES selections must be considered for

their environmental acceptability. All of the aboveground selections
require a large volume of tankage. Many tanks can be fairly low and com-

parable to other structures of the main plant. Of the various selections,
the PCIV, Selection #1, probably has the greatest height and visibility,

about 70 m, but not in excess of fossil plant stack heights.

Particularly noxious materials, in terms of odor and toxicity, have

been avoided in the selections being considered. Sulfur and sulfuric

acid, while potentially very low cost heat transfer fluids, may compli-

cate site approvals by environmental objections.

Containment of the storage media in case of a catastrophic failure

must be provided for in the case of oil and molten salt, but probably not

for HTW. The danger from major release of hot oil is fire. The danger
from the release of hot molten salt is-less if the area around the tank is
kept well cleared of oxidizable material.

Conservation Potential

Conservation objectives include the saving of energy, and especially

the saving of depletable and imported fuels such as petroleum and natural

gas. Thermal energy storage and other storage systems do not save energy

in that the turnaround efficiency indicates less electric energy is being
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produced from fuel than could be obtained from the baseload plant. Al-

though load-following with a baseload plant will give a poorer heat rate

at low load operation, it would in general average more efficient than a

TES equipped plant.

When compared to the alternate peaking means, such as gas turbines

which use distillate or low sulfur petroleum fuels, or to compressed air

storage which uses some oil fuel during the discharge cycle (about one-

third as much as the gas turbine), there is conservation potential in

thermal energy storage.

If the TES charging cycle uses nuclear or low--cost coal as fuel and

the peaking turbine output replaces gas turbine power output, oil is con-

served. The amount and type of fuel replaced by TES operation is most

accurately determined by an hoar by hour simulation of the dispatch pro-

cedures used by electric utilities with a given mix of generating capacity

types and a given pattern of daily, weekly, and annual demand variation.

Simulations in various types of utilities are covered later in Section 5.

Cost of Electricity

Up to this point primary emphasis has been on capital costs. Another

useful economic measure of storage components is the cost of electricity

(COE). The method for determining COE was defined earlier. The COE for the

same twelve selections listed in Table 3-13 is given in Table 3-14. In

this comparison the fuel used for charging was assumed to be coal. The COE

is very much a function of many more utility parameters than considered

here. Some of these factors will be discussed later in the report when

evaluating specific conceptual designs. These effects may change the COE

but when applied only to the TES plants the rankings shoul^! not change.
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Table 3-14

COST OF ELECTRICITY COMPARISONS

Selection Short COE,
Number Title (Mills/kWh}

1 PCIV-FWS 130

2 PCPV-FWS 142

3 STEEL-FWS 213

4 UG-C-VARP 99

5 UG-A-FWS 114

6 UG-A--EVAP 101

7 AQUIFER 132

8 OIL-FWS 103

9 OIL/ROCK 109

10 OIL/SALT 180

11 SALT/ROCK 132

12 PCM 200

Because of the large dependence of COE on capital costs when the

fuel costs are nearly the same (varying only because of differences in

turnaround efficiency when the same fuel is used) the ranking by COE in

Table 3-14 is the same as the economic ranking in Table 3-13.

Selected Options

Based on the considerations discussed in this section, including

the need for diversity, the following four selections were approved by

DOE/NASA/EPRI as the basis for more detailed investigations and conceptual

designs.
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• A dual media, sensible heat. TES system integrated with a large
coal fired power plant and supplying steam to a separate
peaking system of optimum size.

An underground high temperature water TES system integrated
with a large coal fired power plant and supplying steam to a
separate peaking system of optimum size.

s An aboveground nigh temperature water TES system integrated
with a large pressurized water reactor power plant and utilizing
stored feedwater in an optimum generating cycle.

r A dual media, sensible heat TES system integrated with a large
pressurized water reactor power plant and utilizing feedwater
heat storage in an optimum generating cycle.
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Section 4

CONCEPTUAL SYSTEM DESIGN

OBJECTIVE

The objectives of Task 11 are to develop conceptual system designs

of four selected TES systems and determine capital cost and annualized
operating costs.. The t=our TES systems under study in Task II are de-

fined in Section 3. In addition, the performance and costs of cycling

coal fired plants are to be determined for comparison with the TES

systems.

SCOPE OF WORK

The scope of work includes preparation of base plant design defi-

nition; performing cycle analysis, sensitivity analysis/optimization;

preparing plant cycle diagrams and conceptual drawings; preparing sys-

tem design descriptions; and performing economic analyses in terms of

plant: capital cost; estimates, TES system capital cast:, levelized annual.

energy cost and l evel ized busbar energy cost:.

BOISE POKER PLAINTS DESIGN DEFINITION

The Task I input, Reference 4-1, into Task II indicated that the

major additions to electric generation capacity during the period 1985-

2000 are expected to be a mix of LWR nuclear plants and coal fired plants

with 'flue gas desul •Puri zati on (FGD) . Utility planned purchases of LIAR

plants are in the range of 1000-1500 MW capacity. Planned coalfired

plant's range up to 1200 Q but most units planned by large utilities

are in the 600-800 Pill range. The Task I recommendations, Reference 4-1,

into Task II were to use a High Sulfur Coal (HSC) plant; in the approxi-

mate 800 MW range with supercritical steam conditions and a LWR nuclear

plant in the 1140 MW range with subcri ti cal steam conditions for inte-

gration  with the thermal energy storage system,



HSC Plant with Reheat

The commonly accepted reference HSC plant in the 800 M14 capacity

with supercritical steam conditions and with reheat is the one as docu-
mented in NUREG-0244, Volume 3, produced by United Engineers and Con-

structors, Reference 4-2. Figure 4-1 shows the cycle diagram of this

plant with heat and mass balance numbers.

HSC Plant with Monreheat

It is required to integrate a TES system which is capable of pro-

viding a large power swing, around 5012, with the above reference HSC

plant. The source of storage as recommended in Task X is the cold reheat

steam. The recommended modification to be made in the above rei•erFnced

HSC plant w i thout handicapping the near-term availability of the plant
is to eliminate the reheater so that cold reheat steam can be used for

storage. Operating the boiler as designed in the above ref =erence plans:

with a reheater, if integrated with TES system and thus having variable

Mow ratio between superheater and reheater, can cause serious problems

of excess reheater tube temperature and increased forced outages.

At present, boilers with variable reheat flows do not exist. Such

designs are not considered near-term. Moreover, the baseline steam tur-

bine with such a reheat boiler would require a multi-admission turbine.

Such multi-admission steam turbines require a. complicated control systems

and are more expensive than the baseline steam turbines for conventional

coal fired plants.

Moreover, even if a reheat boiler could be designed and operated

with variable flow ratio so that cold reheat steam could be withdrawn

for storage, the steam could not be reheated during peak power (without

adding very complicated boiler capacity) so that a reheat boiler would

not increase peaking turbine power or reduce its cost. For these reasons

the above referenced HSC plant with reheat was modified for a nonreheat

steam cycle.
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Figure 4-2 shows the cycle schematic with heat and mass balance

numbers of the nonreheat plant. Table 4--1 provides the performance

comparison of this plant with the above mentioned NUREG--0244 plant

with reheat. Eliminating the reheat increases the steam rate per unit

output by 27.7% and the net station heat rate by 3.2%.

Table 4-1

PERFORMANCE COMPARISON
(Reheat Plant Vs. Nonreheat Plant)

NUREG-0244
HSC Plant Nonreheat

Description With Reheat HSC Base Plant

• Main Steam Cond i tions 2.64 (5.81) 3.14 (6.93)
Flow Rate, 10'0kg/hr (106lb/hr) 24.21	 3512 24.24	 3515
Pressure, Mpa (psia) 5381000 538	 1000
Temperature, oC {oF

• Reheat Steam Conditions
Flow Rate, 10 6kg/hr (10 6 lb/hr) 2.35 (5.19)
Pressure, MPa (psia 4.34	 636.7) No Reheat
Temperature, oC (o F 538 €1000)

s Type of Turbine TC4F, 33.5" CC4F - 38" LSB
1.58 3600 rpm 3600/1800 rpm

• Generator(s) output 854,715 kW 468,584 kW @ 3600 rpm
@ 1.75/2.5" HG 331,416 kW @ 1800 rpm

800,000 kW @ 3" HG

o Auxiliary Power 60,300 kW 58,367 kW

r Net Power to Transformer 794,415 kW 741,633 kW

• Net Station Steam Rate, kg/kWh 3.32.(7.31) 4.24 (9.34.)
(1b/kWh)

• *Net Station Neat Rate, 2.78 (9482) 2.87 (9789)
J-ThermalStu
-E ectric kkWhj

e Thermal Efficiency, % 3610 34.89

* Boiler Efficiency - 88.63%

4-^
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NUREG Nuclear LWR Plant

The commonly accepted wefere r,, : nuclear LWR plant in the 1140 M14

capacity with subcritical steam conditions is the one documented by

NUREG--0241, Volumes 1 and 2, produced by United Engineers and Con-

structors, Reference 4--3. Figure 4-3 shows the cycle schematic of this

plant with heat and mass balance numbers,

Nuclear LWR Base Plant

A nuclear L14R base plant as integrated with the thermal energy

storage system having approximate normal operating parameters as given

in the above NUREG-0241 plant, has a cycle schematic as shown in Figure

4--4. The performance comparison of this base plant with the NUREG-0241

plant is shown in Table 4-2.

Table 4-2

PERFORMANCE COMPARISON
(NUREG Nuclear Plant Vs. Nuclear Base Plant)

NUREG-0241
Nuclear LWR Nuclear LWR

Oescriptian Plant Base Plant

• Steam Condition;; from Reactor
Flaw Rate, 10	 kg/hr (10	 lb/hr) 6.87	 (15.14) 6,61	 (14.58)
Pressure, MPa (psia) 6.72	 ( 975) 6.72	 ( 975)
Enthalpy, k,1/kg (Btu/1b) 2771	 (1191.3) 2771	 (1191.3)

• Type of Turbine TC6F, 43" LSB, TC6F, 43" LSB
1800 rpm 1800 rpm

e Main Generator Output 1,192,400 k11 1,124,567 kW
@ 2.5" HG @ 3" HG

. Auxiliary Power 53,790 kW 51,994 kW

• Net Power to Transformer 1,138,610 kW 1,072,573 kW

s Net Station Steam Rate, kg/kWh
(lb/kWh) 13.3 (24.32) 13.60 (29.98)

f	
a Net Station Neat Rate,

,1-ThermalBtu
U-Electric ^ kWh

3.0	 (10,224) 3.08 (10,489)

Thermal Efficiency, A 33.4 32.56

4-7



C6Co

10,270.E591	 127a.4H 263,3704 1273.4H
15,140,2691 165.0 357.?P

FRra4	 1191.314	 1.422.5471 7791.3N	 29 Tfl
S'.EJ14	 975.OP 90.2PCFt';1 TC?

129,3220 535.4h 1,293,2254

1191-m 1195.914 168.&P P1,7 ` 163.7
FEED F;.'i'P

i	 Slum 2534' TnamH	 11,966,3321
i".015PJRE

SI,TEP,LEPT VALUES TUF3It;"..
s 0''
f,L'

16,153 FN	 FEED
EAL REOJLAT6

!THIS mw; STOP 170.52	 1,496.2254 SEPARATOI/P.&FATER

VALUES e	 n 7H^ 3" Ei F-
,8	 a

P •927.6B 13,717,7 221
c, a

NI^N FaEvr E T a31r+ E Wd FREMaE TL7.31rr u4 Fn^"A r
_

ry..31Ir1 t7a FRES" ^i r_a::r GEtiEPA-7
171.7? V i	 %J.0	 i77 . IP 1„ 4- vt UTCAx : ;,Lf ;l •4 G: + e o c.
1:$.E7 x !4.7177.7	 .SS.t7 2̂ S^`•T

1.4tS.Ci
s3.7i .'7 18-tip  t c

oQ n,Q N 1 116.1x 1,]18-;x r^

© - Q. r IGi .4I.1 a x ^ 2

0 0
1.7.Ss

c^r^ a i^ .n `^ ^ FF j'4 HP TUN:: NE Ct!^E!^.ER
Wes...'

{ z ^r s w ^ _° ,r' = ' : STCp VALUES 7,N2.-i2#
n^^' :^

'++^ca
new

.n c.
oWU,

c3
^ °o ,-•

^
^"

wa rrutc r"» 4 ELEPa9'n5,c'Ft
'^'• 'r ^ oas ~z = ^

ca 'J:^Ga1„,4.113
Wit-

n an
rn rnm '"^~ c°aW `^ FRriN HIGH STEJ;!'I SEAL	 1f1.1:37R	

9	 FPCM L.C;1
w " ^rn v w o'+ =n a PESSJRE TUn3I E REGULAT:•R	 1,8221	 „'r P'xli'

a, o f u	 r"" 1 1 fi95.fi+	 {THIS Lw3.S

m Fi	 HIGH
rRESSURE TC,,

rEr -P^ (THIS Dn3.) n	 a w

15,140.289_	 5F
a•7 ' p 711.v	 is SF

	 TDTO	 \ 171.E *n.a TD	 5F TO	 5F	 TD 5F TD C6!IUENEATE ° r., "1
TO STELA 440.66 4Di.7P 3fi3.fiF\	 `	 763.1P 3159E. 5D.BP 231.AF

54.7P 17.17 3.31P
rr,;iiER
_V4 7

GEtiEPATCR 410,fih 445.0E 337.Ih	 v .TF 2E6.2h F 251,Oh 2e6.0 220.6F ' A.6F

1[13.76
77.7 h

1U or, FATRt 10FDE GC IUFLC DELI
2,Z^i42,3217 .1.6	 2g a HEATER GRAIII 470,4141 149,4731 ,511,92W -373.6F 355.7 IA!iK 291.AF	 225 .OF la9.fiF 112.7F

347.1h 337.1h 261.3!1	 193.3h 157.6h 1 0.7 n

HEATERNEATER. tto. 6	 HEATER No. 4	 HEATER N3. 3	 HEATER No. 2	 yF11TER t1a. i
Cn.'iGEt;';ATE 	 CDli EtiSAT£

STEF!S	 FOLISIER	 F ,'!^
HEATER

ORAIIi PUMP EXIIA95TER

LEGF-10: PERFOPJIA[ILE!

H,h - EWXPY - BTU/F5UND TOTAL TURBINE OUTPUT 7,211,6E2 kN
1	 - FLG'd - FOU!ID/H rj1JR FIXED LOSSES 5,335 kH
P	 - PRESSURE - PSIA GENERATOR LOSSES 13,8?5 kit 077' Redrawn frc^ United Er.Sincer:
F	 - TEMPERATURE QF GENEPJITOR OUTPUT 1,192,400 kiI Drawing 6S53.03-P-6(Pxferciw 4-3)

AUXILIARY PBHER 53,793 kR STEAM HEAT OALAiCE OIASWN
NET FONER TO TRA .7SFOR9.ER 1,138,610 kW 1133114e FQ PLF.iT
NET STATION STEAM RATE 13.31/kW Hiddietc- Hypotteticel Site
HET STATIG7 HEAT PATE 10,224 BTUAW-Hr
TNERISdL EFFIC10CY 33.38:

Figure 4-3. Cycle Schematic of NURFG Nuclear LWR Plant



1,388 .5801 9fi8.2P 205 ,0591 151A P	 EXTRACTION :stRA'iGUTP£RT
IS S0EHATIC ONLY

14.578,2651
01 Q 115021 YA I5TORE 1fi2.3P STEAM l59.4P 4,667.1771 a

1191.35
1191

1 00 SEPARATOR fl95.3H rR HEATER 1274.iH
8 9

2	
23471 o STATELINE of o 15,552 kk

141,585f CROSSES SATURATION 8

787.3H	 1.43fi.814f 1, 38B.5EOl LIRE AT 39.40P
zc5 , cc3r

33].3"	 595.9N

5

7020.20 10

6	 7 GENERATOR 2

I,081.3H HP N 1.081.38 N ^ moo° ^Nu ^-o n o 0
OUTFLrT

7,724,557 kW at S.S.R.	 3
Q a FLC4

LP	 w^
6.90 PF IG94.9H

4
^

`^	 4
m

0	 +^, 1800 RPM

' ^ ^ d
O !	 p	 fD

4 	 4	 Obi

259,2241 7,571,2981	
^C; a: m iI	 12	 13

3 0^ 1 ,237 .1 H

651 637 E I 173.2551	 I4
7

(D-
6 1.196.7N 339.SH	 OE	 = 1018.50^

362,4524
3.

649,3181	 3.0' Hga

ifl	 14,578,2651 1,023.00 933.3H 115.1F 83.0044D.OF
414.6N

G.P GfI

11	 1.0 10
TO
REACTOR

r-
I 116.1F 84.OH

72

0 401.78 o F.P.	 I 161.9P m 9D.4P m 54.5P 17.IP 8.35P ti
445.0E r, 1	 OP o	 I 364.5E ,, 320.6E 286.5E Q 219.5E 184.9E ^; SFE 13

Or Q .'l	 .•1	 I	 M
N

N

^

-
14

FROM STGRASE 0 1°
O

3.6 TD o
41xiw

nk ' +h
© 5 0

^ 10.0 DL m nR	 r, n^^ 5.0 TO ^, ID.D OL ,^ 180 DL cf	 1Q.Q 0C ŝ 10.0 DC cue	 N
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Cycling Coal Fired Plants

An alternative to thermal energy storage for supplying peaking

power is the cycling coal fired plant. It is necessary to define cycling

coal fired plants for making performance and economic evaluations with

the power plants which are integrated with the thermal energy storage

systems. Two plants were selected for this evaluation. The first is

designed for minimum cost, having a low steam pressure and three feed-

water heaters. The second is designed for a higher efficiency with

somewhat higher cost, having a higher steam pressure and seven feedwater

heaters.

The reference cycle schematics with heat and mass balance numbers

for the cycling coal plants have steam conditions of 12.41 MPa/510oF

with 510 0C reheat temperature (1800 psig/950 oF/9500F) and 16.55 MPa/

5380C/5380C (2400 psig/1000 0F/10000F) and are shown in Figures 4-5 and

4-6, respectively.

The performance comparison of these two cycling coal fired plants

is given in Table 4-3. Both plants were designed for 550,000 kW gen-

erator output which resulted in 511,500 kW net plant output. The

higher pressure plant with more feedwater heaters had a 7.2% higher

steam rate but a 7.3% lower heat rate.

4-10
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Table 4-3

PERFORMANCE COMPARISON
(Cycling Coal Fired Plants)

Description

a Main Steam Conditions
Flow Rate, 10 0kg/hr (106lb/hr)
Pressure, MPa (psis)
Temperature, oC (°F)

a Reheat Steam Conditions
Flow Rate, 10 6kg/hr (106ib/hr)
Pressure, blPa (psis)
Temperature, °C (°F

a Type of Turbine

a Generator(s) Output

Cycling C Al Fired Plant Cycling Coal Fired Plant

	

12.4 MPa/510°C/5100C	 16.55 MPa/538°C/5380C

	

(7800 psig/950°F/9500F)	 (2400 psis/1000°F/1000 F)

i.57 (3.46)
12.51 (1815)

510 ( 950)

1.56 (3.44)
2.81(408.2)
510 ( 950)

TC4F, 30.0" LSB,
3600 rpm

550,000 kW 0 2.0" HG

1.68 (3.72
16.65 2415

538 1000

1.49 (3.28)
3.73 (540.4)
538 (1000)

TC4F, 30.0° LSB,
3600 rpm

550,000 kW @ 2.0" HG

a Auxiliary Power (7%)

e Net Power to Transformer

a Net Station Steam Rate, kg/kWh
(lb/kWh)

a *Net Station Heat Rate,
J-Thermal	 Btu
J-E ectrts kWh J

a Thermal EffiJancy, .0

* Soiler Efficiency = 88.63.0

38,500 kW

511,500 kW

3.07 (6.77)

3.03 (10,324)

33.08

38,500 kW

511,500 kW

3.29 (7.26)

2.80 (9566)

35.70
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TES POWER PLANT CONCEPTUAL RESIGNS

The group of conceptual design drawings for each of the TES power

plants are comprised of heat and mass balance diagrams for base cycle,

charging cycle and discharging cycle; TES system flow diagrams for

charging and discharging operation; a main steam flow diagram; an

electrical one line diagram; a plot plan; an equipment arrangement

drawing and an artist sketch. The designs presented herein are based

on cycle analysis, sensitivity analysis/optimization with major TES

system/component description s and sizing.

Plant #1 - HSC Plant with Aboveground Oil/Rock Thermal Storage

An artist rendering of this Plant #1 is shown in Figure 4-7, the

performance is given in Table 4-4, and the approximate auxiliary losses

breakdown in Table 4-5. This plant has a separate peaking steam turbine

and thus has a large ratio of peak to minimum power. The plant has a

nonreheat steam cycle. The percentage swing is -56.89% during charging

operation and +49.92% during discharging operation. The TES turnaround

efficiency defined as electric energy output from storage during dis-

charging operation to electric energy lost for charging the storage during

charging is 0.66 based on net power output and 0.69 based on gross power

output.

The plant conceptual design drawings are illustrated in Figures 4-8

through 4-10 for heat and mass balance diagrams for base cycle, charging

cycle and discharging cycle respectively; Figures 4-11 and 4-12 for TES

system flow diagrams for charging and discharging operation; Figure 4-13

for main steam flow diagram; Figure 4-14 for electrical one line diagram;

Figures 4--15 and 4-16 for plot plan and equipment arrangement. Figure

4-17 illustrates the electrical one line diagram of the 800 MW HSC base

plant without thermal storage as defined under "Base Power Plants Resign

Definition" (page 4-1).

(Text continued on Page 4-39)

4-14



., k- -

A-0-4	 %G

E4

S02 RE MOV

WASTE WATER TREATMEN^

11	 ti

SwtT

j;	 01.

Ore

CX)Ab% OPP*

MAIN COOLING TOWER$
WN L ER HOUSE
TURBINE HALL

ADMINISTRATION BLDG
TRANSFORMER YARD,----
HEAT EXCHANGERS

OIL!ROCK TANK AREA
40

I C )
2!

a^ THERMAL ENERGY STORAGE PLANT Na 1

BW MW FOSSIL STEAM PLANT WITH Ok , ROCS( STORAuE bYSIVA
6 Ell IMAL 0 ILICTRIC

Figure 4-7. Artist Rendering of TES Plant #1



Table 4-4

PERFORMANCE OF PLANT rrl -- HSC PLANT WITH OIL/ROCK THERMAL STORAGE

Description tiormal peration Charging Operation Discharging Operation

•	 Main Steam Conditions
Flow Rate, 10 kg/hr (1001b/hr) 3,14 (6.93) 3.14 (6.93) 3.14 

24538 24538 28538 

^6.93)

1000Temperature,	 Cp ( i Fi (1000) (1000)

•	 Type of Main Turbine CCV-38" LSB, CCV-38" LS8, CC4F-38" LSB,
3600/1800 rpm 3600/1800 rpm 360011800 rpm

•	 Type of Peaking Turbine ---------- ---------- TC4 38" LSB, 18000 rpm,
2.O1MPa (292 psia)
252°C (485°F)

•	 Main Water Pumps Flow Rate
Condensate	 106kg/hr (106lb/hr)	 2.52 (5.55) 2.52 (5.55)

er,	 0^kg/hr (106lb/hr)	 3.14 (6.93)Bon	 j
0.82 5(1.81
3,14 (6.93 3.14 (6.93)

Feed, l	 kg/hr (100lb/hr) 3.14 (6.93 3.14 ((((6.93) 3.14 (111,6.93}}

•	 Main Generators Output, kW 468,584 kW 308,087 kW 468,584 kW
@ 3600 rppm @3600 rpm @ 3600 rpm

331,416 kW 71,783 kW 331,416 kW
@1800 rpm @1800 rpm @ 1800 rpm

800 1 000 T8T077- 800,0000 kw
@3" HG @2" HG @ 3" HG
809,006 kW 387,253 kW
@ 2-1/2" HG @ 1-112 " HG

Peaking Generator Output, kW -- --- ----- ---------- 397,341 kW @3" HG

+	 Total Generators Output, kW 809,006 387,253 1,197,341

a	 Auxiliary Power, kW 58,357 63,660 72,009

•	 Net Power to Transfer, kW 750,639 323,593 1,125,332

•	 Hours of Operation 10 8 6

•	 % Swing ---------- -56.89 + 49.92

•	 *Net Station Heat Rate,
J-T ermal	 / Btu r 2,84 (9,671) 6.60 (22,497) 1.89 (6,451)
J-Electric l kWh 1

•	 Thermal Efficiency, % 35.31 15.18 52.94

Turnaround Efficiency of i gemal Energy	 orage:

Based on Gross Power Output x
b (1,197 , 341 - 809 , 006)
8 (809,UU6	 38 ,253 a 0.691

Based an Net Power Output 	 =
6 (1.125,332 - 750,639)
$ (8Gq ' U06	 323,b9s)

_	
= 0.656

Thermal Storage System Heat Rate = 0
D.

6658	
= 14,697

Btu

Thermal Efficiency of Storage System - 23.24%

*Boiler Efficiency - 88.53 %
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Tabl e 4-5

APPROX114ATE AUXIL114RY LOSSES BREAKD0WN OF PLANT -1 - HSC PLANT WITH OIL/ROCK

K",

Description
Normal Operation

Losses in Horsepower

Charging Operation Discharging Operation

Induced Draft Fans 14,000 14,000 14,000	 -

Forced Draft Fans 8,000 81000 8,000

Circulating Water Pumps 12,000 12,000 12,000
Primary Air Fans 61000 6,000 6,000
Soot Blowing Air Compressors 51000 5,000 5,000

Auxiliary Circulating Water Pumps 800 800 800
'	 Vacuum PumpsJ 400 400 400

Ash sluice pumps 400 400 400

Cool Conveyors 2,800 21800 2,800

S02 Booster Fans 8,750 8,750 8,750

Coal Pulverizers 4,900 4,900 4,900
Condensate Booster Pumps 3,000 1,000 3,000

Condensate Pumps 11050 350 1,050

Slurry Pumps 4,500 4,500 4,500

Quencher Pumps 2,250 2,250 2,250

Thickner Pumps 1,250 1,250 1,250

Cooling Tower Fans 3,200 11600 4,800

Oil Pumps -- 12,000 12,000

Peaking Turbine Feedwater Pumps --- ---- 2,050

Peaking Turbine Condensate Pumps --- -- 2,050

Total	 Losses, H.P.	 (k.!) 78,300 (58,367) 84,500 (63,660) 96,600 (72,009)
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DESCRIPTION BASE
OPERATION

• MAIN STEAM CONOI TIONS TO N.P.
TUF48I NE

FY.OW. 106 LB/HR 6,93
PRESSURE.PSIA 3515
TEMPERATURE.-F 1000

•	 TYPE OF MAIN TURBINE CCC4F-36" LS6
3600/1800 RPM

•TYPE OF PEAKING TURBINE TC4F-56 LSO

•MAIN WATER PUMPS FLOW RATE,
CONDENSATE. I06 LB/HR 5.37
FEEDMU T LR, 106 LBrHA 6.93

*MAIN GENE RATORS OUTPUT 468,5649. a 3600 RPM
331.4 1 691 a	 1 800 RPM
600. 00091 a 3- HG

SPEAKING GENERATOR OUTPUT —^---
•TOTAL GENERATORS OUTPUT,9/ 600.000
•AU%ILIAA V POWER,K n 56,440
*NET POWER TO TRANSf ORMER,9W X43.560
• HOURS OF OPERATION 10
•% SWING -----
•	 NET STATION HEAT RATE.BTU/KW-HR 9753
*THERMAL EFFICIENCY,%	 I 35

13

C

D
3. 5HG
966. OH

126.BF
94. ^H

600099,

g	 7	 _L	 a	 i	 9	 1	 f	 10	 11	 12

PERFORMANCE DATA
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NOTE I:TURBINE THROTTLE VALVE IS AN INTEGRAL
FART OF THE IP TURBINE.
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Figure 4-8. TES Plant 01, Heat and Mass Balance
Numbers for Base Cycle
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DESCRIPTION
CHARGING
uPERATION

•MAT	 S IEA Y CONDITIONS TO M.P,

FLOW. 106 L6reM 6 93
PRE SSURE. PSIA 35'5
TEMPENATURE. • F 'GOO

•	 TYPE OF WAIN TURBINE CC6F-36'	 .SD
3600.800 RPM

*TYPE OF PEAKING T UR61NE *C4F-56'LS9

•WAIN WATER PUMPS FLOW RATE.
CONOENSATE, 106 L6/HR '.6i

FEf OWAT fR 10E LP /NR 6.93

*MAIN GENERATORS OUTPUT 306. 06 7.9 • 3600 RPM
'67KW 6 1 600 RPM

379, 67OK n 6 2- NG

*PEAKING GENERATOR OUTPUT — — — —

•TOTAL GENERATORS OU TPUT,99 39,6.0
•AUKjLIART POWER,A W 65,C6C
*NET POWER TO TRANSFORM! N.kW ..6 2,C
HOURS OF OPERATION 6

•% SWING .57
•	 NET STATION NEAT NA1E,6TU/X6,HR 72.506
*THERMAL EFFICIENCY,% I5

e
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Figure 4-9. TES Plant 01, Heat and Mass Balance
Numbers for Charging Cycle
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DESCRIPTION DISCHARGING
OPERATION

R MAIN f; ENEAM CONOITICkS TO N.P.

FLOW.106 L6/MO 6.231
PRE SSURE. PSIA 3515
TEMPERATURE. • F 1000

4	 TYPE OF MAIN TURBINE CC4F-36•L06
3600/160ORPM

•TYPE OF PEA"ING TURBINE TC4F-36• LSO

f PEAKING TUMINE STEW CONDITIONERS 262 PSIA 405AF

•MAIN WATER PUMPS FLOW RATE.
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Numbers for Discharging Cycle
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Flow Diagram - Discharging Operation
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Although the detailed TES process flow diagrams of this plant are

given in Figures 4-11 and 4-12, a simple TES flow schematic is also

shown in Figure 4-18 for ease in understanding. The figure shows that

during a charging period of 8 hours duration, cold reheat steam is con-

densed and subcooled by flowing through shell and tube heat exchangers.

This steam has a flow rate of 1.91 x 106 kg/hr (4.2 x 106 lb/hr) at

4.93 MPa (714.7 Asia) and 313.80C (596.80F) The subcooled condensate

at 4.65 MPa (675 psia) and 217.20C (4230F) is returned to the feed-

water heater #6 of the main unit. Steam is condensed on the tube side

of the shell and tube heat exchangers. Caloria HT-43 oil at 209.4oC

(4090F) is pumped from the oil/rock storage tanks into the shell side

of the heat exchangers and thus is heated to 256.7 oC (4940F) by re-

ceiving heat from condensing steam on the tube side.
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Figure 4-18. Oil/Rock Thermal Storage for Plant #1
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During a discharging period of 6 hours duration, feedwater from

the peaking unit feedwater heater train is pumped through the tube side

of shell and tube heat exchangers termed as preheaters, boilers and

superheaters and is heated to superheated steam. Feedwater flow rate

from the peaking unit feedwater heater train is 2.13 x 10 6 kg/hr (4.7

x 106 lb/hr), 2.41 MPa (350 Asia) and 114.6 0C (238.20F). Steam from

the superheaters has a flow rate of 2.13 x 10 6 kg/hr (4.7 x 10 6 lb/hr)

at 2.01 MPa (292 Asia) and 251.7 0C (4850F). Caloria HT-43 oil at

256.70C (4940 F) is pumped from the oil/rock storage tanks into the shell

side of the heat exchangers and is cooled to 209.4 00 (4090F) by losing

heat to the feedwater on the tube side.

The oil/rock storage tanks have granite gravel packed bed, bed void

volume fraction 0.25, and are filled thermocline tanks. A thermociine

moves from the top of the tank to the bottom of the tank during the

charging process and reverses during the discharging process. Based on

test data reported in Reference 4-4, Caloria HT-43 oil at the above

operating temperature has shown excellent stability and compatibility

with the rocks and materials of construction. Thus Caloria HT-43 oil

which is very commonly available at a reasonable cost was selected as

the heat transfer medium. To reduce the inventory of oil, the oil/rock

design is based on the trickle charge concept, Reference 4-5. The

trickle charge concept uses gravity-fed trickle flow of oil as a heat

transfer fluid through the rock bed as the heat storage medium to both

charge and discharge the system. The rock bed is contained in large

tanks at near atmospheric pressure. The rock bed rests on a support

plate over the oil sump and is topped by a perforated oil distribution

plate. The Caloria HT-43 oil system is also equipped with an ullage

maintenance unit and an oil maintenance unit.

The shell and tube heat exchangers are sized with a 5.6 oC (10.01n

approach AT and oil to charge s̀team mass flow ratio of 15. To reduce the

number of heat exchangers, the same heat exchangers which are used during

the charging period are also Used during the discharging period.
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The TES system component descriptions are given in Table 4-6.

The detailed TES process flow diagram, Figure 4-11, indicates that

during a charging process there are 5 identical oil/steam loops. Each

loop contains 3 thermal storage tanks, 7 condensers, one subcooler and

one oil pump. There are also 5 identical oil/steam loops during a dis-

charging process as shown in the detailed TES process flow diagram

Figure 4-12. Each loop contains 3 tanks, one preheater, 7 boilers, one

superheater and one oil pump. Since a trickle charge concept has been

used, only one tank, jf each loop is required to be filled with oil.

Nitrogen is used to Fill the voids when not occu,j ed by oil.

The plant arrangement drawings as shown in Figure 4-7, 4-15, and

4-16 are based on drawings as documented in NUREG-0244, Volume 3, Ref-

erence 4-2. These -Figures indicate the modifications made such as

oil/rock storage tanks, shell and tube heat exchangers, peaking turbine

generator, the cross compound base steam turbine generators and the

switchyard, etc., to accommodate thermal energy storage system. Figure

4-14 shows the electrical one line diagram of this plant with 3 gen-

erators, The reference NUREG HSC plant has only one generator as shown

in Figure 4-17.

Plant T2 - HSC Plant with Underground Pressurized Water Storage_

An artist rendering of this Plant 02 is shown in Figure 4-19, the

performance is given in Table 4-7 (page 4-44) and the approximate

auxiliary losses breakdown in Table 4-8 (page 4-45). This plant also

has a separate peaking steam turbine and thus has a large ratio of peak

to minimum power. The plant has a nonreheat steam cycle. The percen-

tage swing is -49.02% during charging operation and +52.94% during dis-

charging operation. The TES turnaround efficiency is .80 based on

either rcet or gross power output.
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Table 4-6

TES COMPONENT DESCRIPTIONS FOR PLATT #Z-HSC PLANT WITH OIL/ROCK STORAGE

Component Description

Thermal Storage Tank Fifteen indentical tanks divide into 5 groups ( 3 tanks
as a group); cylindrical tank, axis vertical, installed

above ground, 45.73 in (150 ft)	 diameer	 12.2 m
(40 ft)	 high, 2.0 x 10 4 tD3 (7.1 x 10' ft')	 volume;

each containing 5.33 x 10	 kg (4.42 x 16	 tan) of RB

gravel rock, 5.03 x 10 6 liters ( 1.33 x 106 gal.) of
Caloria HT-43 oil.

tillage Maintenance Storage and control of ullage gas storage at 1.20 MPa

Unit (175 psia); tank pressure control, venting, inert gas
(nitrogen) control, volatile vapor recovery and con-

tral .
Oil Maintenance Unit Full-flow, continuous filtration with dual 80-mesh

filters in main oil line upstream of pump; periodic
distillation with vacuum distillation unit inside
stream to remove polymerized materials; periodic oil

makeup.

Superheater F've identical superheater units; each unit has 1990

m^ (21,400 ft 2)	 heating surface; tubular heat ex-
changer, steam on tube side and oil on shell side.

Boiler/Condenser (BIC) Thirty five identical boiler (condenser) units, seven

units as a group for the system; each unit has 2780

M	 (29,900 ft)	 heating surface; tubular heat ex-

changer, steam (water) on tube side and oil on shell

side.

Preheater/Subcooler (PIS) Five identical preheatar (subcooler) units; each unit
has 2883 m' (31,00D ft ) 	 heating surface; tubular
heat exchanger, water on tube side and oil on shell

side.

Oil Pump Five identical pumps; centrifugal, high temperature

with 2524 liters /sec (40,000 gal/min) capacity and 70.32
m (230.7 ft)	 TOH (water column).
BHP:	 2400 HP.

Recirculation Pump One centrifugal purr;p with 694 liters /sec (11,00D gal/min)
capacity and 70.1 m (230 ft)	 TOH (water column).
BHP:	 900 HP.

Attemperator Pump One centrifugal pump with 63.1 l iters/see (1,000 gal/min)
capacity and 56.253 (184.55 ft)	 TDH (water column).

BHP:	 46.7 HP.

Attemperator Direct-contact mixing chamber with water injected
through multiple atoG„ zing nozzles into superheat
steam.

Control Valves 4811:	 Cv0H1, CVCii2, CVOH3, CVOL1, CVOL2, CVOL3, for
each group.

Piping 48"	 STO WT CARBON STEEL 2008 ft
24"	 STD WT CARBON STEEL	 300 ft
20"	 STD WT CARBON STEEL	 500 ft
18"	 STD WT CARBON STEEL 1500 ft
10"	 STD WT CARBON STEEL	 500 ft
8"	 STO WT CARBON STEEL	 500 ft
4 "	 SCH 40 CARBON STEEL	 300 ft.
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Table 4-7

PERFORMANCE OF PUNT #2 -- HSC PLANT «ZTH UNDERGROUND PRESSURIZED WATER
STORAGE

Description Normal Operation Charging Operation Discharging Operation

+ Main Steam Conditions
Flow Rate, 10 0 kc3/1 ►r (103 lb/ht, )	 3.14 (6.93} 3.14 (6,93)
Pressure, MPaa (psiiay 24.24 (3515) 24.24	 3
Temperature,

24.24 (3515)
3.14	 93 1J6615

C( F 539	 1000 538 (1000) 538	 1000

• Type of Hain Turbine CC411-38" LSB, CC4F-38" LS8, CW-38" LSO,
3600/1800 rpm 3600/1800 rpm 3600/1800 rpm

• Type of Peaking Turbine _- ------- ------ TUF-3$" M. 1800
2.45 MPIMS psis) 2230C(4330F)

• Main Hater Pumps Flow Rate
Condensate	 11}06 kg hr (106 lb/tu • 	2.53 2.39	 5.25 2.S2 15.65 1

►'10^^gk (10^ 1 lbFeed/hr)hr)

J5.55

3.14	 6.93 3.14	 6.933.14	 6.93

• Main Generators Output, kW 468,584 kW 338,637 kW 468,584 kW
03600 rpm 03600 rpm 03600 rpm
331,416 kW 92,410 kW 331,416 kW
0180D rr n {11Af10	 r ^n

M3,07
011M r
60011jobTF0311HuU00,Q04 kW kw

03" NO 02" ito
809,006 kW 439.396 k1i
02-1/2" HG 01-102" Ha

• Peaking Generator Output, 	 kW ---------- ---------- 409,115 KW 03" NO

• Total Generators Output, kW 809,006 439,396 11209,115

• Auxiliary Power, kW 58,367 561728 60,119

• Net Power to Transformer, kW 750,639 39:1668 1,147,996

• Hours of Operation 10.1 8 5.9

• "« Sluing ------- -49.02 +52.94

• Met Station Neat Rate, 2.84 (9,671) 5.58 (19,021) 1.85 (6,323)
.1-Thermal	 ^titu _
J -	 ectr c	 MAI

• Thermal E fficiency, " 35.3 1 17.95 54.01

Turnaround Efficiency of Thernsal Storage System:

Based on Gross Power Output n
5.9	 1 203.115 - 809 1106 	

0.7968iva - a =8

Based on Net Power Output 	 „
5.9 1	 '447 996 - 75C} 1639).. 01796

T1 ► ernsal Storage System Heat Rata • ti---17 	 i2,1^15
U. kgti

Thermal Efficiency of Sturige System • 2$:12ro

*Ooiler Efficiency „ 88,623r

J!
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Table 4-8

APPROXIMATE AUXILIARY LOSSES BREAKDOWN OF PLANT 7#2 - HSC PLANT WITH UNDERGROUND PRESSURIZED
WATER STORAGE

Description	
Losses in Horsepower

Normal Operation	 Charging Operation	 Discharging Operation

Induced Draft Fans 143000 14,000 14,000

Forced Draft Fans 81000 81000 8,000

Circulating Water Pumps 12,000 12,000 12,000

Primary. Air Fans 6,000 6,000 6,000

Soot Blowing Air Compressors 51000 5,000 51000

Auxiliary Circulating Water Pumps 800 400 1,20G

Vacuum Pumps 400 200 600

Ash Sluice Pumps 400 400 400

Coal Conveyors 2,800 2,800 2,800

SO2 Booster Fans 81750 8,750 8,750

Coal Pulverizers 4,900 4,900 4,900

Condensate Booster Pumps 3,000 3,000 3,000

Condensate Pumps 11050 1,050 11050

Slurry Pumps 4,500 4,500 4,500

Quencher Pumps 2,250 2,250 2,250

Thickner Pumps 1,250 1,250 1,250

Cooling Tower Fans 33200 1,600 4,800

Condensate Pump -- --- 150

Total Losses, H.P. (kW)
	

78,300 (58,367)	 76,100 (56,728)	 80,650 (60,119)



The plant conceptual design drawings are illustrated in Figures

4-20 through 4-22 for heat and mass balance diagrams for base cycle,

charging cycle and discharging cycle respectively; Figures 4-23 and

4-24 for TES system flow diagrams for charging and discharging operation;

Figure 4-25 for main steam flow diagram; Figure 4-26 for electrical one

line diagram and Figures 4-27 and 4-28 for plot plan and equipment ar-

rangement.

A simplified version of TES schematic during a charging mode and

discharging mode is shown in Figure 4-29.

?4

STEAM FROM
MAIN UNIT

2,950,000 k
1277.3 It
714.7 P
596.8 F

STEAMTO PEAKING UNIT
4,253,181
1204 It
355 P

UNDERGROUND
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CHARGING MOD£	 THERMAL

STORAGE

UNDERGROUND
DISCHARGING MODE

CAVERN

THERMAL

STORAGE LEGEND

b — FLOW — LIVUR
P — PRESSURE — PSIA
H — ENTHALPY 

—
BTU/LB

F — TEMPERATURE OF

Figure 4-29. Underground Cavern Thermal Storage Schematic for Plant #2

The figure Shows that during a charging period of 8 hours duration, cold

reheat steam from the main unit is used to charge the caverns. This

steam has a flow rate of 1.34 x 106 kg/hr (2.95 x 10 6 lb/hr) at 4.93 MPa

(714.7 psia) and 313.8 0C (596.80F). During a discharge mode of 5.9 hours

(Text continued on Page 4-66)

4-46



[CLC

. G•

Ci

!	 r	 ^	 r ^ I	 ^4 I	 ^	 r 6	 1	 ^ 7'

TURBINE
IM9ooTT7LE

	

vniv[i 15EE NOTE I1	 ISTIIRE

	

0192750'	 PARAT[Ti
-hr
t2 7t, 0H

TUIBINE	 IP TUIEINC 12 FLOr1	 ofm	 LP TURBINE 14 FL01'1
4on"4KY

I
I

I

5ii4441!

X279.

	

^OEA^RAT09	 LP tnn	 L  HTR
	 Rttn-F-1HP NTR	 HP HTR 

	

4200P	
\Z^j

ZIP"  Btl1LER
♦ 	 ATER

C06Qr0`

've^.dHOi

IrnC^

7E

	-UV AAHB	 i
5TORAINE

o`	 7

ST^iy APTIEjNP

A

1:v-1
NO

CV-2
NC

IP TURBINE 18 FLOW)

f=

LP TUIBINES 14 FUNI
	 GENERATOR IF

0 K•

COUMNSER

J N;
m'4r	 2r^	 L	 a3	 /.'	 ytT e 	`Q[^i z	 y}I
WI iAY i p i ^
¢ ^ 

LL^64I

t [

r̂ ^

+Ntl oham c n+Nl gnlnn oY.."CIS C-11 — my l4lttxtclk[ ttlL iliCTltC [6^aNT atplOak	 VW [nr[uq++u 111Tbkpt[0 0	 [ kl ln[gl[^0 0^!ID k+t'Ctl M1N
NEON t06 N1tJi^ps iN1 tNlpNaaL• Pl' n^^N	 Y^titW[NNOtd	 1[hGtkfltttho lrlNi+t6k

NOTICE 100URCnAURIxtl [3rant NP tl l4lltu.4— -kM 11 Mali [I N14x:4TNav d +NT oihllal Isl[taWw[TIkWTIIn
MntL 1lIC1RlCFN¢ pI1Ln Mp NON^Y	 N[aYNy 1^1 IL.ywt^Ll tO1CIN+ IY T a1N[ ^ICN^ CY p aN[PIry1^tM101fOUl+tq lOUN[[101k14a1111c1ltC [V,^ufkLl t OtictlML t YtI^ TT +O+[l TlLyllNq lnpu 4N1 tNtdau4l rta. tN[Ott •p1a11C ON 1xt p̂l4mkp w,G I1 N

^iW lOel 4 YInIh 1Y[kT lq n̂ [O+^1lKi~uTw1 u 1TN [^[PII^aC I a^itP4f«,t![lin^La1u+FtNAfl awO aYpryrlM Nalll4ll lON iV+llllY 0111ll lll[TNtC Ca+aNY tNp1x1 [Ok1a Kl NaII VYY[akg ^
rr ŷ
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Numbers for Charging Cycle

CHARGING CYCLE
"'	 "MO/ICE r91LACNAtIW I.w ......^.	 ' "	 »AT • YAM RALAMX DIAMRA►r,qaA. -11H Ir KIM [InuIZANA w 'M C1.4...Ill[1ut .pr.wt

`
GOOMW BASE P OSS I L	 PLANT 64111 E:Rl4LJeEiECTREC

a•+	 ullAw ra .r urou rP rl .P+a., ale., . f^aw ,.ca• IC.anea

..1.rw
• 11- 'r uNL;EHGRL+UNQ THERMAL	 ENFHr,,* STOR A GE PROJECTS FNGMWAENG OPERATIONwc^wl "11 wm1a1N, ep [f 41K+ ra +wl K[^A a" Y all ,hrp,u ArldCIM .a11l1Ll.P rb+Yr..y.. aiY.lN	 ^l^r+la. ar4 IOU p,^ k[II wr[.yiw1--1. ry	 iAA I.	 N	 t 'w.'a.	 A'.Y. ah-	 J •.A i IAA.Kr 16Iw. ^ 	 y '

rw.f r:^Wnw:-,.KK nay..IKP.,wp^•.wlc.,.ar,P.,.tc.w•AlfPa. 530N7rt3 Nel• +'rIM 	 N .	 .A
r r	 Klo-1 ^.	 fA tai-'I,r	 ;♦ ^.o,r,l	 m.l. to.^* M R [IfIr IICr	 lr,K 111 r r	 p,r,A[I awl.	 ! p•aw',e	 1	 I[i,p^.ori:,n,alF re.non ao r: alwua, r,lcr,m cP+.•r+ 	 n.er,lmM '	 '	 "	 "'	 '	 -c. •r	 .	 ...	 _.	 ... r ^•	 j3^	 FPR' " -3n	 3'	 ^ I^Z 21 .:

6	 7 9 9 10	 !(	 12

- 4-49 ^	 y

' _	 ' 	 _	
_	

a	 _ . . -was	 n^.^Lh Ai, uaWWpA	 >N	 ^a..r+.P4F ^+^ . ^..3.a..3.a._ '



s	 1 se1	 I

w

TURllINE	 f2TebH
T HS DTTLE
VALVE

ISEE NOTE If

[P TU^.SINE [2 fLO+I

801 LEA

A

.a,

	

^I I	 LP TURllINE [^

	

IJ	 ^

.iN

HP NTR	 tntrinla

HTR^9

re	
7.9F

DeO r2k

700.6 iEEOIEiATER
PUIIP

C

EOOM.

D

CONDENSATE
YANEWIP AND
STCRADE

i2S4191'

No	 3Z004HNO

g E

TP TURBINE { 71L'WI
	

LP TURUINES 14 /LOVI

CV –1
NC

•,. r

.E.

PRE, CEDING PAGE BLANK NOT FILTIEW

1I F}s^
	

k'I TI'Y I

Lr1 TY;	 Y-•
UM  

^^	 2	 3

TOLMU MAMEi

OQ6Y1
CONDENSER

3.O'HD

Rya I ^

R7.Rt
115.4(

OPMENSATE

r«^I vAAwI«v R [W Ikdl•+r ar NOTICE rollllrtili(R'

?6lMeRil MCI-[pw14iv nWICi4^rtlAllWWIAr V«,ifss PilAAf i!•r4 ^[x+Iwd f•r«fl•laa'Ill^p l C[r.vl+ay.r r«ar r+1 a	 mK10	 .
Oinl ••lI4LI

Il![TA I[ Cpr•4r MAI Paq IVf A+ 1..vIIt ro rtxl•Y Al: eITM ^1 n " •RY40 ^	 e,l aWA 	C•iV	 c ai¢IIr.4v rp"1
+^	 0.rrlx	 ICAIkt rTHlwaft^rlt +a Cl+Ilr•+O rW •m"«Iwl¢Irwn^t4 lal'^A^rl ¢'rl•u nrc+.It rewaA+ lxnThp•r eaa •«p p̂1.Oi aH. w«I. a^•cIwr¢I Alwt+np npya	 M¢A« \rw«IAta ^M+•+1¢0.T«I•v.IL•W rlpy T^•^ q«r[ryAr[41	 rli4rLLIM prvlrr+l l4C^Al11IIAV W1.0—

+ +.1	 +O«li	 + C. NauvW 4+ 4.r^-544 t«! Liar d	 +nl lH t I [pr+Il•[+ ."ITT
anitcrp/I ea^riw4A+f o. +I auA^ilntvaa¢r+ar4!•q elHvtu l ¢nrp•,

. 4 6	 I



PERFORMANCE DATA

qESCRIPTION DISCHARGING
OPERATION

MAIN 5 ROAM m"T.OHS t0 N.P.
rm AC

FLOW	 I oC e L"14A a 03
TCYPERRATb"E5'P '71000

•	 TYPE GF MAIN TURBINE CCfF-3a'LSB3e00/1110q RPM
TYPE Cr PEAKING TURBINE TC{F-3e'LSB

13200 7WS5PSIA. 433'r
0	 MAIN WATER pUUPSPLOr RATES.

MCENSATC. 'Oa LE/NR 0.35

FE[OWATER. IOG LB/NR a.93

0	 MAIN 0ENERATd1 OUTPUT 4e0. 511IKn n 2WORPu
331=ilaXx a I.300RpM
6DO.000Kx	 3.0^Na

•	 PEAKING GENERATOR OUTPUT 4DG. 115 Kk • 34'FQ

0	 TOTAL GCNCRATORS OUTPUT. Kr 1. 200.1 F5

•	 AUXILIARY POWER, Fr 60.11.3

9	 NET POWER TO TRANSFOAUER. KY 1.147.976

9	 WMFIS OF OPERATION 5.0

% SwIW SS

NET STATICI NEAT RATE,
et0/Xr- 04a2

r	 THERMAL EFFICIENCY.% BS

B

C

4

E

F

- 	 c n NsATE
yTRIAGE PUMP	 I

WPM

INES N FLOW 

	

	 OCNERATCR R3

4oua42XN

NOME it
ANR;NTEGRAL PART O

F 	E5
IP TURBINE.

LEGEND

{=FLOW-LB/HR
PIPRESSVRE-PSIA
H[ENTHALPY-BTU/LB
FtTEMPERATURE-OEG.F

--=- 7--- I	 e	 I	 9I	 I o 	 i	 tI -	 I 12

A

ut	 J

DENSER	 1

'w0

4ZS4IEI'

113. 1h4

TENSATE

Figure 4-22.	 TES Plant #2, Heat and Mass Bal ance
Nu"6ers for Discharging Cycle

DISCHARGING CYCLE;

' "
D

MOIICE TO ILA CH {fER " ` "' [^.....-,r "'	 NZAT a MAW MALMX DI AORM
CEKERAL 0 ELECTRIC—44AT tM11U It sup Cla l oma	 a	 +w/ 414t..t Ine+x¢ ea • —

•
©dOMW BASE FO551'_ PLANT

r.4.xa{x+p weh. uran re rleu • Aa ^x.b...•nox ^xemro,alm [w r^
•+......

•'['
w	

• UNDERGROUND THERMAL CNERGY STORAGE PROJECTS ENGINEEkING. OFERA ► ION• Wic•ytt it ^I ..nN^gl ro [I•tM1 .o iW aLLtM a[• p ua^hr 0.1.41[It rat . •[114141Wa. Ill t. alt CV/ahltyll b^.e t•uri.ai l^rY lb. Ott 0010 dl y. .. ...... 1.o•Ir ^..^	
.THERMAL	 ENF:NGY 5TCRAliE ra•4. 0'x1, trX LLW1Y111wM .I •she. uryiA eh

Y
.h.w C • " 1 rr^Y Ktl..pt.NC(x1 +x^[^.a hixG }w .[+1 i4 l4Y1.MO [.^it	 ^xlc	 t a1.1. 0}xrW IGn .W Mr	 A^u1 •r ruW^..	 (l^wy.t .._596--3 t.N r ^x14ti ^..4•	 Lx

• w	 ••+rl W1	 x[+11 Mtlw lx!	 a.tn .cr 	 II	 n^sb	 1	 ICNW'.r	 •	 tl+a re Px .lub lr el hr.at llltrn4SW+AI tW I.av nl pxivtew'•0.1.
_	 _	 __

rl	 W	 __
-

_
-
•__aM1.	 _

_
tn.. DOE ^E RRI 3N^•

6	 a	 r	 8 9 ^12IQ	 II

4-51



..^ ^. :If 1	 :^ I	 2	 3	 ^:Q•	 5	 6	 T'

A ^•.-^FRDIA 01-5F-A.

;qr	 roSS,L UNIT - 	^
CY-8	 '	 i

CV-7

CLOSE

8

I	 CV-138"

CLOSE

i CV-2	 36"

CLOSE

I Cv-3	 3$'
CLOSE

t r I

Cv-g CV -1 l CV-13

a PT PT

F t I

HEA TED WA'E.A	 EtiEL HEATED WATER LEVEL 1 NFATE0 WA ER	 VEL

a I I r

'UNDEAGROU

W WA^ER 4EVE

^
L_
''^

1 
Jf+1

Nb LINED	 J r I
CAVERN	 )

LOW WATER LEVEL

17NII8RGRtllJNO LINED
CAVERN

I

LOW WATER LEVEL

UNDERGROUND LINED
ChYERN

I

// I 36" I 30" i	 3Sw

atc

CV-10
_	

CV-12 w,. 

F3D	 1 30"

L Y -!	 L V-2	 LV_3

33"

I-ILCI CFDIING PAGE BLANK NOT FILMED

N
d
]	 y p	 a	 N{	 •
,?j i i^P • a	 ¢
S	 wm6R^

^ S '

„ r

I1y. W.

I
r'--

^1Nt o1aw^^ a Iwr n,srnr a.p[Ft1t	 „[t1N4 dl ulfpN11n n1uRK CO.,w.NatiMNlolav,tP.Pn,or lNarwK Np1 ^O	 ! el repo; 10 Pe[1Y,IP,	 n	 M	 1T
fiWprpprwl^IpalMatii101w[nMI•ry/ wllwput r 1•R„nfM Orr0lfCft 1+4+411 a,Np V1111,gy

r1anC1 to wll[kAl[11
tWt MAw,Np	 R 111 .1,wa1r a,tlN •i Ma1i C111,rKaf,P y o. +M q l Meat [tlilF,e ir'+1
M.P,t c+lww,iilIIf1GrRM rmr.a,•wat M.Mrv11rl1/Pet e p YlR,rr DLL r,IMN4lfpr pepRM an1NK Men NO , •nw1Y11	 1La1wt	 .rwevLM gl rO e11ri1+TO Iw KN1atr p	 ryrffyRwl Ni ^iir Wtup rpl Miff{	 1	 11a1Cr1 rtrMYr1„{TPwCiau l,Yrurr lP•att 1p
^rp.Wr.py^l^p WD^r lrwpMIOMRY4,"IR^19V^.MNr1^11^nwil^^gMlrrrn,	 fT M 1M	 Nt d	 ."" 10F MhAIM TNI rpy"1 I Y	 MII Man,wa 11It!Ittf 11r41.R Yg R1I'Ll	 wa11„e111P4 Man NP ItC1N11N It1cr14CtrnRMr 	 Irq)rr,
P./wl[P,f•aP11w.It11Er11N^ a

Is	 2 3 c g 	 g f	 ^ 7

POWOUT
-- -_ :	 -



ALNICAO •	 , t"r NONEY rr.t °IMkai 111 Lra^(,pu.^^rh
t •,r	 t.^akau°r A[Mrp,NR °.^ •la

+1.
^'^ ^weplt.l7V Nl+4t°wArltat

trwMn^^i°w;ina°:^
eY° r^^r pttR=v3 k[ryenl.q

!e r[lk¢[P..Nt 1M1IAnN°Mt .1• AI .e - - -	
---ten. _	 -- -- -

AUXI LIARY
CONDENSATE
PUMP
20.000 GPM

F'I

Figure 4 .23. TES Plant #2, Thermal Storage System
Flow Diagram - Charging Operation
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Figure 4-24.	 TES Plant #2 - Thermal Storage System
Flow Diagram - Discharging Operation
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CROSSOVER PIPING	
TYPICAL PlPtN0 SIZES AND MATERIALS

N TURBINE
LOCATION	 MATERIALS	 NO.-SIZE

IN STEAM LEADS-2 1/ 41CR •-7140	 121.30"M-S'WALL 713141-20"00-4.25.WALL

MINE STFAU LEADS-2 t/4CR-IMO	 141-$0'130-4.25'W06LL
MOVER PIPING-CARBON STEEL 	 921-30"00-1.5`MALL
:RMAL STORAGE SUPPLY-CARBON STEEL 12r-30-UO^1.25"WALL
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'.AM SEAL SYSTEM-2 1/4CR- • IMO	 tit G"00^0.004"MALL
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IN STEAM LEADS-CARBON STEEL 	 421-40"00-0.075"MALL TO 141-3D"00-0.625
MINE STEAM LEADS-CARBON STEEL 	 141-30'CO-0.025"WALL
tAll SEAL SYSTEM-CARBON STEEL	 111.-EI"00-0.322'WALL
)SSAROUNO PIPIN3-NE-CR-CU ALLOY	 141-44"00-0.375"WALL

C

D

Q L£GENO
	 E

D19	 CGNTPCL VALVE

t71	 CHECK VALVE

D'G	 MOTOR OPERATED VALVE
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Figure 4-25. TES Plant 1Y2, Main Steam Flow biagran
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Figure 4-26. TES Plant N2, One Line Electrical
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o

IA

LANT NOMENCLATURE

I -BOILER 11003E
2 -TURBINE HALL
3 -SERVICE AREA
4 -STACK
5 -ADMINISTRATION BUILDING
6 -CIRCULATING WATER PUMP HOUSE

7 -CONDENSATE STORAGE TANK
8 -COOLING TOWER SWITCHGEAR BUILDING

9 -COAL HANDLING SYSTEM S'•; TCHGEAR BUILDING
10 -FUEL OIL TANK
It -BATCH WASTE SUMP

12 -RECIRCULATING TANK

13 -SETTLING TANK

14 -DEWATERING BINS

15-MAIN COOLING TOWERS
16-CAR THAW SIZED

IT-ROTARY CAR BUMPER
IB -BREAKER HOUSE
19-LOWERING WELLS

20-PLOW MAINTENANCE SHED

21-CRUSHER HOUSE
	

C
22- $WITCHYARD

23-COAL PILE 160 DAY STORAGE 1
24-LIME SLAKING a SERVICE BUILDING
25-LIME STORAGE SILOS
26-LIME UNLOADING BUILDNG B TUNNEL
27-PROCESS WATER SURGE TANK

28-PROCESS B SEAL WATER PUMP HOUSE

29-SEAL WATER TANK
30-COAL PILE SETTLING BASIN

31 -WASTE WATER SETTLING BASINS
32-BATCH HOLDING TANKS

	
D

33-WASTE WATER TREATMENT BUILDING

34-THICKENERS
35-THICKENER OVERFLOW TANKS

36-THICKENER EQUIPMENT BUILDING
37-UNDERFLOW SURGE TANKS

30-SLUDGE PUMP HOUSE

39-FLY ASH SILOS

10-LOCOMOTIVE REPAIR SHOP
41 -MAKEUP WATER INTAKE STRUCTURE / FIRE PUMP HOUSE

	
E

42-TRANSFORMER YARD

43-MATERIAL HANDLING is SERVICE ISWITCHGEAR BUILDING
44-CONTROL 8. SWITCHOEAR AREA

45-SECONDARY AIR PREHEATERS

46-PRECIPITATORS
47-WAREHOUSE

48-MAKEUP WATER PRETREATMENT BUILDING

49-SO2 CONTROL B SWITCHGEAR BUILDING
50-50Z REMOVAL AREA

51 -AUXILIARY BAY
52-CAVERNS
53-EQUIPMENT HOUSE

13

NOTE•
PLOT PLAN 15 BASED ON DRAWINGS PREPARED
FOR THE NUCLEAR REGULATORY REGULATORY
COMMISSION UNDER CONTRACT N0, AT 149.241°
0351 AND THE U.S DEPARTMENT DF ENERGY
UNDER CONTRACT NO,EY-7G-C-02-2477 BY
UNITED ENGINEERS D CONSTRUCTORS INC.
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duration, the stored high pressure steam/water is throttled down to a con-

stant steam pressure at 2.45 MPa (355 psia) for supply to the peaking

steam turbine. The throttled steam flow rate to the peaking steam tur-

bine inlet is 1.93 x 10 5 kg/hr (4.25 x 10 6 lb/hr) at a constant pres-

sure of 2.45 MPa (355 psia). The underground caverns during discharging

mode thus operate under variable pressure from 4.93 MPa (714.7 psia) to

2.45 MPa (355 psia).

Special provisions for piping and baffles inside the tanks must be

provided to assure good mixing during the charging cycle, otherwise the
storage capacity would be greatly reduced.

The excavated cavity is made in a competent hard rock, with a steel

liner fabricated within the cavity and high temperature, high strength

concrete poured between liner and rock for stress transfer. The 660 foot

depth of cavity excavation is such that its overburden will sustain the

pressure of storage.

The TES system component descriptions are given in Table 4-9.

Table 4-9

TES COMPONENT DESCRIPTIONS FOR PLANT #2 - HSC PLANT WITH UNDERGROUND PRES-
SURIZED WATER STORAGE

Component	 Description

Underground Cavern	 Five identical underground cavern thermal storage tanks,
Thermal Storage	 spherical tank with 28,000 ms (7,396,164 gal) per tank,
Tank	 diameter of 3B m (125 ft).

Auxiliary	 One centrifugal pump with 315.4 liters/sec (5,000 gal/min)
Condensate	 capacity and 213.36 m (700 ft) TDH (water column).
Pump	 BHP: 1200 HP.

Control Valves	 36": CV-1, CV-2, CV-3, CV-4, CV-5, CV-9, CV-10, CV-11,
CV-12, CV-13, CV-14, CV-15, CV-16, CV-17, CV-18.

30i: CV-6, CV-7.

24": CV-8.

Motor Operated	 3011: V--1, V•2, V-3, V-4, V-5, V-6.
Valves.

Piping	 3611 	 WT CARBON STEEL	 6000 ft

30"	 STD WT CARBON STEEL 	 3000 ft.
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The detailed TES process flow diagrams, Figures 4-23 and 4-24,

show the five underground caverns with associated steam piping and

valves. The plant arrangement drawings as shown in Figures 4-19, 4-27,

and 4-28 are based on drawings as documented in NOREG-0244, Volume 3,

Reference 4-2. These figures indicate the modifications made such as

underground caverns, peaking turbine generator, the cross compound

base steam turbine generators and the switchyard, etc., to accommodate

the thermal energy storage system. Figure 4-26 shows the electrical

one line diagram of this plant with 3 generators.

Plant #3 - Nuclear LWR Plant with Aboveground Not Feedwater Storage

An artist rendering of this Plant #3 is shown in Figure 4-30, the

performance is given in Table 4-10 (page 4-68), and the approximate

auxiliary losses breakdown in Table 4-11 (page 4-69). This plant has

a limited ratio of peak to minimum power and has no separate peaking

steam turbine. The percentage swing is -12.88% during charging op-
eration and +11.96% during discharging operation. The TES turnaround

efficiency is 0.72 based on gross power output and 0.69 based on net

power output.

The plant conceptual design drawings are illustrated in Figures
4-31 through 4-33 for heat and mass balance diagrams for base cycle,
charging cycle, and discharging cycle, respectively; Figure 4-34 and
4-35 for TES system flow diagrams for charging and discharging operation;

Figure 4-36 for main steam flow diagram, Figure 4-37 for electrical one

line diagram and Figures 4-38 and 4-39 for plot plan and equipment

arrangement.

(Text continued on Page 4-89)
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Table 4-10

PERFORMANCE OF PLANT #3 - NUCLEAR LWR PLANT WITH ABOVEGROUND NOT FEEDWATER
STORAGE

Description Normal Operation Charoing Operation Discharging Operation

• Main Steam Condoftions
Flaw Rate, 10 k /hr {106 lb/hr

g

6.61 14.58) 6.61 14.58) 6.63
Pressure, MPa (psia 6.72 975) 6.72 975) 5.72

J14.58)
975)

Enthalpy, kJ/kg	 ietu/ib) 2771 7191.3) 2771 1191.3) 2777 3191.3)

o Type of Turbine TCEF, 43" LSB TC6F, 43" US, TCSF, 43" LSB,
1800 rpm 1800 rpm 1800 rpm

• Main Water Pumps Flaw Rate
Feed, 106 kg/hr (106 lb/hr) 6.61 (14.58) 6.61 6.61	 (14.58)
Boiler,	 106kg/.}^r (10 6 lb4hr) ---

114.58)
3.91	 8.63 ---

Condensate,	 0 kg/hr (10	 lb/hr) 4.57 (10.08) 3.92	 8.65 5.23	 (11.54)

• Main Generators Output, 1124,567 W 995,617 kW 1,239,575 kW
@ 3" HG @ 2" HG @ 4.5" HG
1,142,314 kW 1,001,834 kW 1,276, 695 kW
@ 2.2" HG 01.7" HG @ 3" HG

• Auxiliary Power, kW 51,994 51,964 55,937

• Net Power to Transformer, kW 11090,320 949,870 1,220,758

• Hours of Operation 10.02 8 5.98

• n Swing --- -12.88 +11.96

• Net Station Heat Rate,
J Thermal	 Btu N
J-E ectrie	 kWh

3.03 (10318) 3.47 (11844) 2.70 (9216)

• Thermal Efficiency, A 33.10 28.83 37.06

Turnaround Efficiency of Thermal Storage System.,

Based an Gross Power Output • 
5.98 (1,276.695 - 1 1 42,314

0'715
s (1,14 , 3 4 - 1,001,834

Based on Net Power Output
S.98 (1,220.758 ; 1,690.320)_

8 11, 9G,d24 -	 4' ,
, 0.694

4

Thermal Storage System Heat Rate -	 0.694 .13	 $ 14,865
O, b94 TcW

Btu
r

Thermal Efficiency of Storage System - 22.98%
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Table 4-ll

APPROXIMATE AUXILIARY LOSSES BREAKDOWN OF PLANT -3 - LWR PLANT ABOVEGROUND
FEEDWATER STORAGE

Description Norma	 Operation
asses in Horse ewer
Charging Operation Discharging Operation

Reactor Cooling Pumps 28,000 28,000 28,000

Circulating Water Pumps 20,000 20,000 20,000

Condensate Booster Pumps 7,500 6,440 8,580

Condensate Pumps 31750 3,220 4,290

Heater Drain Pumps 2,500 2,500 2,500

Makeup Water Pumps 500 500 500

Service Water Pumps 11500 1,500 1,500

Cooling 'Power Fans 61000 5,150 6,870

Recirculating Pumps -- 2,400 --

Makeup Pumps -- -- 2,800

Total Losses, HP (kW) 69,750 (51,994) 69,710 (51,964) 75,040 (55,937)

4-69
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Figure 4-32, TES Plant #3, Heat and Mass Balance
Numbers for Charging Cycle
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OPERATION
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• AUXILARY POWER, KW 55,937

• NET POWER TO TRANSFORMERS. XW 1.174,538
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êr,"~IYI Id .rl f4R l d'rx	 "IA MOU^.r.le1	 .x^r	 r efe, pl ptx[e la;,1 1 Cp.re.C^ Axa Ix^1 Glawi ,.G	 rVIC	 r,3
.	 .

xbu„rr O.xaxla^Ul^Olu^lh+. iCr	 rlVhHb rr al xl e..1[Iar.IC LP+.x . r"t ••bn[Ib .i. .1141.. _- _	 _ _ _ _ -	 _ -	 . 1""W.,ibaYl.h
'°

5	 T.
9

Figure 4-33. TES Plant #3, Heat and Mass Balance
Numbers for Discharging Cycle
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CHARGING MODE

FEEDWATER .0 MAIN UNIT
8,625,246 3!
146.1 H

rEEDWATER 7ROM
MAIN UNIT
8,625,246
402.5 H
424.8
600 P

THERMAL DISCHARGING MODE

STORAGE
LEGEND

FEEDWATER - FLOW - L8/HR
P - PRESSURE - PSIA

IN	 PCIV H - ENTHALLY - BTU/LB
F - TEMPERATURE - OF

11,535,3934
402.6 H

11,535,3934
159.1 H

A simplified version of TES schematic during a charging mode and

discharging mode is shown in Figure 4-40.

Figure 4-40. Aboveground Feedwater Storage in PCIV, Thermal Storage
Schematic for LWR Plant #3

The figure shows that during a charging period of 8 hours duration feed-

water from the main unit is used to charge the thermal storage. The

containment pressure vessels are made from prestressed cast iron as docu-

mented in Reference 4-6. The pressure vessels have high temperature

internal insulation to keep the cast iron cool. The feedwater has a

flow rate of 3.91 x 10 6 kg/hr (8.63 x 10 6 lb/hr) at 4.14 MPa (600 psia)

and 218.2oC (424.80F). The thermal storage system is of the displace-

ment type. When fully charged with thermal energy, it is filled with

4-89	 R, r



high temperature feedwater at the desired temperature 218.2 oC (424.80F);

when fully discharged, the water contained is all cold. 5o during

charging as hot feedwater is supplied to the prestressed case iron

vessels (PCIV), the same volume of cold water is continuously with-

drawn from the PCIV. Similarly during discharging as hot feedwater is

withdrawn from the PCIV, cold feedwater is continuously fed into the

PCIV. Because the density of the cold feedwater is higher than that of

the hot feedwater, an auxiliary storage tank is included to make up the

difference in the required volume. The discharge feedwater flow rate

during a discharge period of 5.98 hours duration is 5.23 x 10 8 kg/hr

(11.54 x 10 8 1b/hr).

Figure 3-12 from Section 3 (page 3-71) shows the comparison of

direct costs of different types of pressure vessels for high tempera-

ture water (HTW) containment. The different: types of pressure vessels

considered are PCIV, prestressed concrete pressure vessel (PCPV), steel

and underground cavity. The above comparison points out that for the

aboveground feedwater storage PCIV's have the least cost. Thus PCIV's

are used in this plant for aboveground feedwater storage.

The TES system component descriptions are given in Table 4 -12.

The detailed TES process flow diagrams, Figures 4--34 and 4-35, show

the six PCIV's with associated feedwater piping, valves and headers.

Tile plant arrangement drawings as shown in Figures 4-30, 4-38, and 4-39

are based on drawings as documented in NU REG-0241, Volumes 1 and 2,

Reference 4-3. These figures indicate the modifications made such as

incorporation of PCIV's. Figure 4--37 shows the electrical one line

diagram of this plant with a different rating of the generator than

the reference LWR base plant generator rating as shown in Figure 4-41.

4--90



Table 4-12

TES COMPONENT DESCRIPTIONS FOR PLANT #3 LWR PLANT 141TH
ABOVEGROUND FEEDWATER STORAGE

Component	 Description

Feedwater Thermal Storage Tank	 Six identical tanks; dish head cylin-
drical tank, axis yertieal, installed
aboveground 8000 m (2,113,227gal.)
per tank, diameter of 12 m (39.4 ft).

F.W. Storage Heater	 Two identical tubg1ar heat exchangers;
each has 2324.8 m (25,000 ft2 ) heat-
ing surface, steam on tube side and
water on shell side.

Recirculation Pump	 Two centrifugal pumps with 1388 liters/
sec (11,000 gal/min) and 105.476 in
(346 ft) TDH (water° column).
BHP: 1200 HP.

Make-Up Pump	 Two identical centrifugal pumps with
788 liters/sec (12,500 gal/min) and
105.476 in (346 ft) TDH (water column).
BHP: 1400 HP.

Control Valves	 40": CV-3, CV-4, CV-5, CV-6, CV-7,
CV-8, CV-9, CV-10, CV-11, CV-12,
CV-1.

Piping	 40"	 STD WT CARBON STEEL	 1000 ft

30"	 STD WT CARBON STEEL	 300 ft.

Plant 7#4 - Nuclear LWR Plant with Aboveground Oil/Rock Storage for
Feedwater Heating

An artist rendering of this Plant #4 is shown in Figure 4-42, the

performance is given in Table 4-13 (page 4-96), and the approximate

auxiliary losses breakdown in Table 4-14 (page 4-96). This plant has

(Text continued on Page 4-115)
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Table 4- 13

PERFORMANCE OF RLAMT 7#4 NUCLEAR LWR PLANT 141TH ABOVEGROUND OIL/ROCK
STORAGE FOR FEED14ATER HEATING

Description Normal Operation Charging Operation Discharging Operation

• Main Steam Con itions
Flaw Rate, 10	 kg/hr (105 lb/hr)	 6.61	 14.58) 6.61	 14.58)

6.72 #975)
6.61	 (14.58)

Pressure, MPa (psia) 6.72 1975) 6.72 (975)

Enthalpy, kJ/k9 (Btu/lb) 2.77 (1191.3) 2.77 (1191.3) 2.77	 (1191.3)

• Type of Turbine TC&F, 43" LSB, TC6F, 43 " LSB, TC6F, 43" LSB,
la00 rpm 1800 rpm 1600 rpm

• Main 11ater Pumps Flo 	 Rate
Feed, 146 	9/hr (100 lb/hr) 6.61	 (14.58) 11.41	 (25.15) 6,61	 (14.58)

Boiler, 10^ kg/hr (106 lb/hr) -- -- --
Condensate, 106 kg/hr (1 G.° lb/hr)	 4.57 (10.08) 3.41	 (7.52) 5.73 (12.64)

• Main Generators Out put, k# 1,124,567	 1;11 900,429 @;t 1,254,509 k:;
@3" HG 02" FS @4.2" HG
1,742,314 kW 920,292 kW 1,282,876 kW
@2.2" HG @1.75" HG @3" HG

• Auxiliary Power, ktd 51,994 5-,m 6D,OC7

• Net Power to Transformer, kW 1,090,320 265,950 1,222,869

• Yours of Operation 10.2 a 6.04

• n Swing -- -20.58 +12.16

• Net Station Heat Rate,
(	 J-Thermal	 r Btu

,E ectric t k'rlh
3.03 (10318) 3.81	 (12992) 2.70(5200;

• Thermal Efficiency, R 33.10 26.29 37.12

Turnaround Efficiency of Thermal storage System:

Based on Gross Power Output =	 6.04(1,28,876 - 1,142
18.0	 1,1-2,314 - 920,2
314	 = 0.478
2)

Based on Net Power Output =	 6.04(1 1 222,869	 1_,090,320) , 0.446
8	 1 1 090,320 - 855,950

Thermal Storage System Heat Rate
= 10,318.11 _ 23.139

0.49 -

Stu

k19h

Thermal Efficiency of Storage System = 14.-7„

Table 4--14

APPROXIMATE AUXILIARY LOSSES BREAKDOWN OF PLANT 7#4 - WITH ABOVEGROUND OIL/
ROCK STORAGE FOR FEEDWATER HEATING

Description
Losses in Horseoower

Normal Operation Charging Operation Discharging Operation

Reactor Cooling Pumps 28,000 28,000 28,000

Circulating Pumps 20,000 20,000 20,000

Condensate Booster Pumps 7,500 5,600 9,400

Condensate Pumps 3,750 2,800 4,700

Heater Drain Pumps 21500 2,500 2,500

Makeup Water Pumps 500 500 500

Service Water Pumps 1,500 11500 1150D

Cooling Tower Fans 6,000 4,800 5,700

Recirculating Oil Pumps -- 71200 7,200

Total Losses, HP (kW) 69,750 (51,994) 72,900 (54,342) 80,500 (60,007)
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PERFORMANCE DATA

-177.

DESCRIPTION BASE
OPERATION
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Figure 4-44. TES Plant #4, Heat and Mass Balance.
Numbers for'Charging Cycle

CHARGING CYCLE
>roT^tt,owncnut•	 -`	 [.	 °i1 WA7 L MAW MIJJICIE 13 ARRIIAY 	 11el".^4•.•w^lru.l Ha • 1 elnuiuner n rw 4l" " I LI,U"^erww + 	^F	 .1i r, r..	 -	 ,,,	 1125 MW BASE PWR PLANT 	 GENERA! i ELECTRIC

vi+.ica^ril `ien	 :ii°+otieni: io nl i ^en°i:•cr 0, •4q i40,Mivp^r.	 `	
•rl,	 DUAL MEDIA THERMAL ENERGY STORAGE PROJECTS [NOINRRINC OPERATION

N^:ni Ilpef^`L 1l1011,-1.14u•+G1"1a—[,asi L l ll[a• all 11••n1,	 ♦ 	 eyrr,wrLi.1•r[	 .,lM'1 a r, •h Nk ♦ n. IL.^4f44"w.

	

Iw., o4co wroe.n•n. +4„o.•.n.w ,. .^e"1„v.ulauo-. 	 53tlN7113	 r•"'	 THERMAL ENERGY 5TORAGE
WO •r♦ .M c	,e	 • IW..w"r	 VI.[+u.^el	 O.,.ye te4	 a	 re..p	 [ lllct ""I. 1M1 ta41."t _ 0 144	 •;W 	 •• ,•	 ,+iee. ,[.nnan,ale •,•n+meal"n•l elm,e^eewr,r, lreovn^wl 	 ue a••e	 ...	 a++

	

DOE. £PR1	 ^/^j[146Yr"4	 • 3NT113T	 •1,ILQ I 	,I•
6	 r	 B	 9	 10	 1	 H--	 12

4-99

_	 it
WL



3	 {

1	 ^	 2	 j 3 I	 ^ 4 ^ 6 7_..

A

1-!

ppYC}U'^ FRAME	
"'.-.i=1DING PAGE BLANK NOT FILMED

,D 

J

Ii41411.wE [. 104CI41.AI It[[ • .IC [Or.rr,40•^ • 6 ,^^ .N 	 It to.xl0 t+Ox co4mlmx t.,r 11F -7' •.8 }	 1 ^'+^	 'mnio o,ue1.1[ o;,00ue[° °oea
a I^^ama¢ µc' ~ p O •+	 N^o; ro o.xil î^a:i'':u,r 'oie:
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a limited ratio of peak to minimum power and has no separate peaking

steam turbine. The percentage swing is -20.58% during charging op-

eration and +12.16' during discharging operation. The TES turnaroundg g p

efficiency is 0.46 based on gross power out and 0.43 based on net power

output.

The plant conceptual design drawings are illustrated in Figures

4-43 through 4-45 for heat and mass balance diagrams during base cycle,

charging cycle and discharging cycle respectively; Figures 4-46 and

4-47 for TES system -Flow diagrams for charging and discharging operation;

Figure 4-48 for main steam flow diagram; Figure 4-49 for electrical one

line diagram and Figures 4-50 and 4-51 for plot plan and equipment ar-

rangement.

A simplified version of TES schematic during a charging mode and

discharging mode is shown in Figure 4-52.
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FEEDWATER FROM MAIN UNIT

14,578,0051

' 291F

Hr

262.7H

01L-/RCSCK Q4L

TP&RMAL 'rr CRMAL
STORACyr= ST0RAC^

FEEDWATER TO MAIN UNIT

12,636,970#

284.2H

313.7F
275P

LEGEND '^-

9 - FLOW - LB/HR FEEDWATER FROM MAIN UNIT

P - PRESSURE - PSIA 12,636,9709

H - ENTHALPY - BTU/L8.
191F

159H

F - TEMPERATURE OF

Figure 4-52. Oil/Rock Thermal Storage for Feedwater Pleating in Plant #4
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The figure shows that during a charging period of 8 hours duration hot

feedwater from the LWR steam generator inlet heats the oil/rock system.

These heat exchangers are both shell and tune type and plate type. The

feedwater flows through the tube side and transfers Meat to the Caloria

HT-43 oil which is on the shell side. The feedwater flow rate during

charging is 4.80 x 10 6 kg/hr (10.57 x 106 lb/hr) at 8.27 MPa (1200 Asia)

and 248.90C (480 0F) at inlet. The cooled feedwater after losing heal: to

the oil on the shell side is returned to the main unit feedwater heater
#2. Caloria HT-43 oil is pumped from oil/rock storage tanks into the

shell side of the heat exchanger and then discharged to the top of the

storage tanks.

During a discharging period of 6 hours duration the main heater #1

is used to heat the low pressure feedwater from 88.3 0C (191 0F) to

MAN (313.70P). The low pressure feedwater flow rate is 5.73 x 106

kg/hr (12.64 x 106 lb/hr) at 1.90 MPa (275 psis) exit. This low pres-

sure feedwater mixes with the main stream feedwater. The Frain stream

feedwater is then pressurized and passed to the high pressure shell anc
tube type heat exchangers to heat this water from 143.9 0C (291 0F) to
226.70C (4400F). The high pressure feedwater flow rate is 6.61 x 106

kg/hr (14.58 x 106
 WK.  Heat to the feedwater during discharging

operation is continuously supplied by the circulating hot oil from the
oil/rock storage tanks.

They oil/rock storage tanks in Plant #4 are similar in design,
use the saute fluid (Caloria HT-43 oil), and operate similarly to those

in (slant 01 (see pane 4-40).

To reduce the number of heat exchangers, the same heat exchangers
which are used during the charging period are also use6 during the dis-

charging period.

The TES system component descriptions are given in Table 4-15.

4-116



Table 4.15

TES COMPONENT DESCRIPTIONS FOR PLATT #4 WITH ABOVEGROUND OIL/ROCK STORAGE
FOR FEED14ATER HEATING

Component Description

Thermal Storage Tank Six identical	 tank units, cylindrical	 tank,
axis vertical,	 installed aboveground, 36,576 m
(120 ft)	 diameter by 12,2 m (40 ft) high,
12812 m	 (4.52 x 10 5 ft3 ),	 each containing 3.4
x 107 kg (3.74 x 104 tons) of RB gravel rock,
and 3.2 x 10 5 liters (0.85 x 10 6 gal) of
Cal on a HT-43 oil,

Ullage Maintenance Unit Storage and control of ullage gas with compres-
sed gas storage at 120 Mpa (175 psia); tank
pressure control, venting, inert gas 	 (nitrogen)
control, volatile vapor recovery and control.

Oil Maintenance Unit Full-Flow, continuous filtration with dual 80-
mesh filters in main oil	 line upstream of
pump; periodic distillation with vacuum dis-
tillation unit in side stream to remove poly-
merized materials; periodic oil makeup.

H.P. Neater Forty-eight identical tubular heat exchanger
units divideinto six groups (8 units for a
group); each unit has 2883 m2 (31,000 ft2)
heating surface; water on tube side and oil
on shell	 side.

L.P. Heater Twenty-Four identical plate heat exchanger
units divideinto six groups 	 (6 units fo), a
group); each unit has 2364 n12 (25450 ft 2)

Oil	 Pump Six identical	 pumps; centrifugal, high tem-
perature with 1262 liters/sec. 	 (20,000 gal/min
capacity and 70.15 m (230.6 ft ) TDH (water
column).
BHP:	 1200 HP.

Control Valve 36":	 CV01
30":	 CVS.1, CVS2

Piping 40"	 STD WT CARBON STEEL	 200 ft
36"	 STD WT CARBON STEEL	 2000 ft
30"	 STD 14T CARBON STEEL 	 100 ft
18"	 STD WT CARBON STEEL 	 700 ft
12"	 STD WT CARBON STEEL 	 300 ft
l0"	 STD 14T CARBON STEEL 	 300 ft
8"	 ,STD WT CARBON STEEL	 300 ft
6"	 SCH 40 CARBON STEEL 	 200 ft.
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The detailed TES process flow diagrams, Figures 4-46 and 4-47, show

the six oil/water loops with associated feedwater piping, oil/rock

storage tanks, heat exchangers, pumps and valves. The plant arrange-

ment drawings as shown in Figures 4-42, 4-50, and 4-61 are based on

drawings as documented in NUREG- , 0241, Volumes 1 and 2, Reference 4--3.

These figures indicate the modifications made such as incorporation of

oil/rock storage tanks, heat exchangers, pumps, etc. Figure 4-49 shows

the electrical one line diagram of this plant with a different rating

of the generator than the reference LWR base plant generator rating as

shown in Figure 4-41.

POWER PLANTS ECONOMIC ANALYSIS

This section describes the plant capital cost estimates, plant

capital cost estimate comparisons, total capital cost of energy storage

systems, ieveli-ed annual energy storage cost, and levelized busbar

energy storage cost for all of the above power plants.

Plant Capital Cost Estimates

ThQ groundrules used in estimating plant direct costs and plant

base costs (sum of direct and indirect costs) are listed below. Those

items that are excluded from the direct and base costs are added later

to give TOTAL investment cost.

• The cost data is based on prices effective July 1976.

a Escalation and interest during construction is not included
in the cost estimate.

• No tax preferences are included.

• Main heat rejection system is to have mechanical draft wet
cooling towers.

s Connections to the utility grid are at two different voltage
levels; 500 kV for the generator, 230 kV for the auxiliary
transformers.

• The cost estimate is to be developed for a single unit, with
sufficient land area to accommodate an identical second unit.
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a Qwner's costs, including consultants, site selection fees are
excluded.

o Fees and permits - Federal, state, local costs are excluded.

o Spare parts costs are excluded.

o Contingency costs are excluded.

o Main transformer, switchyard and transmission facility costs
are excluded.

e Waste disposal costs are excluded.

Following are additional groundrules applicable to each of the two type

plants.

HSC Plants

• Environmental and siti ng criteria CIRCA, January 1, 1976 is to
be used.

e Coal handling system is designed to unload a 100 car coal unit
train in five hours.

o Indoor coal storage silos capacity designed for 8 hours con-
sumption at full load.

o Outdoor coal storage capacity designed for sixty days con-
sumption at full load.

s A lime scrubber system for removal of So t gas from the flue gas.

a Initial coal supply costs are excluded.

Nuclear LWR Plants

o Licensing and design criteria CIRCA, January 1, 1976 is to be
used.

a The plant is to have an on--site nuclear reactor core storage
capacity for 4/3 core.

a Nuclear liability and other insurance costs are excluded.

a Initial fuel loading costs are excluded.
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The code of accounts for HSC and nuclear NR pl ants are to be in

accordance with USAEC Report NUS-631. The breakdown of code of accounts

are as fol1ods

Account dumber Description

20 Land and Land Rights

21 Structures and Improvements

211 Yardwork
212 Steam Generator Building/Reactor Containment

Building
213 Turbine Building
218B Administration and Service Building
218I Electrical Switchgear Building
218M Coal Car Thawing Shed
218N Rotary Car Dumping Building
2180 Coal Breaker House
218P Coal Crusher House
21BU Material Handling Building
218V Waste Water Treatment
219 Stack Structure

22 Boiler° Plant Equipment/Reactor Plant Equipment:

221 Steam Generating System/Reactor Equipment
222 Draft System/Heat Transfer System
223 Ash and Dust; Handling System/Safeguards System
224 Fuel Handling System/Rad baste Processing
226 Fuel Gas Desulfurization/Inert Gas Systems
227 Instrumentation and Controls

23 Turbine Plant Equi pment

231 Turbine-Generators
233 Condensing Systems
234 Feed Heating Systems
236 Miscellaneous Equipment
236 Instrumentation and Controls

24 Electric Plant Equipment

241 Switchgear
242 Station Service Equipment
243 Switchboards
244 Protective Equipment
246 Electrical Structure and Wiring ContrQ1
246 Power and Control Wiring
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Account Number
25

251
252
253
264
255

26

261
262

27

271
272
273
274
275
276

28

281
282

Total

91

911
912
913
914
915

92

921
922
923

93

Description

Miscellaneous Plant „ Equipment

Transportation and Lift Service
Air, Water and Steam Service
Communications Equipment
Furnishing and Fixtures
Waste Water Treatment Equipment

Main Condensate Heat_Rejection_S,y_stems

Structures
Mechanical Equipment
Thermal Storage Equipment

Heat Exchangers
Piping and Valves
Rotating Equipment
Inerti ng Systems
Storage Vessels
Instrumentation and Controls

Thermal Storage Media
Oil /cleat Transfer Fluid
Rocks

Direct Costs = E 20 28 Accounts

Construction Services

Temporary Construction Facility
Construction Tools and Equipment
Payroll Insurance and Taxes
Permits, Insurance and Local Taxes
Transportation

Home Office Engineering and Services

Home Office Services
Home Office G/A
Home Office Construction Management

Field Office En gineerin g and Services

931
	

Field Office Expenses
932
	

Field glob Supervision
933
	

Field QA/QC
934
	

Plant Startup and Test

Total Indirect Costs = E 91 - 93
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Cost estimates were prepared for -Fifteen plants. Tables 4-16
through 4-30 (listed for ready reference in the List of Tables at the

front of this report) describe these direct and base costs (direct plus
indirect) with the cost breakdown for each two digit account number.

Total direct cost of the plant includes equipment cost, labor

cost, and material cost.

Plant cost numbers as given i n Tables 4-16 and 4-17 are for reheat
steam cycles HSC base plants with power output capacities of 794,415 kW

net and 741,000 kW net, respectively. Tables 4--21, 4-24, 4-25, and 4-26

give the costs for TES plants #IA, 2, 3, and 4A. The TES HSC plants #1B,

1C, 4B and 4C costs as given in Tables 4-22, 4-23, 4-27, and 4-28 are

for sensitivity analysis study purposes only. Tables 4-,29 and 4-30

give the cost numbers for the cycling coal fired plants with reheat for
two steam conditions 12.41 MPa/510 oC/5100C (1800 psig/950 oF/950 0F) and

16.55 MPa/538
0
C/5380C (2400 psig/1000oF/10000F).

TOTAL Investment Cost of the Plants

In the above paragraphs the base costs which are sums of total direct

and indirect costs were estimated for the fifteen plants. the TOTAL
investment cost of the plant is a sum of the base cost + owner's costs

for consultants, site selection, etc, + fees, permits, state and local

taxes + spare parts + interest during construction + contingency allowance.

These latter costs were excluded from the above accounts. The same mul-

tipliers as discussed in Section 3 were used with plant base costs to

obtain plant TOTAL investment costs. These multipliers were used to

make the $/kW cost numbers consistent with the Electric Power Research

Institute (EPRI), Technical Assessment Guide (TAG), Reference 4-7. The

equations are:

HSC Plant TOTAL Investment Cost = 1.772 Base Cost for HSC Plant

Nuclear LWR Plant TOTAL Investment Cost = 1.572 Base Cost for LWR Plant.
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Table 4-16

BASE COSTS
NUREG 0244, HSC PLANT -- 794=415 kW NET

ACCOUNT OTA	 C , N	 HU5 N5
NUMBER ITEM AND DESCRIPTION EQUIPMENT LABOR MATERIAL TOTAL

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 2085 14065 21865 38015

22 Boiler/Reactor Equipment 75729 32450 11967 120146

23 Turbine Plant Equipment 49109 12805 3268 65182

24 Electric Plant Equipment 7647 13253 8132 28932

25 Misc. Plant Equipment 5189 2843 705 8737

26 Main Cond. Heat Rej. Sys. 8596 2564 881 12041

27 Thermal Storage Equipment O 0 0 0

28 Thermal Storage Media 0 0 0 0

TOTAL DIRECT 148255 77980 48818 275053

91 Construction Services 35215

92 Home Office Engr. Service 14349

93 Field Office Engr. Service 16026

TOTAL BASE (DIRECT PLUS INDIRECT) 335243

Table 4-17

BASE COSTS
NUREG MODIFIED, HSC PLANT - 741,000 kW NET

ACCOUNT TOTAL COST IN THOUSANDS
NUMBER ITEM AND DESCRIPTION EODIPMENT LABOR MATERIAL O	 L

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 2018 13610 21159 36787

22 Boiler/Reactor Equipment 72683 31145 11487 115315

23 Turbine Plant Equipment 47005 12257 3128 62390

24 Electric Plant Equipment 7224 12685 7784 27693

25 Misc. Plant Equipment 4981 2728 677 8386

26 Main Cond. Heat Rej. Sys. 8228 2454 843 11525

27 Thermal Storage Equipment 0 0 0 0

28 Thermal Storage Media 0 0 0 0

TOTAL DIRECT 264096

91 Construction Services 33812

92 Home Office Engr. Service 13777

93 Field Office Engr. Service 10203

TOTAL BASE (DIRECT PLUS INDIRECT) 321888
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Table 4-18

BASE COSTS
NONREHEAT HSC BASE PLANT - 741,633 kW NET

ACCOUNT	 TOTAL COST III HOUSAND5

NUMBER	 ITEM AND DESCRIPTION	 EQUIPMENT	 L R 	 MATERIAL

20 Land and Land Rights

21 Structures and Improvements

22 Boiler/Reactor Equipment

23 Turbine Plant Equipment

24 Electric Plant Equipment

25 Misc. Plant Equipment

26 Main Cond. Heat Raj. Sys.

27 Thermal Storage Equipment

28 Thermal Storage Media

TOTAL DIRECT

91 Construction Services

92 Name Office Engr. Service

93 Field Office Engr. Service

TOTAL BASE (DIRECT PLUS INDIRECT)

0 0 2000 2000

2205 15294 23916 41415

73336 31344 11580 116260

75191 14405 4440 94036

7547 13253 8132 28932

5189 2843 705 8737

8596 2564 325 11485

0 0 0 0

0 0 0 0

172064 79703 5109B 302865

35892

15752

11641

366150

Table 4-19

SASE COSTS
NUREG 0241 NUCLEAR LWR PLANT - 1,138,610 kW NET

	

TOTALACCOONT 	 NTHOUSANDS)
	NUMBER	 ITEM AND DESCRIPTION	 EOUIPMUT	 LABOR"	 MATERIAL	 TOTAL

20 Land and Land Rights

21 Structures and Improvements

22 Boiler/Reactor Equipment

23 Turbine Plant Equipment

24 Electric Plant Equipment

25 disc. Plant Equipment

26 Main Cond. Heat Raj. Sys.

27 Thermal Storage Equipment

28 Thermal Storage Media

TOTAL DIRECT

91 Construction Servicest

92 Home Office Engr. Service

93 Field Office Engr. Service

TOTAL	 BASE (DIRECT PLUS INDIRECT)

0 0 2000 2000

5902 55697 39777 101376

96569 27769 9143 133481

82630 23336 5315 111281

13094 17793 8541 39428

7197 3959 647 11803

15703 4585 1300 21588

a 0 0 0

a 0 0 a

221095 133139 66723 420957

70033

49219

26620

568829
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0 0 2000

2197 15486 24329
73336 31344 11580

115059 19082 5721
10391 13812 8306
5600 3068 761

11755 3506 1206
22960 6522 690
15580 631 0

2000
42012

116260
139862

32509
9429

16467
30172

16211
404919

42430
20690
16094

484133

Table 4-20

BASE COSTS
NUCLEAR L14R BASE PLATT - 1,072,573 W NET

OTAL COST IN THOUSNNDs
NUMBER ITEM AND DESCRIPTION EQUIPM0 LABUR MATERIAL TOTAL

20 Land and Land Rights 0 0 2000 2000
21 Structures and Improvements 5630 53139 37950 96719
22 Boiler/Reactor Equipment 93224 26807 8826 128857
23 Turbine Plant Equipment 78835 22264 5071 106170
24 Electric Plant Equipment 12640 17177 8245 38062
25 Misc. Plant Equipment 7071 3890 636 11597
26 Main Cond. Heat Rej. Sys. 14982 4374 1240 20596
27 Thermal Storage Equipment 0 0 0 0

28 Thermal Storage Media 0 0 0 0
TOTAL. DIRECT 212382 127651 63968 404001

91 Construction Services 67146
92 Home Office Engr. Service 47230

93 Field Office Engr. Service 27464
TOTAL	 BASE (DIRECT PLUS INDIRECT) 545841

Table 4-21

BASE COSTS
TES HSC PLANT #1A 14ITH ABOVEGROUND OIL/ROCK GRAVEL,

TRICKLE CHARGE THERMAL STORAGE - 1,125,332 k14 NET

ACCOUNT	 AL COST IN T U5 N

NUMBER	 ITEM AND DESCRIPTION	 E	 LABOR	 MATERIAL

20 Land and Land Rights
21 Structures and Improvements
22 Boiler/Reactor Equipment
23 Turbine Plant Equipment

24 ElectricPlant Equipment

25 Misc. Plant Equipment

26 Main Cond. Heat Rej. Sys.
27 Thermal Storage Equipment

28 Thermal Storage Media
TOTAL DIRECT

91 Construction Services
92 Home Office Engr. Service

93 Field Office Engr. Service
TOTAL	 BASE (DIRECT PLUS INDIRECT)
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0 0

2197 15486

73336 31344

115059 19082

10391 13812

5600 3068

0755 3506

22960 6522

42450 2162

2000 2000

24329 42012

11580 116260

5721 139862

8306 32509

761 9429

1206 16467

690 30172

-- 44612

433320

44636

22105

18029

518090

20 Land and Land Rights

21 Structures andImprovements

22 Boiler/Reactor Equipment

23 Turbine Plant Equipment

24 Electric Plant Equipment

25 Misc. Plant Equipment

26 Main Cond. Heat Rej. Sys.

27 Thermal Storage Equipment

28 Thermal Storage Media

TOTAL DIRECT

91 Construction Services

92 Home Office Engr. Servicd

93 Field Office Engr. Service

TOTAL BASE (DIRECT PLUS INDIRECT)

Table 4-22

BASE COSTS
TES HSC PLANT MB WITH ABOVEGROUND OIL/ROCK GRAVEL,

DUAL MEDIA THERMAL STORAGE - 1,125,332, kW NET

if N TALC 5T [It TH USANOS
NUMBER ITEM AND DESCRIPTION EQUIPMENTMEN	 BOR MATERIAL TOTAC

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 2197 15486 24329 42012

22 Boiler/Reactor Equipment 73336 31344 11580 116260

23 Turbine Plant Equipment 115059 19082 5721 139862

24 Electric Plant Equipment 10391 13812 8306 32509

25 Misc. Plant Equipment 5600 3068 761 5429

26 Main Cond. Beat Rej. Sys. 11755 3506 1206 16467

27 Thermal Storage Equipment 22960 6522 690 30172

28 Thermal Storage Media 25550 1302 -- 26852

TOTAL DIRECT 415560

91 Construction Services 42803

92 Home Office Engr. Service 21198

93 Field Office Engr, Service 17299

TOTAL BASE (DIRECT PLUS INDIRECT) 496860

Table 4-23

BASE COSTS
TES HSC PLANT #1 C WITH ABOVEGROUND OIL/TACONITE, DUAL

MEDIA THERMAL STORAGE - 1,125,332 kW NET

ACCOUNT	 AL CO	 IN THOUS NO
NUMBER	 ITEMS AND DESCRIPTION 	 WOWT	 LABOR	 MTERIAL	 TCTX
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Table 4-24

BASE COSTS
TES HSC PLATT n2 UNDERGROUND CAVERN - 1,147,996 kW NET

ACCOUNT ` OTAL CQ5 IN THOUSANDS
NUMBER ITEM AND DESCRIPTION EQUIPMENT LABOR MATERIAL TOTAL

20 Land and Land Rights 0 0 2000 Pogo
21 Structures and Improvements 2197 15487 24328
22 Boiler/Reactor Equipment 73336 31344 11580 li6ato

23 Turbine Plant Equipment 112368 18234 5663 136265
24 Electric Plant Equipment 10460 13901 8362 327?3
25 Misc. Plant Equipment 5599 3068 762 9429

26 Main Cond, Heat Rej. Sys. 11833 3529 1214 16576

27 Thermal Storage Equipment 2402 29171 5279 36852

28 Thermal Storage Media 0 8 46 54

TOTAL DIRECT 392171
91 Construction Services 51813

92 Home Office Engr. Service 20534
93 Field Office Engr. Service 15206

TOTAL	 BASE (DIRECT PLUS INDIRECT) 479724

Table 4-25

BASE COSTS
TES, NUCLEAR LWR PLANT T#3 14ITH ABOVEGROUND FEEDWATER STORAGE IN

PCIV - 1,220, 758 kW NET

Account TOTAL CAST IN TH USANDS
—NUMBER ITEM AND DESCRIPTION EQUIPM EN T LABOR MATERIAL rGIWL-

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 5914 55820 39944 101678

22 Boiler/Reactor Equipment 93224 26866 8827 128857

23 Turbine Plant Equipment 97102 2177b 13342 132220

24 Electric Plant Equipment 13486 18449 8657 40592

25 Misc. Plant Equipment 7197 3959 647 11810

26 Main Cond. Heat ReJ. Sys. 16958 4952 1404 23314

27 Thermal Storage Equipment 56594 23322 2420 82336

28 Thermal Storage Media 0 0 32 38

TOTAL DIRECT 522838

91 Construction Services 81673

92 home Office Engr. Service 60599

93 Field Office Engr. Service 35237

TOTAL BASE (DIRECT PLUS INDIRECT) 700347
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Table 4-26

BASE COSTS
TES NUCLEAR LWR PLANT #4A WITH ABOVEGROUND OIL/ROCK GRAVEL, TRICKLE

CHARGE THERMAL STORAGE FOR FEEDWATER HEATING - 1,222,869 kW NET

ACCOUNT AL C IN THOUSANDS)
NUMBER ITEM AND DESCRIPTION EqUIPMENT LABOR MATERIAL TOTAL

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 5691 53718 38441 97850

22 Bailer/Reactor Equipment 93224 26806 8827 128857

23 Turbine Plant Equipment 100669 30444 6581 137694

24 Electric Plant Equipment 13591 18574 9052 41217

25 :list. Plant Equipment 7204 3959 647 11810

26 Main Cond. Heat Rej. Sys. 17150 5007 1420 23577

27 Thermal Storage Equipment 32365 4430 480 37275

28 Thermal Storage Media 3195 130 0 3325

TOTAL DIRECT 483605

91 Construction Services 74958

92 Home Office Engr. Service 55994

93 Field Office Engr. Service 32557

TOTAL BASE (DIRECT PLUS INDIRECT) 647114

Table 4-27

BASE COSTS
TES NUCLEAR LWR PLANT #4B WITH ABOVEGROUND OIL/ROCK GRAVEL, DUAL MEDIA

THERMAL STORAGE FOR FEEDWATER HEATING - 1,222,869 kW NET

XCOUNT TOTAL COST (IN THOUSANDS

NUMBER ITEM AND DESCRIPTION 7QUIPMENT LABOR MATERIAL

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 5691 53718 38441 97850

22 Boiler/Reactor Equipment 93224 26806 8827 128857

23 Turbine Plant Equipment 100669 30444 6581 137694

24 Electric Plant Equipment 13591 18574 9052 41217

25 Misc. Plant Equipment 7204 3959 647 11810

26 Main Cond. Heat Rej . Sys. 17150 5007 1420 23577

27 Thermal Storage Equipment 32365 4430 480 37275

28 Thermal Storage Media 5996 244 -- 6240

TOTAL. DIRECT 4B6520

91 Construction Services 75410

92 Home Office Engr, Service 56332

93 Field Office Engr. Service 32618

TOTAL BASE (DIRECT PLUS INDIRECT) 650880

n
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Table 4-28

CASE COSTS
TLS NUCLEAR L14R PLANT 94C WITH ABOVEGROUND OIL/TACONITE, DUAL MEDIA

THERMAL STORAGE FOR FEED14ATER HEATING - 1 1 222,869 kW NET

--ACCONT-"`—'
NUMBER	 ITEM AND DESCRI PTION EQU TPMENT LABOR

IN	 !I USAN S	 - 
HA1"91AL	 —?QT L

20, Land and Land Rights 0 0 8000 2000

21 Structures and Improvements 5691 53718 30441 97850

2°. Boiler/Reactor Equipment 93224 16806 8827 188857

23 Turbine Plant Equipment 100669 30444 6581 137694

C4 Electric Plant Enuiptient 13591 18574 9052 41217

25 Misc. Plant Equipment 7204 3959 647 11810

48 Main Cond. Heat Rej. Sys. 17150 5007 1420 23577

27 iher»ral Storage Equipment 32365 4430 480 37275

28 Theival storage Nedia 10260 420 -- 10680

TOTAL DIRECT 490960

91 Construction Services 76098

92 Home Office Engr. Service 56846

93 Field Office Engr. Service 32916

TOTAL BASE (DIRECT PLUS INDIRECT) 656840

Table 4-29

CASE COSTS
CYCLING COIL FIRED PLANT 12.41 Mf'a/510°C/51000

(1800 psig/950°F/950^F), 511,500 W NET

} TAL COSTJIN HUS	 5
NUNDER ITEM AND DESCRIPTION k	 MENT LABOR---MATERIAL Orr1,

20 Laud and Land Rights 0 0 2000 2000
Oi Structures aid Improvetuerrts 13,16 9083 14121 24550
22 Boiler/Reactor Equipment 48534 20797 7669 77000
23 Turbine Plant Equipment 31251 8149 2030 41480

24 Electric Ple 4Equipment 4821 8466 5195 1848?

25 Misc. Plant Equipment 3000 1643 407 5050
26 Main Cond. Heat Rej. Sys. 5490 1638 563 7691

27 Thermal Storage Equipment _- .- 0

28 Thetui l Storage Media -- __ ... 0

TOTAL DIRECT 176253

91 Call S tructioil Services 22566

92 Home Office Engr. Service 9195

93 Field Office Engr. Service 6806

TOTAL BASE (DIRECT PLUS INDIRECT) 214820
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Table 4-30

BASE COSTS
CYCLING COAL. FIRED PLAINT, 16.55 MPa/5380C/5380C

(2400 psig/10000 F/10000 F), 511,500 k14 NET

TOTAL O5 IN THOUSANDS
NUMBER ITEM AND DESCRIPTION EQUIPMENT LABOR MATERIAL TOTAL

20 Land and Land Rights 0 0 2000 2000

21 Structures and Improvements 1536 10703 16639 28928

22 Boiler/Reactor Equipm-nt 57157 24492 9031 90680

23 Turbine Plant Equipment 37369 9744 2487 49600

24 Electric Plant Equipment 5687 9986 6128 21800

25 Misc. Plant Equipment 4550 2492 620 7662

26 Main Cond. Heat Rej. Sys. 5490 1632 563 7000

27 Thermal Storage Equipment -- -- -- --

28 Thermal Storage Media -- -- -- --

TOTAL DIRECT 207670

91 Construction Services 26588

92 Home Office Engr, Service 10834

93 Field Office Engr. Service 8028

TOTAL BASE (DIRECT PLUS INDIRECT) 253120
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The results of the above fifteen plants TOTAL. investment costs

as well as a summary of the direct and base costs are given in Table
4-31.

TOTAL Investment Cost of Thermal Energy Storage Systems

Modifications were made to the reference base HSC and nuclear LWR
plants to incorporate the thermal energy storage systems. The ratio of

the incremental cost in dollars for making modifications to incorporate
thermal energy storage over the incremental increase in power (peak
power during discharge less normal power of rase plant) is called the
TOTAL investment cost of thermal energy storage system. For the TES

HSC plant, the base plant is the HSC nonreheat cycle plant producing

741,633 kW net and for the TES nuclear LWR plant the base plant is the
nuclear LWR base plant producing 1,072,573 kW net.

Table 4-32 gives the cost comparison of HSC base plant with HSC
thermal storage Plants #1A and #2 and also the incremental cost of the
thermal energy storage systems peaking power; CT.

Tables 4-33 and 4-34 provide the direct comparisons of major items
of TES Plants #lA and #2, respectively, with the HSC base plant.

Table 4-35 gives the cost comparison of nuclear LWR base plant with

nuclear thermal storage Plants 03 and #4A and also the incremental cost.
of the thermal energy storage systems peaking power, CT.

Tables 4--36 and 4-37 provide the direct cost comparisons of major
items of TES Plants #3 and #4A, respectively, with the nuclear LWR base

plant.
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Table 4-31

TOTAL INVESTMENT COSTS
(1976 $)

Cost in Millions of Dollars C	 Hues men
Cost in $IkK Net

Description	 Oirect	 Base	 Total
Cost	 Cost	 Investment

Cost

• NUREG 0244, HSC Plant (794,415 kW) 275.05 335.24 594.05 747.78
• NUREG Modified, HSC Plant (741,000 kld) 264.10 321.89 570.39 769.75
• Nan Reheat, HSC Base Plant (741,633 W) 302.87 366.15 648.82 874.85
• NUREG 0241, Nuclear L14R Plant	 (1,138,610 kW) 420.96 568.83 894.20 785.34
• Nuclear L14R Base Plant 	 (1,072,573 kW) 404.00 545.84 858.06 800.00
• TES HSC Plant #1A (1,125,332 kW) 404.92 484.13 857.88 762.34
• TES HSC Plant #1B (1,125,332 kW) 415.56 496.86 880.43 782.37
• TES HSC Plant #1C (1,125,332 kW) 433.32 518.09 918.05 815.81
• TES Plant 42 (1,147,996 kW) 392.17 479.72 850.07 740.48
• TES Nuclear LWR Plant #3 (1,220,758 kld) 522.84 700.35 1100.95 901.85
• TES Nuclear L14R Plant 44A (1,222,869 kW) 483.61 647.11 1017.26 831.87
• TES Nuclear CWR Plant #48 (1,222,869 kW) 486.52 650.88 1023.19 836.71
• TES Nuclear LWR Plant 44C (1,222,869 kW) 490.96 656.82 1032.53 844.35
• Cycling Coal Fired Plant, 12.41 MPa/510°C/

510°C (1800 psig/950°F/950 0 F),	 (511,500 kW) 176.25 214.82• 380.67 744.22
• Cycling Coal Fired Plant, 16.55 MPa,538°C/

538°C (240Q prig/1000°F/1000°F), 	 (511 1 5D0 kw) 207.67 253.12 448.52 876.87
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Table 4-32

COST COMPARISON OF HSC BASE PLANT SMITH HSC THERMAL STORAGE PLANTS

RId eJ r-
Account Description	 No.	 HSC Base - Plant Oil/Rock Grave]	 Ground

Land b Land Rights 20 2.000 MOD 2.000

Structure & improvements 21 41.415 42.012 42.012

Boiler Plant 22 116.260 116.260 116.260

Turbine Plant 23 94.036 139.862 136.265

Electric Plant 24 28,932 32.506 32.723

Hiscellaneous Plant Equipment 25 8.737 9.429 9.429

Main Condenser, Heat Rejection 26 11.485 16.467 16.576

Thermal Storage Equipment 27 .0 30.172 36.852

Thermal Storage Media 28 .0 16.211 .054

oirect Cost 302.865 404.919 392.171

Base Cost 366.150 484.133 479.724

TOTAL investment Cost 6640.818 857,884 850.071

TOTAL Investment Cost, $AW 874.85 762.34 740.48

TES Cost, Cr, S/kW -- 544.87 495.25
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Table 4-33

DIRECT COST COMPARISON OF MAJOR ITEMS OF TES PLAINT MA WITH HSC EASE PLANT

HSC Base Plant Direct Cast - $302,865,000

Plant #1A, Total Direct Cost - $404,919,000

q Direct Cost - .$102,054,000

Account HSC Base Plant #1A	 q Direct
Description Numbers Plant (106 $) Cost

_

6

10	 $) (10

o

$)

(P)Turbine 231 66.900 99.765 32.865

(P) Feedwater Heaters 234 10.348 15.039 4.691

(P)Condensers 233 6.750 13.880 5.120

(P)Cooling Tower 26 11.485 16.467 4.982

(P) 5witchgear, Protectives & Airing 241,244 & 246	 26.420 29.994 3.574

(P)Turbine Building & Foundation 213 & 237 10.840 12,795 1.955

(P)Themal Storage Equipment

(P) Oil/Water Heat Exchanger

(P) Piping & Valves

(S) Inerting System

(S) Storage Tanks

(P) Instrumentation & Controls

(P)Pumps

Thermal Storage Media: -

(5)Rocks

(S)Oil

(P) Miscellanecus Plant Items Increase

Superscript (P) = Power Related Costs

Superscript (5) = Storage Related Custs

271 --	 13.313 13.313

272 --	 5.159 5.159

274 --	 .140 .140

275 --	 8.268 8.288

276 --	 .472 .472

273 --	 2.800 2.800

282	 --	 8.760	 8,760

281	 --	 7.451	 7.451

235,236,237,	 --	 2.484

242,252, 253

& 254

TOTAL q 	 = 102.054
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Table 4--34

DIRECT COST COMPARISON OF MAJOR ITEMS OF TES PLANT 763  WITH HSC BASE

PLANT

HSC Base Plant Direct Cost	 - $302,865,000

Plaint 12, Total Direct Cost - $392,171,000

q Direct Cost -- $ 69,306,+00

Account HS	 ease Plant i^ re(.	 -
Description Numbers Plant (106 $) Cost

-

_ (10__ $1 f 1a fl
(p)Turbine 231 66.900 99.765 32.865

(P)Feedwater Heaters 234 11.772 11.772 .000

(P)Condensers 233 8,760 13.091 41331

(P)Cooling Tower 26 )1.485 16.576 5.091

(P)Switchgear, Protective & Wiring 241,244 & 246 26.420 30.211 3.791

(PA Turbine Building & Foundation 2T3 & 237 10.640 12.795 11955
(P)The rural Storage Equipment

(P) Piping & Valves
272 -- 1.505 1.505

(P)Pumps
273 -- .320 .320

(S)Caverns
275 34.452 34.452

(P}
Instrumentation & Controls

276 -- .155 .155

(S)Condensate Tanks
275 -- .420 .420

Thermal StorageMedia

(S)Water 281 -- .054 .054

(P)Miscellaneous Plant Items Increase 235,236,237, -- 4.357

242,252,253

& 254

TOTAL A 89.306
Superscript (p )	 Power Related Costs

Superscript (S) - Storage Related Costs
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Table 4-35

f,

COST COMPARISON OF NUCLEAR L14R BASE PLANT WITH NUCLEAR THERMAL STORAGE
PLANTS

Table 3-35 Cost Comparison of Nuclear PWR Base Plant With Nuclear Thermal Storage Plants

Account Description Account
Numbers

Nuclear LWR
Base Plant

(1,072 573	 M4) ... (1,220,758

LWR Plant #3
Feedwater Storage

in PCIV
kW)

LWR Plant 44A
Oil/Rock

(1,2224869 kW)
106 S 1006 S 10 $

Land 20 2.000 2.000 2.000
Structures 21 96.719 101.678 97.850

Reactor 22 12B.857 12B.857 128.857

Turbine Equipment 23 106.170 132.220 137.694

Electric Plant 24 3B.C62 40.592 41.217

Miscellaneous 25 11,597 11.803 ll.B10

Heat Rejection 26 20.596 23.315 23.577
Thermal Storage Equipment 27 .000 82.336 37.275

Thermal Storage. Media 28 .400 1038 3.325

Direct Costs 404.001 522.838 483.605

Base Cost 545.841 700.347 647.114

TOTAL Investment Cost 85B.062 1100.945 1017.263

TOTAL Investment Cost, $/kW 800 901.85 831.87

TES Costs, CT , $/kW -- 1639.05 1059.25
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Table 4-36

DIRECT COST COMPARISON OF MAJOR ITEMS OF TES PLANT #3 14ITH NUCLEAR L14R BASE
PLANT

Nuclear LWR Base Plant Direct Cost - $404,001,000

Nuclear LWR Plant 13 Direct Cost x $522,838,000

A Direct Cost = $118,837,000

Account Nuc ear	 WR Nuclear a Direct
Description Numbers Base Plant	 LWR Plant 13 Cast

006 706 106 S

(P) Turbine 231 57.260 73.809 16.549

(P) Feedwater Heaters 234 14.920 19.248 4.328

(P) Condensers 233 14.100 17.641 3.541

(P) Switchgear, Protectives & Wiring 241,244 & 246 34.X0 36.730 2.530

(p) Cooling Tower 26 20.596 23.375 21718

(P) Thermal Storage Equipment

(P)Piping & Valves
272 -- 3.020 3.020

(P) Pumps, etc.
273 -- .950 .950

(S)PCIV
275 -- 78.366 78.366

Thermal Storage Media

($)Water
281 -- .038 1038

(S) PSIV Building
213 -- 4.800 4.800

( P )	 Miscellaneous Plant Items Increase 213,235,236, -- 1.997

237,242,252,

253 & 254

TOTAL .1	 a 118.837

Superscript (P) = Power Related Costs

Superscript (S) - Storage Related Casts

4.137



Table 4-37

DIRECT COST COMPARISON OF MAJOR .ITEMS OF TFS PLANT #4A WITH NUCLEAR LWR
SASE PLAN r ,:., ^,^ - i 1

4144

Nuclear LWR Base Plant Direct Cost = $404,001,000

Nuclear LWR Plant 14A Direct Cost	 = $483,605.000

A Direct Cast	 = S 79,604,000

Account Nuclear LWR Nuclear LWR	 4 Direct
Description Numbers base Plant Plant $4A Cost

(106 S) 1106 S) (i06 5)

(P)Turbine 231 57.260 73.809 16.549

(P)Feedwater Heaters 234 14.920 23.007 8,087

(P)Condenser 233 14.100 18.284 4.184

(P)Cooling Tower 26 20.596 23.577 2.981

(P)Switchgear, Protecti.ves & Wiring 241,244 & 246 34.200 37.355 3.155

(P) Thermal Storage Equipment

(P)Heat Exchanger 271 -- 30.279 30.279

(P) Piping & Valves
272 -- 2.800 2.800

(P)Pumps
273 -- 1.434 1.434

(S) Inerting System
274 -- .100 .100

(S)Storage Tanks
275 -- 2.072 2.072

(P) Instrumentation & Controls
276 "° .590 .590

Thermal Storage Media

Moil
281 -- 1.135 1.135

(S)Rocks
282 -- 2.190 2.190

(P) Miscellaneous Plant Items Increase 213,235,236, -- 4.048

237.242.252,

253, & 254

Superscript (P) x Power Related Cost

	 TOTAL A	 a 79.504

Superscript (S) = Storage Related Cost

4-138

.-Z7-i.E-



These direct costs have been converted to TOTAL investment costs

of the thermal energy storage systems of TES power plants as designed

and are tabulated in Table 4-38. The TES system cost is the sum of

power~ related cost and energy related costs. The former includes the

cost of the peaking turbine (or incremental costs for modifying the

main turbine), and heat exchangers evaporators, pipes, pumps, etc.

which are energy flow and mass flow dependent. The latter included the

costs proportional to the energy stared such as the storage media, and

tanks or containment. Using the nomenclature:

CT = TOTAL Investment Cost of energy storage which is sum of the
power and energy storage related costs

Cp = Costs of rawer related items of energy storage

CS = Costs of energy Storage related items of energy storage

t = Number of daily hours of storage discharge at full rated power

CT = C  + CS • t	 (4-1)

Items of Power and energy Storage related costs of TES Plants #lA,

2, 3, and 4A are marked with (P) and (S) superscripts on Tables 4-33,

4-34, 4-36 and 4-37. The sum of these costs divided by the incremental

increase in net electric power output from the TES plant provides the C 

and CS 't values as shown in the Table 4-38. Cases 1B, 1C and 4B, 4C

were also evaluated for performing sensitivity study and selecting the

optimum thermal energy storage system with least costs for TES Plants

#1 and #4.

Levelized Annual Cost and Levelized Busbar Cost

The Levelized annual cost (Ac ) is defined as the uniform annual pay-

ment to own, operate and maintain a plant during its lifetime. It is

expressed in constant base year dollars. If collected in revenues each

year, the Ac amount would constitute a revenue distribution with exactly
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the same present value as the summed present values of all the separate

non-levelized cost distributions. Thus Ac , the Levelized Annual Cost,

in $/kW • yr, is given by

Ac =	 CT • FCR + (CF*HR•T•LF) { (COMF I C
OMV

*T/1000) 
LFOM
	

(4-2)

where

CT = TOTAL Investment Costs of Thermal Energy Storage, $/kW

FCR = nixed Charge Rate; 0.18

CF	Cost of Fuel; 1.04 $/MBtu fo Coal and 0.66 $/MBtu for
Nuclear Fuel

HR = Heat Rate, Btu/kWh

T	 = Annual Operating Time, h/yr

L 
	 = Levelizing Factor for Fuel; 2.07 for Coal and 2.46 for

Nuclear

COMP = Cost of Fixed Operations and Maintenance;

2.52 $/kW • yr for Coal Plant

2.84 $/kW • yr for Nuclear Plant

COMV'= Cost of Variable Operations and Maintenance;

2.98 mills/kWh for Coal Plant

0.72 mills/kWh for Nuclear plant

LFOM = Levelizing Factor for Operations and Maintenance; 1.886

The Levelized annual cost per kilowatt output to own and operate the

s ystem over the life of the plant divided by the annual hours of operation

is defined as BBEC the Levelized Busbar Energy Cost, in mills/kWh, and is

given by

BBFC = Ac'1000/T
	

(4-3)
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Table 4-38

TOTP' INVESTMENT COST OF THERMAL ENERGY STORAGE SYSTEMS (CT)

Annual Daily
C 

C5
CS,t	 CTOperati mi Operation

250 • t	 (h/yr) t	 (h) ($/kW) (S/kWh) (SAW)	 (SAW)

PLANT 61 1 O W ROCK - ABOVEGROUND - STEAM GENERATION

Case 1A --	 (5) of (15)_ Tanks Filled,	 Rock Gravel	 (Trickle--Charge System)

1500 6 408.83 22.67 136.04	 544.87

Case 1B - All (15) Tanks Filled, Rock Gravel (Dual Media System)

1500	 6	 408.86	 32.46	 194.79	 603.65

Case 1C - All (15) Tanks Filled, Taconite (Dual Media System)

1500	 6	 408.84	 48.81	 292.85	 70).69

PLANT 32 UNDERGROUND CAVERN - STEAM GENERATION

1475	 5.9	 308.95	 31.58	 186.30	 495.25

PLANT 53 PCTV - FEEDWATER

1495	 5.98	 456.72	 197,71	 1182.33	 1639.05

PLANT =4 OIL/ROCK ABOVEGRUND FEEDWATER

Case 4A - (1) of (6) Tanks Filled, Rock Gravel (Trickle Charge System)

1510	 6.04	 982.31	 13.27	 80.13	 1062.44

Case 4B -- All (6) Tanks Filled, Rock Gravel (Dual-Media System)

1510	 6.04	 982.32	 20.06	 121.14	 1103.45

Case 4C - All (6) Tanks Filled, Taconite (Dual-Media System)

1510	 6.04	 982.32	 30.78	 185.87	 1168.18
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Calculations were performed for A c and BBEC of thermal energy

storage systems, using CT values from Table 4-38, heat rate values from

Tables 4-4, 4-7, 4-10 and 4-13 and other constant values as described.

These results are shown in Table 4-39 and Figures 4--53 and 4--54 for the

thermal energy storage systems designed for daily 6 hours discharge.

Calculations were also performed fur TES Plant ;`2 designed for

greater daily hours of discharge. This analysis was based on using the

CP and CS values from Table 4-38. For large installations, where mul-

tiple storage tanks are required so that costs increase in proportion

to capacity, as in all four plants considered here, the values of CP

and CS should be nearly constant and provide good estimates of variations

in storage costs with changes in capacity. Using these values of C P and

CS for determining CT from equation 4-1 as the design time t is varied,

Ac and BBEC are determined from equations 4-2 and 4-3.

The results are plotted in Figure 4-55. As the design hours in-

crease to provide emergency capacity the BBEC decreases, but only if

operated for the full design hours. If the plant operates at near 1500

hours, where most plants would operate, the costs increase if the plant

is designed for more than 1500 hours. The effects of these costs on

utility operation will be discussed in the next Section.

Similar calculations were performed for the cycling coal fired

plants. For these plants, however, there is no change in capital cost

with change in design hours of operation, so that CT is constant for

all hours.	 The results of-the levelized annual co- L and the levelized

bulbar cost of the cycling coal fired plants are gives in Table 4-40

and Figures 4--56 and 4-57.
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Table 4-39

LEVELIZED ANNUAL COST (AC ) AND LEV ELIZED GUSGAR COST (BGEC)

OF THERMAL ENERGY STORAGE SYSTEMS

t	 T CT	 CT•FCR Peat CF•HR-T•LF	
COW •T

AC	 •tt6C

Rate -TOE-•

11	 f
^ a!	 1Yr)

(stkh'^	
( •1 Ay-1) ^?R ) (	 r^	 CAh•yr) (^W	 r)	 (r^il Is; kWli)

_LAiT al OIL ROCK A801`EMUND STEAM GF !iPAT_1Q'1	 n-.ALA,tT1,_ 3B3.§2^QMt

Case 11A - (51 of (16) Tanks Filled, Rcck Ceravei ZTrickle_ Charge Svstem

0 0 544,87 98.08	 14697 Q Q 102.83 0

3 750 23.73 2..4 130.79 1+4.39

6 1500 "7.46 4,47 158.72 105.81

Case g1? -	 A11 C15) Tanks Filled, rccl Gravel ±^ ?3 •`eci4 Svstem?

0 0 503.65 108,66 a 0 111,41 w

3 750 23.73 2._4 141,37 1.6.•19

6 16co -7.'6 11 . 169,30 11£.67

Can e1C -	 All ,15 i Tanks Fi11ed,_TaceniCe (:?^s1 ye^'a 5v_s ±e^j

0 0 ;„1.69 126.30 Q Q 131 .u5 4

3 750 .3.>>°3 :.24 159,01 :12.01

6 1500 47,46 4.4' 166.1N 124.:3

T r
PLANT Q 2 UNQERGROS ND CAV EP 'i - (NS C,_GLA'i*1, 4116, 363M14

0 0 495.25	 89115	 12144 0 0 93.90 m

3 750 19.51 2.24 117,74 156.99

5.9 1475 3836 4.39 150.74 95,42

PLANT 13 PCIV	 FEEDWATER W.TLEAR PLANT . 10,19SM14

0 0 ]639.05	 295.03	 14,863 0 0 300.39 m

3 750 18.10 0.54 319.50 425,01?

5.98 1495 36M 1.0@ 338.48 225.41

T
PLMT 44 OILIROCR ABOVEGROUND T: --:-; ATP 110CLFAR PL;,yTl, 150.°G6NN

Case SEA	 ;:; of k'61 Tau Filled, Reek Gravel C"ricr]e Zna". e Svstc-t,

n Q 105P,44 191.24	 .3139 0 0 196. ac. :.

3 750 ?8.15 C.54 c.:,'?

6.04 351p aG.F2 1.:19 2x5.38 1Ea.]5

Case 1411 - All C61 Tangs Fi l led, Reek Grave]jDu%I Me	 emMedia 5vstl

0 0 1103,45 198.62 0 0 203.98

3 750 MIS 0.54 233.17 31040

6.04 1510 56.72 1.09 062.74 174.04
Y

Case 04C- All (G1 Tanks Filled, laeanite _llual uedie Svsten)

0 0 1168,18 210.27 0 0 215.63

3 750 28.19 0,54 244,82 326.43

F,tt4 1513 56.7 1.09 274.39 181.76
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Figure 4--51 Levelized Annual Cost Versus Annual Hours of Operation of
Various Thermal Energy Storage Systems
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Table 4-40

LEVELIZED ANNUAL COST AND LEVELIZED BUSBAR COST OF CYCLING COAL FIRED PLANTS

t T CT CT•FCR Heat CF•HR T L F	COmv *T AC BBEC

Rate 1000

($/kW) kW^yr! Qt—u -W	 kW1kr^	 yr^

(

kWhS )kW-yr!(

PLANT #5, CYCLING COAL FIRED PLANT (1800 PSIG/950°F/950 0F), 511,500 kW

0 0 744.22 133.96 10324 0	 0 138.71 m
r

3 750 16.67	 2.24 159.61 212.81

6 1500 33.34	 4.47 180.48 120.32

9 2250 50.00	 6.71 201.37 89.50

PLANT #6, CYCLING COAL FIRED PLANT (2400 PSIG/10007/1000 0F), 511,500 kW

0 0 876.87 I57.84 9566 0	 0 162.59 co

3 750 15.44	 2.24 182.20 243.01

6 1500 30.89	 4.47 201.91 134.61

9 2250 46.33	 6.71 221.58 98.48
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Figure 4-56. Levelized Annual Cost Versus Annual Hours of Operation of
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The results indicate that BBEC in mills/kWh on thermal energy storage

only for a daily 6 hours discharge time are:

95.4 for HSC Plant #2, Underground Cavern	 Steam Generation

105.8 for HSC Plan; #lA Oil/Rock Aboveground Storage
175.7 for Nuclear Plant #4A, Aboveground Oil/Rock Storage for

Feedwater Heating

226.4 for Nuclear Plant #3 Aboveground Feedwater in PCIV

BBEC in mills/kWh of cycling coal fired plants for a daily 6 hours

discharge time are:

120.3 for 1800 psig/950oF/950 oF reheat steam cycle

134.6 for 2400 psig/1000 oF/1000oF reheat steam cycle..
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Section 5

UTILITY BENEFIT ANALYSIS

OBJECTIVES

The objectives of Task III of the Thermal Energy Storage (TES) con-

tract are to define the benefits to the utilities of the TES systems in
terms of reduced production costs, displacement of conventional peaking

capacity, reduced consumption of scarce fuel, and improved utilization

of mid-range generating units.

SCOPE OF WORK

The benefits to utilities are to be determined for the tour TES

systems investigated in detail and conceptually designed in Task II and

then compared to gas turbines and cycling coal fired plants.

ROLE OF ENERGY STORAGE IN UTILITY SYSTEMS

About 9000 MW (discharge rating) of energy storage plants have been

installed on U.S. utility systems since the first one in 192E - the Rocky

River pumped storage hydro plant of the Connecticut Light and Power
Company. All of them have been pumped hydro because of the long lifcc,

reliability, and low operating and maintenance cost of such plants.

Storage has long been recognized as beneficial because of the variability

of the utility load during the course of a day or week, and the wide

range of fuel cost per kWh of thr generating units available to serve it.

The capital investment required for storage conversion and storage
reservoirs is generally equal to or greater than that required for at

least some kinds of complete production facilities. Hence, for storage

systems to be viable, there must be some economic incentive other than
that of capital savings. This opportunity exists because of the mixture



of old and new and different kinds of generating units on a typical gen-

eration system and the attendant variation in current production costs

over a wi de range - varying from perhaps 7 or 8 mills/kWh for nuclear

units to 30 or 40 mills/kWh .for peaking gas turbines. Whi l e it i s not

possible to use storage systems to transfer the very lowest cost gen-

eration from the time of baseload to the time of peak load (because,

economically, it will be running constantly at full load output all of

the time anyway), it may be possible to transfer the cost of some mid-

range generation to the time of peak with a resulting net savings. The

cost savings which may be realized depend on the operating efficiencies

and fuel costs of the conventional generating units in addition to the

round--trip efficiency of the storage plant.

To fully understand how generating system fuel savings can be ob-

tained using storage systems, it is necessary to recognize two categories

of storage. Figure 5-1 is a simple diagram of a generating system co;i-

silting of several conventional thermal generating units connected to a

common A-C electrical bus serving a load. In practice, of course, the

generating units and the loads are connected to many busses geograph-

ically remote from each other but interconnected by transmission lines.

From the standpoint of this discussion of energy flow and economic op-

eration, however, the technology may be adequately explained by this

simplification. At the top of the diagram is shown a storage system

which may be called enc^ eral storage because its source of energy for

charging the storage reservoir is the generating system in general: no

one generating unit or energy source may be identified as supplying the

stored energy. At the lower part of the diagram is shown a storage sys-

tem which may be called dedicated storage because only energy from the

source associated with a particular generating unit may be stored.

In general storage, the energy conversion apparatus always converts

A-C electricity to another form of energy. Examples are pumped storage

hydro, flywheels and batteries.
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Figure 5-1. Energy Storage Systems

In dedicated storage, energy is removed from a generation cycle part-

way through the conversion from source to A-C electricity and either

stored directly or converted to a third form and stored. Thermal Energy

Storage (TES) is an example of dedicated storage where energy is extracted

from the steam cycle and stored directly in pressurized underground caverns

or in containers filled with oil and rocks.

Operation of General Storage

Once a storage system has been purchased and installed as part of a

generating system, its capital costs are "sunk"; the storage system may be

operated or not depending upon the objectives of the generating system.

The prime objective of the generating system is never to fail to serve the

consumer demand. At certain times the discharge capacity of the storage

reservoir may be essential to meet the peak load. This may or may not

represent economic operation of the storage system. At other times when

the discharge capacity is not required to meet the peak load, it may still

be economical, from a fuel cost standpoint, to operate the storage system.
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In theory, if the storage system has been properly designed and applied

to the particular generating system involved, it should seldom have to

be operated when it is uneconomical.

The operation of general energy storage during a peak day in August

(summer peaking utility) is illustrated in Figure 5-2. Although not
completely realistic because it does not reflect hourly changes in
unit commitment or the impact of minimum load points, the figure is

useful for discussion purposes. The vertical scale at the left measures

the hourly loads in percent of installed generating capacity. The bar

chart at the right represents, in proportion to the peak load, the

capacity of generation units available for use. Since August is the

peak load month, no units are down for planned maintenance and the

available capacity equals the installed capacity. It is apparent that

in serving this particular load curve the nuclear units would run con-

tinuously as would several fossil coal units. Other higher cost units

would run for varying times during the day.

The operation of a general storage system is shown by the cross-

hatched areas marked "charge" and "discharge". During the charging time,

the storage system is taking A--C electric power from the generating system

which effectively increases the load. During the discharge time the

storage system is supplying energy and capacity, effectively decreasing

the load "seen" by the generating system. For purposes of discussion

assume that the generating units whose load must be increased in order to

supply the charging energy have costs of 12 to 14 mills/kWh, averaging to

about 13. During the discharge cycle, the generating units which other-

wise would be operating but which now may be reduced in load or shut down

completely are presumed to have production costs of 28-32 mills/kWh,

averaging about 30. There are losses in the conversion of A-C electric

energy into stored energy, and there are also losses when the stored

energy is reconverted into A-C electrical energy. For purposes of

analysis it is convenient and conventional to assign all of the losses

to 4he charging portion of the cycle. This is illustrated in Figure 5--2

where the charge area for energy is about 40% larger than the discharge

area. This corresponds to an overall "round-trip" efficiency of about 71%.
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Figure 5-2. Operation of System Storage - Peak Day in August

If the cost of the charging energy is thus 13 mills/kWh, then the

cost of stored energy is 13/.71 or 18.3 mills/kWh. This, compared with

the 30 mills/kWh cost of generating the peak load in the absence of a

storage system, gives a fuel saving of 11.7 mill.s/kWh resulting from op-

eration of the storage system. At 1000 hours/year discharge time, an 18/

fixed charge rate, a 6% inflation, and 10% discount rate, this is equi-

valent to a saving of 124 $/kW (11.7 x 1.9 levelizing factor/0.18 = 124)

capital investment. Obviously, this saving will not pay foi , the capital

investment in storage reservoir and conversion apparatus, nor does it

need to. There is a corresponding saving in capital investment in con-

ventional generation which would, in the absence of the storage system,

be required to serve the peak load now served by the storage system. The

fuel cast saving plus the capital investment savings associated with the
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the use of energy storage can be viewed as the value of energy storage.

This concept of value will be discussed in more detail later in this

section,

The process of determining the value of energy storage in an

electric utility is more complex than the previous illustrative example

might indicate because it is necessary to account for day by day and

seasonal load changes, equipment maintenance requirements and other op-

erating constraints. For example, consider Figure 5-3 which illustrates

the operation of general system energy storage during a low load time

period in March. Since the loads are relatively low, some conventional

generating capacity is on scheduled maintenance. As a result, the

available capacity is less than 75% of total installed capacity. The

operation of the storage system, shown by the crosshatched area, is con-

siderably less than during the peak day in August. The reason for this

is that there is very little load being served with high cost oil-fired

capacity. There is no incentive for additional charging and discharging

because the ratio of off-peak coal cost (mills/kWh) to on-peak coal

cost is greater than the round trip efficiency of the storage system.

Proper evaluation of energy storage requires detailed analysis of

hourly loads and generation, and simulation of total system operation

and costs. Methods of doing this have been available for many years

(Reference 5 -1) .

Operation of Dedicated Storage

Contrary to frequent supposition., the operating requirements of a

dedicated storage system for generating system security (assuredly

meeting the peak load), and economy (minimizing total system fuel cost)

are, except for differences in the reliability of the systems, identical

to those of general storage. This is illustrated in Figure 5-4 where

some coal capacity of Figure 5-2 has been replaced with an energy storage

system dedicated to a coal plant. The specific output profile shown in

Figure 5--4 is for the Thermal Energy Storage Plant #2 which has an eight
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hour charge and six hour discharge. During charging operations steam is

extracted from the cycle to permit charging of the storage reservoir. At

the time of system peak load,. the TES is discharged producing power in

the "peaking" turbine generator. It might appear that such an operation

makes the low cost: coal energy available to serve the peak load. A study

of Figure 5-4, however, shows that when the coal unity has reduced its

output to permit charging the thermal storage reservoir, the effect is to

impose an additional load on the remainder of the generating system so

that the same higher cost generating units must go into service during

the hours from midnight to 8:00 AM as was the case with the general

--corage of Figure 5-2. Similarly, during the hours from 1:00 to 7.00 PM

the discharge of the storage reservoir permits backing off generation on

the oil units as in Figure 5-2. The fuel economics are the same because

the fuel input to the TES plant (baseline coal plant plus storage equip-

ment plus peaking turbine) is constant; and the only fuel consumption

that changes with the operation of the storage units is that of the

higher cost fossil coal units and the oil-fired units for peaking. The

cost of energy going into storage is always measured by the production

cost of the system generating units whose output is increased because

energy is being stored.

Other Considerations

It has been shown above that the fuel economics of a storage system

are a function only of the overall charge-discharge efficiency and the

production costs of the existing generating system units whose operation

will be changed by storage charging and discharging operations. The fact

that the storage system is integrated with a very efficient low cost

generating unit does not change this. The production cost examples of

Figure 5--2 and 5--3 were purely illustrative; one can see how the fuel

economics of storage would change with. a change in production costs of

existing generating units. For example, by looking ahead to some future

year and supposing a generating system could be saturated with nuclear

units up to 50 to 70% of the peak load, it would be possible to charge
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the storage at very low nuclea l,^ production cost and discharge when rela-

tively high production cost fossil units would otherwise have to operate.

This could increase the fuel savings resulting From operation of the

energy storage system. Similarly, an increase in overall storage ef-

ficiency above the .71 assumed in these examples would enhance the via-

bility of storage systems.

Aside from the operating economics of storage systems, careful con-

sideration should be given to their ability to meet the peak load. This

is largely a function of the amount of storage provided and is best

measured by the number of hours of energy available at full discharge rate.

The required amount of storage cannot be selected merely on the basis of

producing a ba anced design of a storage scheme. Nor can it be selected

by simple reference to a load curve as in Figures 5-2 and 5-3. Con-

sideration must be given to generating system emergencies (such as the

loss of a major generating unit or heavily loaded incoming transmission

line) and this may require several hours more storage than would be dic-

tated by normal economic daily or even weekly operation. Pumped storage

hydro is the only storage system which has had any appreciable application

in the United States, and while some of these systems have storage as

small as b hours, it is generally believed that 10 to 12 hours is a

safer specification. The weighted average storage capacity for existing

pumped storage plants is 9.5 hours.

In the case of dedicated storage, it is necessary to evaluate the

generation system reliability impact of integrating the storage with a

generating unit. When the generating unit which provides the energy to

be stored is out of service for maintenance or because of a breakdown,

the additional capacity of the storage discharge unit is also lost. This

could result in a significant reduction in TES plant effective load car-

rying capability. These reliability and storage capacity issues will be

discussed in more detail later in this section.
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METHODOLOGY

Based on the plant capital cost estimates, TES system capital costs,

levelized busbar energy costs and levelized annual costs determined in

Task 11, a utility system simulation analysis for production costing was

made for the TES system showing the most potential by the Task 11

screening curves. The production costing results were used to calculate

the TES system value to utilities as compared to cycling coal plants and

gas turbine plants. Approximate value calculation methods were then used

to evaluate the three TES systems that showed lesser potential in Task II.

The sensitivity of the TES system values to the relative prices of oil and

coal was determined. The reduction in the oil consumption by utilities as

a function of TES system market penetration was also determined.

A list of comparison criteria was established to qualitatively

evaluate the non-economic benefits of the TES systems on utilities. These

qualitative benefits were reviewed in order to present a complete defini-

tion of the TES system for use by utilities in determining total system

benefits.

ECONOMIC EVALUATION

Background

There is general agreement that the correct criterion for the economic

selection of a generating unit is that its cost, when combined with those

of other generating units making up a total electric utility generating

system, should result in minimum cost of electricity. The established

method of checking this criterion is to simulate the total utility system

cost over a period of time which represents a major fraction of the life of

the unit being considered. The first step in this process is to define

alternate expansions of the system capacity which will have equal relia-

bility in serving the forecasted load. Annual production costs (fuel,

operation and maintenance) are determined by detailed simulation methods.

To these costs are added annual fixed charges on investment, giving total

annual revenue requirements. The expansion having lowest present worth

of revenue requirements is the economic choice. In this method it is not
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necessary to make any assumptions about the operation of the unit in

question, that being determined by the simulation process. Although the

procedures of total utility system cost analysis have been understood

and applied for many years, they tend to be complex, sometimes costly to

use, and time consuming. There is thus a natural tendency to use short-

cuts or approximate methods, at least in preliminary analyses.

Busbar Costs

The most common and obvious of these approximate methods is to

calculate unit generation cost, sometimes called "busbar energy cost".

The process is disarmingly simple: calculate the annual fixed charges

on the unit's investment, the annual fuel costs at full load heat rate

and some capacity factor, estimate the annual operation and maintenance

costs, and divide by the kilowatt--hours generated. It can be done for

any kind of generating unit from a solar power satellite to a gas tur-

bine. But the resulting ratio, mills/kl4h, is of no value in comparing

alternative generating units unless the following criteria hold true:

1. All alternative generating units have the requisite ability
to start, stop, and follow the utility load curve.

2. All alternative units will have the same impact on the sys-
tem requirement for reserve capacity, i.e., their combination
of unit size, maintenance time, and forced outage rate pro-
duces equal effective capacity as determined by probabilistic
analyses.

3. Each alternative unit will operate on the utility system at
the same capacity factor throughout its lifetime. For this
to be true, each must have sufficient operating flexibility,
a similar economic characteristic with respect to unit com-
mitment, and equal incremental fuel, operation, and main-
tenance costs throughout its lifetime.

The above criteria, if strictly applied, would make it impossible to

use busbar cost. However, for units whose characteristics are known to

be reasonably similar, unit generation cost can be helpful in preliminary

analyses. But when generating sources of widely different characteristics,

such as, for example, wind power and coal power plants, unit generation
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cost comparisons can be very misleading. Storage units, even more

than conventional generating units, cannot adequately be considered

or appraised outside the framework of existing generating systems and

loads which they serve. Storage plants do not have the same operating

flexibility as conventional plants because the amount of storage

capacity limits the number of hours of available energy. This limited

energy characteristic could influence a storage unit's ability to

serve peak loads in emergencies. In the case of dedicated energy

storage, such as TES, it, is necessary to consider^ the reliability

impacts associated with integrating storage with a specific generating

unit. In this case the peaking capacity associated with the TES plant

is lost whenever the companion generating unit is out of service for

maintenance or because of a breakdown.

Other considerations influence the credibility of busbar costs

comparison even with fossil fuel generation alternatives of assured

availability. It is not correct to assume, for example, that because

a generating device has very high efficiency it will automatically be

a "baseload unit" and operate continuously at high capacity factor. If

its fuel supply is coal or oil, its commitment and dispatch economics

may be such as to force it to operate as a mid-range unit, because

nuclear units, with lower fuel costs of generation, capture the highest

capacity factor roles. Further, the high efficiency fossil fired unit

may not be operationally suitable for the mid-range position dictated

by its fuel cost of generation. The importance of operational flexi-

bility in assessment of advanced energy conversion and storage plants

is discussed in detail in Reference 5-2.

SinQle Year Simulation Approach

The only safe way of making rational comparisons among generating

units of widely varying characteristics is to make the total system

cost comparison using the well established methods. In this study an

approximate technique based on the total system cost approach was used
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to assess the performance of TES plants. The same technique was also

utilized in two EPRI studies (References 5-3 and 5-4) concerning require-

ments assessment of wind and photovoltaic power plants. The approximate
method considers total system costs over the plant's entire lifetime but

it requires only one yearly production cost simulation (two in some situ-
ations). For preliminary studies, it is not necessary to perform detailed

production cost studies, year-by-year for time periods of 20-30 years.

The most that is required with the approximate simulation approach is a

two year snapshot, one at the beginning of the period of interest, the

other at the end.

In using this approximate simulation approach, it is not necessary to

make any assumptions about the operation of individual units in the gen-

erating system. Startup and shutdown ability, minimum output requirements,

part Ioad net heat rates, and operational flexibility of generating units

are all modelled in the production cost simulation. The detailed one year

simulation assures a realistic representation of the operation of the

generating system, including unit commitment and incremental dispatch.

The effect of future fuel and 0&M cost inflation is included by using

present worth levelized equivalent costs as discussed in earlier Sections. 	 a

Value Analysis Procedure

The primary objective of the value analysis procedure is to determine

the value of Thermal Energy Storage in electric utility systems. Total

value represents what utilities will pay for TES plants. For TES to be

economically viable, TES value must be greater than or equal to TES plant

cost. Total value is synonymous with the term "break-even cost" used in

many engineering economic studies. In this study total value was determined

by assessing the total utility system economic implications of TES in the

context of representative electric utility systems as discussed above.

Electric Utility Systems. Past experience with pumped storage hydra ap-

plications has indicated that p ie value of energy storage depends strongly

upon the characteristics of the utility systems to which they are applied.
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As a result, three distinct electric utility systems were selected to

conduct the TES value analysis. The characteristics of the three utility

systems are identified in Table 5-1. The first utility system is EARI

Synthetic Utility System D expanded to the year 1990 (Reference 5-5).

As shown in Table 5-1, 1550 of the installed capacity in System D is

gas turbines. In this particular utility system, TES systems

could be used in place of some or all of the gas turbines to serve peak

loads. The value of TES in System D would then be determined based on

changes in tonal utility system costs which result when TES systems are

substituted for gas turbine units. Of course, some changes in coal or

nuclear installed capacity would also be necessary to accommodate the

baseline plants into which TES systems are integrated. The actual sub-

stitution process is discussed later in this section.

Tabl e 5-1

1990 GENERATION MIX FOR THREE UTILITIES

	

Utility	 D*	 Utility	 X	 Utility	 Y

	

Installed	 Installed	 Installed

	

Capacity	 Capacity	 Capacity
Type	 (Mw)	 %	 (m)	 %	 (Mw)

Nuclear 3600 27 3600 27 3600 27

Coal 5200 39 5200 39 6000 45

Oil-Steam 2600 19 2600 19 0 0

Cycling Coal 0 0 800 6 3400 25

Gas Turbine 2050 15 1250 9 450 3

13450	 100	 13450	 100	 13450	 100

* Note: EPRI Synthetic Utility System D
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In light of the present uncertainties concerning the availability

of oil for utility applications, the decision was made to also consider

cycling coal plants for peaking applications. It should be pointed out

that, presently, cycling coal plants are not competitive with gas tur-

bines at less than 1000 full load hours of operation per year. However,

if oil is not available for gas turbines, utilities may purchase other

types of generation, such as cycling coal plants, for peaking applications.

The Fuel Use Act, as it now stands, allows new gas turbine additions

limited to no more than 1500 full load hours of operation (system average)

per year. Other future options which must be considered are gas turbines

burning s ,o!thetic liquids. It should be noted that several recent studies

indicate chat gas turbines and combined cycle power plants burning coal

based liquid or gaseous fuels are promising options for the future.

Two utility systems which utilize cycling coal plants for peaking

duty are characterized in Table 5-1. Utility System X was derived from

EPRI System D by replacing 800 MW of gas turbines with 800 MW of cycling

coal plants. Utility System Y was derived from EPRI System D by con-

verting 1800 of the 2600 Mai of oil--fired steam capacity plus 1600 MW of

gas turbines to cycling coal plants. The remaining 800 MW of oil-fired

steam capacity was converted to baseload coal capacity. The resulting

Utility System Y, shown in Table 5-1, is predominantly a coal fired sys-

tem (70% coal--fired capacity) with a small amount (3%) of peaking gas

turbines. Although Utility System Y was arbitrarily synthesized starting

with Utility System D, the System Y mix is not unlike several coal fired

utility systems in operation today; for example, the American Electric

Power System.

Baseline Economic Factors. Economic factors appropriate to investor-

owned utilities were used as a baseline for the value assessment of

TES systems. The economic factors utilized are consistent with the

EPRI "Technical Assessment Guide" (Reference 5-6). The key economic

Factors are:
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• Fixed Charge Rate - I8%1

. Present Worth Interest Rate --

e General Inflation Rate - 6f

a Economic Life - 30 years (all

e Fuel Costs - as given in EPRI
June 1978 (Reference 5-6)

10"

technologies)

"Technical Assessment Guide",

The general inflation rate includes both general monetary inflation and

technological or other effects on price level. It is applied to all

costs - capital, fuel, and 0&M. In addition, fuel costs are influenced

by real escalation as shown in Table 5-2. The fuel cost data shown in

Table 5-2 are based on the Northeast region as specified in the EPRI

Technical Assessment Guide.

Table 5-2

1990 FUEL COSTS PER EPRI TAG DOCUMENT
(1976$)

Fuel Real Levelizing Leve7ized
Cost Escalation Factor Fuel {^.ost

Fuel Type	 ($/MBtu) (1990-2020) (1990-2020) ($/MBtu)

Coal	 1.04	 0.7%	 2.07	 2.15

Oil	 3.19	 1.02%	 2.15	 6.87

Nuclear	 0.66	 2.0%	 2.46	 1.63

Synthetic Liquids 	 4.06	 0.1%	 1.91	 7.76

NOTE: Leve7ized fuel cost may differ slightly from the product of
1990 fuel cost and ievelizing factor because of round-off.
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Case Study Com arisons. The value analysis p ► Jcedure consisted of five

distinct steps for each utility system considered:

1. Base Case Utility System. A base-case with conventional power
plants was defined and the total utility system costs (system
revenue requirements) were determined. A detailed production
cost simulation was performed for a single year to calculate
system fuel and O&M costs. The base case was utilized as a
reference for subsequent TES substitution cases.

2. Substitute TES Plants for Conventional Generating Units. One
Fr_ more TES plants were substituted for conventional gen-
erating units in such quantity to maintain the same percent
reserve as the base case. Several substitution cases were
developed to evaluate the impact of TES penetration on value.
For each substitution case, system production costs (fuel plus
O&M) were determined via simulation and system fixed charges
on capital investment determined. The generation system
reliability impacts associated with substitution of TES plants
for conventional generating units are addressed in Step 4.

Figure 5-5 shows the output power profile for TES Plant #2.
As indicated, the output of the baseline nonreheat high sulfur
coal plant during normal operations is 751 MW when operated
at 2a in. Hg backpressure (Table 4-7). The peaking capacity
of the TES system is 397 MW. To illustrate the substitution
process, it is useful to consider the three generation con-
figurations shown in Figure 5-6. Each configuration has the
capability to follow the power profile established in Figure
5-5. The actual dispatch in a utility specific production cost
simulation will not be the same as shown in Figure 5-6. Figure
5-6 is presented only to facilitate discussion of the sub-
stitution process. The first configuration is simply the
output power profile for TES Plant #2, shown in Figure 5--5.
The second configuration is a combination of gas turbines and
a reheat high sulfur coal plant. The third is a combination
of a cycling coal plant and a reheat high sulfur coal plant.
As TES Plant 7#2 is added to a utility system, it displaces
conventional generating capacity. Comparison of the three
configurations in Figure 5-6 indicates that the substitution
process can be viewed as the TES system displacing peaking
capacity, either gas turbines or cycling coal plants, and the
nonreheat coal plant displacing a reheat coal plant of the
same capacity.
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3.Coral lal• TotaitS, s :e m Cos ts for the Baso . Case_ and Each S ubs titution
[;i1Si'. Tile C0111pariSon of the Lase case alld the Sul^S'^ 7 L`ll^;i 011 CaS05
tisLased oil 	 single year results. Tile single year results
reflect the impact of fuel cost inflation over a 30 yell, ti lle
period since levelized 'fuel costs were used. The levelizod fuel
costs are the present worth equivalent of actual 'fuel costs
escal ating through time. Al thOL1911 11101'0 realistic MSU1 is Might
have been obtained by P011arilli ng p l^oducti 011 cost runs for 30 years
into the 'future, this was not done because the current procedure
(single year^ simulation) leas considered adequate for this explora-
to l'y study.

4. Reliability Analysis to Determi ne TES Effecti ve_Load _Cal, ilia
Ca )alai i i ^. The sul,sti t7LXi ons d scl' 1 bE'd t ll Stop ^ wo0 a pal'''(-ormed
on the ba s i s of rated capacity. Tear example, whe n a singleTES
Plant T72 (751 Mad baseline nonrehoat coal fired Plant plus a 397
M14 TES system = 1148 MW) was added to Utility System D, 1148 MW
of conventional capacity (751 MW of reheat coal plant and 397 MW
Of gas tul^Lines) was displaced. factually the 397 Mad of TES
peaking capacity has less e'f'fecti ve load capability than the
397 Mld of gas turbines because of limited energy (6 hour^ storage
capacity) of theTES system and the fact that it is attached to
and dependent oil the baseline nonreheat coal plant. During this
step a reliability analysis was performed to evaluate Toile dollar
penalty associated wi th the I`ES system' s lower e'f'fective capability.

S. Sensitivity Analysi s. In order to 1-Mgn iZe Lill certaintieS C011-
Gern ing future fue l Costs, sensitivity analyses Wel"e pel"'O1'illed to
determine the impact of -Fuel costs on TES value to the util ity.

TES PLANT Value Calculation

The eC0110111i C Value of TES Ejants I n a specific utility system is

determined via the previously described five stela procedure. TES plant

value calculation is Lased oil 	 utility systenl costs ( 1^evenue requi l'C •

menus) which include utility system. production costs ('fuel and O&M costs)
and 'fixed charges on investment.

Thus the total utility systelu costs 01^ annual revenue requirements

are equal to the annual charges fo1^ the capital cost plus the annual fuel

and O&M as determined by production Cost S l lilul ati On.

If TES plant costs al^e Such that the annual 1°L MIG requ i rements

for the TES plant substitution case are less than or equal to the base
Case, tile TES plant is economically viable. Tile annual Value of TES to

5-19



a Ritility is the value of the annual revenue requirements for capital
for the TES plant, ROES , which when added to the annual fuel and 0&M
costs for the utility is equal to the annual revenue requirements for
capital for the vase plant displaced by TES plus the annual fuel and

0&M costs for the utility incorporating the base plant.

That is ,

VTFS + RTES = RC + RE

or

VTES = R
Q + RQ - RTES

P	 C	 E	 E

where

VIES = annual value of TES to utility

RE = annual revenue requirements for capital for base plant
displaced by TES

RTES = annual revenue requirements for capital for the TES plant

RE = annual revenue requirements for fuel and 0&M for the
utility incorporating the base plant

and

RTES = annual revenue requirements for fuel and 0&M for the
utility incorporating the TES plant

All values

TES plant,

RE, and an
annual fue

are on an annual basis ($/yr or $/kW-y r). The value of the

Vp TES , can be divided into two components - a capacity value,

energy value, R E - REES, which is a saving to the utility in

and ON costs.
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The above plant value, VPES , represents a uniform annual series of

revenue requirement savings. This can be converted to an equivalent

plant capital value, CVp, by dividing by the levelized fixed charge rate,

FCR, giving a total value ($ or $/kW); i.e.,

CUp VPES/FCR

TES SYSTEM Value Calculation

The TES plant value described above yields the total value for a

given TES plant which includes a TES system and the baseline plant into

which the TES system is integrated. The TES plant value can be compared

to TES plant costs. These costs in both millions of dollars and dollars

per kilowatt are shown in Table 5--3 which is an expansion of Table 4-31

developed in the previous section. Another value of interest is the TES

system value. The TES system is defined as the aggregation of components

for thermal energy storage including the storage media, the containment,

heat exchangers and pipes for energy conversion and transport, the peaking

Turbine Island to convert the stored energy to electricity and any other

changes that must be made to a conventional plant to incorporate TES. The

TES § stem is thus the TESla ant minus the referencel̂, ant, which is the

source of thermal energy for storage, before any changes are made.

It is important to note that TES system cost is defined as the dif-

ference between the total TES plant cost and the original reference

plant cost as defined in Section 3. The reference plant is the base

plant before modification as required to include the TES system. The

reference plant modified to incorporate TES (but without the TES added)

is termed the baseline plant. For this analysis the costs associated

with the modification of the reference plant are considered part of the

TES system cost. These modification costs represent the cost of inte-

grating a TES system into a reference plant.
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594.05 346.23 422.00 747.78

570.39 356.40 434.40 769.75

648.82 408.38 493.71 874.85

894.20 369.71 499.58 785.34

858.06 376.67 508.91 800.00

857.88 359.82 430.21 762.34

880.43 369.28 441.52 782.37

918.05 385.06 460.39 8I5.81

850.07 341.61 417.88 740.48

1100.45 428.29 573.70 901.85

1017.26 395.47 529.18 831.87

1023.19 397.85 532.26 836.71

1032.63 401.48 537.12 844.35

380.67 344.5E 419.99 744.22

448.52 1 406.00 1 494.85 1 876.87

Table 5-3

PLAN COST COMPARISONS
(1.976$)

DESCRIPTION

COST IN HILLIOtIS OF DOLLARS	 COST IN $/kW

TOTAL	 TOTAL
Direct	 Base	 Investment Direct I Base I Investment

NUREG 0244, HSC Plant (794,415 kW)

Cost Cost

275.05 335.24

NUREG Modified, HSC Plant (741,000 kW) 264.10 321.89

tionreheat,	 HSC Base Plant (741,633 kW) 302.87 366.15

NUREG 0241, Nuclear LWR Plant (1,138,610 kW) 420.96 568.83
'	 Nuclear LWR Base Plant (1,072,573 kw)N 404.00 545.84

"'	 TES HSC Plant zlA (1,125,332 kW) 404.92 484:13

TES HSC Plant #IS (1,125,332 kW) 415.56 496.86

TES HSC Plant 11C (1,125,332 kW) 433.32 5I8.09

TES HSC Plant 12 (1,147,996 kW) 392.17 479.72

TES Nuclear LWR Plant R3 (1,220,758 kW) 522.84 700.35

TES Nuclear LWR Plant MA (1,222,869 F.W) 483.61 647.11

TES Nuclear LWR Plant 14B (1,222,869 kW) 486.52 650.88

TES Nuclear LWR Plant 14C (1,222,869 kW) 490.96 656.82

Cycling Coal Fir ed Plant (511,500 kW) 176.25 214.82
(1800 psig/950 F/950°F)

Cycling Coal Fired Plant (511,500 kW) 207.67 253.12
(2400 psig/1000°F/IOOOoF)



As with TES plant value to a utility, 
VIES, 

the TES system value,
VS ,ES

can be divided into a capacity value and an energy value. The

energy value, or saving to the utility in annual fuel and O&M cost, is
the same as that for the plant,

VTFS = RE - RTES
E	 E	 E

The capacity value, 
VTFS, 

is now

VTFS = RP
C	 `" C

where

RE = annual revenue requirements for capital for peaking capacity
displaced by TES. RG is equal to the plant capacity value less the dis-

placed reference plant cost. All values are on an annual basis ($Jyr° or

$AW-yl). As before, the annual system value, VSES , can be converted to

an equivalent system capital value, CVS , by dividing by the levelized

fixed charge rate, FCR; i.e.,

CVS = VSESJFCR

If TES plant costs or TES system costs are less than 
CVP 

and CVS,

respectively, TES is economically viable in the utility system under

consideration.

Reliability Analysis to Determine TES Plant Effective Capability

This reliability analysis is step 4 in the value analysis procedure

identified earlier. Generating plant effective load carrying capability
(effective capability) is defined as the amount of additional utility

system load which can be served as the result of installing the plant.
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The concept of effective capability is described in detail in Reference

5-7. The effective capability of a TES plant is less than that of the

displaced conventional generating equipment because: (1) the TES system

is dedicated to the baseline plant, and (2) the TES system has limited

energy capability. Because of its dedicated nature, the TES system is

out of service whenever the baseline plant is off-line due to planned

maintenance or outage, in addition to the time when it may be off-line

due to its own planned maintenance or outage.

The impact of the dedicated TES design on effective capability can

be evaluated using a probabilistic analysis which considers the possible

outage states. A simplified schematic comparing the effective capability

of TES Plant #2 with a conventional HSC baseload plant plus a cycling

coal plant is shown in Figure 5-7. The forced outage rates (FOR) shown

for the baseline plant are based on EEI data (Reference 5-8) for large

coal units. dote that for the baseline plant the boiler forced outage

rate is larger than that for the turbine-generator. Since forced outage

rates for TES systems have not yet been established, it is assumed in

this example that the TES system FOR would be equal to that for advanced

gas turbines (7.9%) as specified in the EPRI Technical Assessment Guide

(Reference 5--6). While there is no good basis for the 7.9% FOR it is

not inconsistent with EEI forced outage data for small (300-399 MW)

fossil units (Reference 5--8).

The results of the outage probability calculations are summarized

in Table 5--4. The deficiency shown in the two right-hand columns must

be made up to assure equal generation system reliability for the TES

substitution case to equal the gas turbine or cycling coal base cases.

If the deficiency is made up with gas turbine peaking capacity, the

penalty (negative value adjustment) is determined by the following

relationship:

AP  x CPK x FCR

of =
	 1 - r 
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HSC + CYCLING COAL OPTION

BOILER	 ! TURBINE
ISLAND	 ISLAND

FOR 7,1%	 FOR = 5,7%	 FORCED OUTAGE RATE

i
HSC

—<.
 750 Nt	 FOR 12,4%

	

PLANT	 t
t

i
i

	

CYCLING	 `	 400 MW	 FOP, = 8.5%

COAL

E

EFF, CAP, = 921 M14

TES PLANT OPTION

BOILER	 {	 TURBINE
ISLAND	 +	 ISLAND

FOR = 7.1%	 FOR = 5.7%

t

HSC	 +	 750 M«	 FOR = 12.4%

PLANT

+

TES	 t	 1400 M14	 FOR	 111,4%

SYSTEM

FOR = 7,9% ^	 EFF, CAP,	 821 MW

Figure 5-7. Effective Capabili ty Analysis Schematic Diagrams
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where:

a l = dedicated plant TES penalty, $/yr per pl ant

AP l = deficiency because of effective capability difference, kW

C
PK = cost of gas turbine peaking capacity, $ /kw

FCR = Fixed Charge Rate

rp = peaking capacity forced outage rate, fraction.

Table 5-4

EFFECTIVE CAPABILITY FOR TES PLANTS & ALTERNATIVES

Installed Effective Capability (MW) 0eficienc	 MW
TES Capacity TES Reference Plant Reference Plant Vs. Vs.

Plant # MW	 Plant + Gas Turbine + Cyclin9 Coal G.T. Cyc. Coal

1 1125 803 916 901 113 98

2 1150 821 937 921 116 101

3 1220 924 956 950 32 26

4 1220 924 956 950 32 26

Assumptions	 1. Gas Turbine FOR = 7.9%

2. Cycling Coal FOR = 8.5%

3. HSC Coal Plant 'OR = 12.4%

- Bailer FOR z 7.1%

Turbine Gen. FOR = 5.70U

4. TES System FOR = 7.9%
(Storage + Peaking Turbine)
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The second TES system characteristic which influences effective

capability is the TES system's limited energy capacity. If the storage

capacity (measured in hours at rated discharge power) is not large enough

to make the plant's capacity available for any credible emergency, the

TES plant must be assigned an additional penalty (negative value adjust-

ment) compared to other type plants that could be available for an un-

limited time. Hourly loss of load calculations performed on several

utility systems have resulted in the effective capacity carves shown in

Figure 5-8. Since the curves shown are based on energy storage units

with zero forced outage rates, they illustrate the impact of limited

energy exclusively. Based on these results, the effective capability

of a six hour TES plant for any penetration level is assumed to be 67%

as shown by the circle. The associated annual dollar penalty ($/yr) is

given by:

°P2 (1 - 0.67) x C PK x FCR

^2 -	 1 - rp

where, in addition:

°2 = limited energy TES penalty, $Jyr per plant

and

°P2 = TES plant peaking capacity, kW

The total annual penalty due to TES plant effective capability deficiencies

in $/yr per plant is, therefore,

°VTS = °1	 °2

_ CPK x F
CR

	

1 - r
p	

[API } 
AP  (1 - 0.67]
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Hours of Storage at Rated Capacity

Figure 5-8. Effective Capacity of Energy Storage

The annual penalty can be converted to an equivalent capital pen-

alty, 
ACVTS' 

by dividing by the levelized fixed charge rate, FCR; i.e.,

ACVTS - AVTSJFCR

The capital value, CVS , adjusted for the effective capacity penalty,

ACVTS' is

'VS ^ CVS - 
ACVTS

Illustrative Cost/Val ue Calculations

The following example is presented to illustrate the cost/value

analysis of TES Plant #2 in EPRI Utility System D. Of the four TES

plants considered in Section 4, TES Plant #2 had the lowest busbar costs.
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` (REHEAT)

2

BASE CASE	 TES SUBSTITUTION CASE
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TES 92
SYSTEMS

(6% PENE-
TRATION)

TWO

BASELINE

PLANTS

(NON-REHEAT)

Figure 5-9 illustrates the base case generation mix and the TES sub-

stitution case generation mix. In this example, when two TES plants

(2296 MW) were added to EPRI Utility D, the following conventional

capacity was displaced (see Figure 5-6): 1502 MW of reheat coal plants

(reference plants) and 794 MW of gas turbines. The impact on equipment

costs resulting from the substitution of two TES plants in utility D

is shown in Figure 5-10. The TES Plant 1#2 costs shown in Figure 5-10

were obtained from Table 5-3. All costs are based on 1976 dollars. The

costs of the displaced capacity were calculated using unit costs for the

reference coal plants (769.75 $/kW) obtained from Table 5-3 and for gas

turbine plants obtained from the EPRI Technical Assessment Guide. The

gas turbine costs were taken as 150 $!kW (in 1976$).

CAPACITY DISPLACED:

GAS TURBINES	 794

REHEAT COAL PLANTS	 1F02

_296 MW

CAPACITY ADDED:

TWO TES n2 PLANTS a

1143 MW	 2296 MW

Figure 5-9. EPRI Utility System D Base Case and TES Substitution Case
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GW	 BASE CASE	 TES SUBSTITUTION CASE

	

14	 G14	 GW
k

G.T.

	

12	 - "	 TES

	

10	
OIL	

MILLION $	 OIL

	

18Qa	 1700

	

$	 r600

1276	
14x0

2sa

	

b	 COAL	 11 ';6	 1200	 COAT.

	

1000	 NON—

REHEAT	 8tl0	 REHEAT

600

	

2	 NUC,	 400	 RUC,

200

4

9	 COST OF	 COST OF
DISPLACED	 Two TES #2
CAPACITY	 PLANTS

FIXED CHARGES ON PLANT ADDITIONS;

BASE CASE; R^ = 1276 x 0.18 = $230 MILLION/YR

TES CASE: R^ES= 1700 x 0,18 = $306 MILLION/YR

Figure 5-10. TES Plant #2 - Impact on Equipment Costs

The cost of the displaced reference baseload plants is 1502 x 103

NW) x 769.75 ($/kW) = 1156 x 10 6 ($). The cost of the displaced

peaking gas turbines is 794 x 10 3 (kW) x 150 ($/kW) = 120 x 10 6 ($).

The annual capital costs are (1156 + 120) x 10 6 x 0.18 (FCR) = 230 x

106 ($Jyr). The annual capital cost of the two TES #2 plants is similarly

obtai ned and is

2 (plants) x 1148 x 103 (kW) x 740.48 ($/kW) x 0.18 (FCR)

306 x 10 6 ( $/Yr) •



The single year production.simulation runs give the costs for fuel

and 0&M for the entire Utility System D. For the base case and TES sub-

stitution case the results are:

Base Case, R 
	

= 1670 x 106 ($/yr)

TES Substitution Case, RTES, = 1624 x 106 ($/yr)

The annual revenue requirements (ARR) for fuel and 0&M (variable

costs), RE , plus new plant investment (fixed costs), R C , for both the

base case and the TES case are shown in Figure 5-11. It should be noted

that the variable costs, R E , are for the entire 13,450 MW of installed

capacity of Utility System D, whereas the fixed costs, R C , are shown only

for the 2296 MW of displaced capacity. Any remaining fixed costs are the

same for either the base case or TES substitution case. Comparison of the

1930 x 10 6 $/yr for the TES case to the 1900 x 10 6 $/yr for the base case

indicates that at a total plant cost of $850 x 10 6 (740.48 $/kW), TES

Plant #2 is not viable.

The value of TES Plant #2 to a utility that could use gas turbines

for peaking is:

VTPES = (230 + 1670 - 1624) x 10 6 = 276 x 106 ($/yr)

Of this 46 x 106 $/yr is the energy value, RE - RTES , and 230 x 106 $/yr

is the capacity value, RC. Converted to an equivalent plant capital

value, CVP , the result is V
IES

/FCR = 276 x 10 6/0.18 = $1534 x 106.

The total costs for two TES #2 plants (in million $ from Figure

5--10) are compared to total value in Figure 5-12. Study of Figure 5-12

suggests that an incremental analysis may provide a better cost/value

comparison. As indicated previously and shown in Figure 5-12, the cost

of the two reheat reference plants is $'1156 x 10 6 . This is the minimum

possible cost for the two baseline plants which are the source of energy
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for TES. The actual cost of $1298 x 10 6 reflects some added costs

associated with the nonreheat configuration. It may be possible in

the future to develop new TITS concepts utilizing a reheat cycle with

baseline plant costs approaching the $1156 x 10 6 reference.

14
BASE CASE TITS CASE

G T'	 '
Annual Revenue

[^E
Requirements

12
_ ` (ARR)

TES .MILLION
C/YEAR

10 OIL 1900 2000 1930 OIL

18aa

8 1600

COAL 1400 COAL

G
1200

Vari-
B Variable TE able

— —

REHEAT

RE Costs 1000 E Costs NON-

800 E14EAT

600

2 NUC
400

NUC
306

k

R SC

230
Fixed

200
TE

R

C

Fixed

Costs Costs

13AS E	 TES

CASE	 CASE

CONDITION FOR TES ECONOMIC VIABILITY:

RTES + RTES <	 RB + RB
C	 E C	 E

TES PLANT VALUE:

vTES =	 RB
P	 E

_	 RTES	 +	 RB

E	 C

(ENERGY VALUE)	 (CAPACITY VALUE)

Figure 5--11.	 TES Plant #2 - Impact on Annual Revenue Requirements
(EPRI Utility System D)
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Gras TURBINE Q 120

TOTAL - INC,

rigure 5-12. TES Plant 92 - Cost/Value Compari son (EPRI Utility p,
6% Penetrati on ) 2 TES Plants @ 1148 M14)

In rigure 5-13 the TES s-,^,stelil cost ($544 x 106 ) and value 0378 x
10 	 shown an the right; for two systems can he obtai ned by subtracting

$1186 x 105 from the pj' nw cost and value sfio ►vn in rigure 5-12 (and

repeated on tho left: in 5-13). The IMllt:s presented in rigure 5-13

illustrate  that the TES plant ana lysis and the i ncremental TES system
analysis art', Consistent;. I n both cases TCS cost: reductians Of $166 x 105
($83 x 106/TES system) are required to achieve economic viability,
ignoring 'the reliability penalties,
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TES PLANT

COST	 VALUE
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1?7s

1156

EHEAT

COAL.
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1400
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i

	1000	 NON-

REHEAT

++	 COAL
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J
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200 -

TES SYSTEM

COST	 VALUE
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STORAGE 166
EQUIP,	 378

TURB,	 1^^ E-ENERGY VALUE

EQUIP,

<-CAPACITY VALUE

Figure 5--13. TES Plant #r12 - Cost/Value Comparison (EPRI Utility System D,
6f Penetration, 2 TES Plants @ 1148 MW)

The cost penalty for two TES ##2 systems for deficiencies in ef-

fective capability is simply twice the penalty for each system defined

earlier; i.e.,

, X RCR
AVTS = 2 x 

C 
PI - r 

p	
[P1 + AP2 (1	 0467

r 2 x 110-x.0.18 
F16 + 357 (1 - 0.67j x 103

AV TS = 14. 5 x 106 ($/Y1-)
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The capitalized cost penalty, QCVTS' is $14.5 x 10 6/0.18 or $81 x 106

for two TES #2 systems. The adjusted capitalized value for two TES #2

systems is, therefore, $(378 - 81) x 106

01,

CV5 = $297 x 106

It is Frequently desirable to express cost/value comparison results

in terms of dollars per kilowatt ($/kW). For example, the previous TES

system value of $297 x 106 for two TES systems each rated at 397,000 kW

yields a value of

'- 297 x 106
CVS r 2(397,000

375 $/kW

The cost/value comparison in dollars per kilowatt for TES System #2 is

shown in Figure 5--14. The TES value is also shown without the gen-

eration reliability penalty. On a dollar per kilowatt basis the system

cost is 544 x 106/2 (397,000) or 685 $/kW, the value without the re-

liability penalty is 378 x 10 6/2 (397,000) or 476 $/kW, and the value

with the reliability penalty is 375 $/kW as shown above.

6-35



COST	 VALUE

RELIABILITY

MUIP,	 PENALTY

IGNORED
WITH

RELIABILITY

PENALTY

TURK
ENERGY

EQUIP.	 VALUE

CAPACITY VALUE

$1KW
(197&$)

S00

700

600

500

400

:00

200

10a

Figure 5-14. TES System #2 - Cost/Value Comparison (EPR.I Utility System D,
TES Versus Gas Turbines, 67, Penetration)

Cost/Value Comparison Results - TES System #2

The rive step Value analysis procedure described earlier and il-

lustrated in Utility System D was utilized to determine the value of TES

System #2 in all three utility systems identified in Table 5-1. The

results are presented in Figure 5- , 15. In Utility D, TES System #2 was

compared to gas turbines for peaking as in the illustration just com-

pleted. In Utilities X and Y, TES System #2 was compared to cycling coal

plants for peaking. All value results shown in Figure 5-15 are for a 60

penetration (two TES plants @ 397 MW) of TES in the generation system.
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TES value versus cycling coal is greater than TES value versus gas tur-

bines because of a much larger capacity value. The capacity values

shown in Figure 5-15 are the plant costs for the displaced peaking

capacity - 150 $/kW for gas turbines and 744 $/W for the cycling coal

fired plant (No. 14, Table 5-3), minus the effective capacity penalty of

102 $/kW.

VALLIF

IN

UTILITY Y

(VS. CYC. COAL)

CAPACITY
./"'— VALUE

TES VALUE VALUE

SYSTEM IN IN

COST UTILITY D UTILITY X
(VS. GAS Turin.) (VS.	 CYC,	 COAL)

CAPACITY 
r°VALUE —

I	 I

STORAGE I	 ENERGY
EQUI_P_,_ VALUE

TOTAL ((NEGATIVE:) I

wALUC

TURBINE

EQUIP, ENERGY

VALUE TOTAL,

VALUE
-------- CAPAC 1 T

w _.,. VALUE _..

800

600

$/KID	 1100

(1976$)

200
TOTAL

VALUE

Figure 5-15. TES System #2 - Cost/Value Comparisons (GSal Penetration)

As indicated in Figure 5 . 15, TES value versus cycling coal plants

is very sensitive to the utility system involved. The reason is that

cycling coal plants will run for much more than 1500 hours per year

in many utility systems. This happened in Utility X. Since the cycling

coal additions had lower power production costs than the existing oil-

fired steam units, they were dispatched before the more expensive oil-

fired units. In Utility X, the equivalent full load operating hours

on the cycling coal plants were 2500 hours, significantly more than the
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1500 hour total for the TES plant #2. In Util ity System Y, however,

the equivalent full load operating Hours for the cycling coal plants

were close to 1500 hours.

Sensitivity analysis results indicated that a TES plant with 12

hours of storage, rather than 6 hours, would operate at 1900 equivalent

full load hours. Both cost and value for 6 and 12 hours of capacity

are compared in Figure 5-lG for TES System #2 versus gas turbines in

Utility System D. Although tOe value increased nearly 100 $/kW, in-

cluding effects of reliability, the cost increased nearly 200 $/kW be-

cause of the added storage capacity costs. Clearly there is a limit to

the number of hours per day that a TES system can be discharged because

of the time required for charging. Any significant shortening of the

charging time presents operating and dispatch problems. Even when the

storage capacity is doubled as in this case, the operating hours in-

creased only 27S because the first six hours of storage levelized the

loads to the point where off-peak and on-peak incremental cost dif-

ferences are too small to justify significant additional storage op-
erations.

Figure 5-16. TES System #2 - Cost/Value Comparison with Increased
Capacity (EPRI Utility System D, TES Versus Gas. Turbines,
6Z Penetration)	

5-38



TES System #lA has a CS value, or storage cost, that is about

three-fourths that of System #2. It is expected, therefore, that it
would be more beneficial to add more capacity to System #lA than #2.

The C  value, however, is higher for #lA so that it is not expected

that #lA would improve sufficiently to make it better than #2. The
fact that many pumped hydro sites have a storage capacity of greater
than six hours can be attributed to the p=act that the cost of ad-
ditional storage capacity is lower.

The results shown in Figure 5-15 indicate that cost reductions of
about 50% are necessary for TES System #2 to be competitive with gas
turbines for peaking applications.. The comparison of TES with cycling

coal units in Utility Systems X and Y indicate that cost reductions as

low as 10% (Utility Y) or as high as 40% (Utility X) could be required

for TES to be economically viable. The value of TES versus cycling

coal is very sensitive to the mix of generating units in a utility

system.

The results presented in Figure 5-15 are for a penetration level
of 5% or two 397 MW TES plants in utility systems with 13,450 MW of
installed capacity. The results in Figure 5-17 show the impact of TES

penetration level on TES system value. The value, in $/kW, drops sig-

nificantly with penetration level which affects both the capacity value
and the energy value. Energy value decreases with penetration because

each successive TES plant addition is forced to operate on load curves
which have been levelized by the previous plant. The opportunities for

fuel cost savings decrease with penetration, as the loads are levelized.
Because of this penetration effect, TES systems will tend to have less

value in utility systems that have existing energy storage in the form

of pumped storage or pondage hydropower.
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Figure 5-17. Impact of Penetration on TES System U42 Value

The previous results were all based on the fuel cost assumptions

summarized in Table 5-2 (page 5-16). Sensitivity analyses were per-

'Formed to evaluate the impact of changes in -Fuel costs on TES plant

value using approximate techniques not requiring hour-by-hour production

costing simulation. The results are presented in Figure 5-18, where for

TES Plant #2 the TES cost is noted and the TES value is plotted as a

function of levelized gas turbine oil cost. The fuel costs shown in

Figure 5-18 are levelized for a 30 year time period. The results in-

dicate that with levelized coal costs at 2.15 $/MBtu, levelized oil

costs would have to be nearly 10 $/MBtu for TES Plant #2 to be economi-

cally viable. EPRI's estimated levelized cost of synthetic liquids
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(7.76 $/MBtu) is noted on the Abscissa but this cost raises the TES

value: only about one-third of the cost--value difference with a base--

line levelized oil cost of 6.87 $/MBtu. It is important to note that

the cost difference between charging fuel and peaking fuel determines

TES value and not the cost ratio. As shown in Figure 5-18, a coal

cost increase of 1.1 $/MBtu has the same impact as an oil cost de-

crease of 1.1 $/MBtu. Fuel cost sensitivity analyses for TES systems

versus cycling coal units showed that TES versus cycling coal is quite

insensitive to coal costs. This is not surprising since the majority

of TES value versus cycling coal is capacity value which is independent

of-fuel costs.

COST	 3.23 - 2.15 = 1.1 $/MBtu

1000	
—_

	 \ C\	 V A L U E

t	 COSTto
800 --- ---------------	 -----

Coal	 --^1

600	
2.15 $/MB

0	 tLM

^ 400	
Coal 3.23 $/MBtu	 NOTE:0

0 Indicates Baseline

200 1	 Value

SYNTHETIC LIQUIDS COST

PER EPRI TECH. ASSESS. GUIDE

2	 4	 6	 8	 10	 12

LEVELIZED OIL COST ($/MBtu, 1976$)

Figure 5-18. Impact of Gas Turbines Fuel Cost on TES Plant #2 Value
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TES Impact on Fuel Consumption

One of the potential benefits of TES applications in electric utility

systems is reduced consumption of oil. The hour-by-hour production cost

simulations performed with Utility System D provide the necessary detailed
fuel consumption data to determine the impact of TES on all consumption.

Annual fuel consumption for the 1990 EPRI Utility D is summarized in

Figure 5-19. Fuel consumption, by fuel type, is expressed both in terms

of Btu's (on the ordinate) and by actual fuel units (at the tops of the

bars). As indicated, oil consumption is significantly reduced when TES

systems are substituted for oil--fired gas turbines. At the same time,
utility system coal consumption increases, as expected. It is interesting

to note that with a 6% penetration of TES systems, the 1990 utility coal

consumption increases only 13.3 x 10 12 Btu while the oil consumption de--

creases 12.2 x 10 12 Btu.

B = BASE CASE (No TES )

T1 = WIT1i TES (6% PENETRATION)

Tq WITH TES (12% PENETRATION:)
600

iE! 500
w

Nrl
H 400
v

l.t1

300

200

100

Figure 5-19. 1990 Fuel Consumption (EPRI Synthetic Utility'System D)
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The Figure 5-19 results are presented as a function of the penetration

in Figure 5-20 (solid lines). The dashed lines in Figure 5-20 show the

changes in fuel consumption which occur when cycling coal plants are sub-

stituted for gas turbines. In Utility System D, cycling coal plants

reduce oil consumption even more than TES plants, The reason for this is

that cycling coal plants do not have the storage losses incurred by TES

and in addition they run about 2500 full load hours per year in Utility D.

A 121 penetration (four TES plants) of TES #2 in Utility D reduces oil con-

sumption 32`,ol (3.3 million barrels per year); whereas a 121 penetration of

cycling coal plants reduces steam oil consumption 52'Js.

12

^.	 COAL

(106 TONS)

10

FUEL UNITS

(MILLIONS) 

6
LEGENDS;

4	
- TES IN PLACE OF GAS TURBINES

- ~ - CYCLING COAL. IN PLACE OF GAS TURBINES

2	 NUCLEAR FUEL CONSUMPTION = 241 X 1012 BTU
FOR ALL CASES

OIL

(106BBLS)

0	 T	 2	 11	 6	 8	 10	 12

PENETRATION	 %

Figure 5-20. 1990 Fuel consumption (EPRI Synthetic Utility System D)
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Summary of Utility System Economic Evaluation

The evaluation of TES systems in three utility systems has led to

the following principal conclusions:

• Cost reductions of 10-40% are required for TES systems to com-
pete with cycling coal plants.

• TES system viability versus cycling coal plants is very sen-
sitive to generation mix.

e Cost reductions of 40-501 are required for TES systems to com-
pete with gas turbines at 1500 hours annual operation.

• TES System 72 is competitive with gas turbines, if the fuel
cost difference (gas turbine fuel--coal) is greater than 3.6
$/MBtu (1976$).

9 Four TES plants (12% penetration) installed in EPRI Utility
System D reduce oil consumption 32% (3.3 million barrels per
year).

• Cycling coal plants (12% penetration) installed in EPRI Utility
System D reduce oil consumption 52%.

NON-ECONOMIC COMPARISONS

A listing of comparison criteria was compiled in order to quali-

tatively evaluate the non-economic benefits of the TES systems to the

utilities. The listing was separated into two groupings of evaluation

criteria. The -first evaluation, Table 5-5, compares the four TES sys-

tems to each other in order to determine relative storage system ad-

vantages. This evaluation was complicated by the differences in peaking

powers of the four TES systems. The second grouping, Table 5-6, was

used in order to compare the four TES systems to cycling coal plants,

representative of mid-range generating alternatives.
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Tabl e 5-5

EVALUATIONS OF TES SYSTEMS
(Relative to each other)

Plant #1	 Plant #2	 Plant #3	 Plant 14
HSC	 HSC	 LWR	 LWR

Oil/Rock Underground 	 PCIV	 Cfl/Rock
PeakingPeaking	 Feedwater Feedwater
Turbine	 Turbine	 Heating	 Heating

Siting

Construction Time

Environmental Intrusion Factors

R&D Required

Extent of Performance Certainty

Level of Cost Uncertainty

O&M Requirements

Regulatory Involvement

Materials Availability

Plant Safety Requirements

Availability/Forced Outage

Load Following Capability

Table 5-6

EVALUATION OF TES SYSTEMS
(Relative to Cycling Coal Plants)

Load Following Capability

"Warm" Start-up Capability
Transient Stability

Maximum Capacity Factor

Start-Up Fuel

Plant #1	 Plant #2
HSC	 HSC

Oil/Rock Underground
Peaking	 Peaking
Turbine	 Turbine

------------ Inconc

Plant #3	 Plant #4
LWR	 LWR
PCIV	 Oil/Rock

Feedwater Feedwater
Heating	 Heating

Iusive --------------_
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Significant items resulting from the two evaluations are described

in the following comparison narrative.

Relative to Other TES Systems

Siting. The underground caverns of Plant #2 limit the applicability of

the TES systems to those locations (approximately 30% of the United

States land area) where suitable rock strata is near the ground surface.

The remaining three TES system plants will slightly increase area of the

overall plant. However, the amount and type of land required will not

significantly impact on the plant siting requirements.

Construction Time. The Plant #4 system, due to basic system simplicity,

will impact the plant construction time the least. The installation of

the tanks and heat exchanger system can be completed in parallel with the

base plant construction. The base plant, with the single turbine and

minor hardware impact, would not require significantly more construction

time than a non-storage plant.

The Plant #3 system would have the next lowest impact with the ad"

dition of the six PCIV's in parallel with the base plant. The instal-

lation would be physically closer tied to the base plant, with the parallel

installation requiring more coordination than in Plant A. Plants #1 and

#2 with the additional peaking turbines and large tank farm or the under-

ground caverns would require longer construction periods. None of the TES

system installations should significantly increase total installation time

unless it were determined that the cavern construction could not be done

in parallel with the other site development.

Environmental Intrusion Factors. None of the four TES systems would have

significant negative environmental impact. Plants #1 and #4 would have

the high temperature oil storage tanks and the associated potential of a

spill. These tanks would be located in an area of double containment to

prevent any possible spill of the oil into surrounding acreage or into

the ground. The Plant #2 caverns would have to be adeugately lined to
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prevent the leakage of high temperature water into surrounding ground

area but more from the standpoint of structural integrity and con-

tamination of the feedwater than for environmental reasons. The PCIV's

of Plant #3 would have the least environmental design requirements. How-

ever, environmental design requirements would not be excessive in any of

the four TES systems.

R&D Required, The four TES systems are all based on near-term technology.

However, the size of the systems are . such that additional R&D work would

be required prior to final design specification. The Plant #1 and #4

dual media designs are based on smaller systems being considered for solar

energy storage applications. However, the performance of the system with

large tanks, specifically the thermocline, are not known. Additional

larger scale testing would be required to finalize performance parameters

and to justify the dual use of the heat exchangers. The underground lined

cavern construction technology of Plant #2 has not been demonstrated on

the scale required and appears to require some additional development

prior to commercialization. Tile boiling and condensing mechanisms of

the large cavern systems would also need additional development to sub-

stantiate the predicted performance. The Plant #3 PCIV system appears

the least complicated and nearest: term assuming the availability of the

large vessels.

The Plant #3 and #4 large nuclear turbines capable of operation with

large variations in extraction flows would need additional detailed design
prior to commercial availability.

Extent of Perfonpance Certainty. In line with the R&D requirements pre-

viously noted, the Plant #3 system performance appears the most certain

of the four TES systems currently designed.

Level of Cost Uncertainty. Due to the expected variation in cavern con-
struction Costs, the plant #2 system is the system whose cost is most

likely to vary substantially for site specific applications. The PCIV's
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of Plant #3 are not widely available and would be limited source items.

This could result in pricing variations since the system presently

designed and costed is based on a single European manufacturer's vessels

and prices- The TES systems of Plant #1 and #4 are based on readily

available items with the costs more consistently applicable to varying

sites.

0&M Requirements. Plant #3 with the least complex TES system would

have the lowest 0&M costs of the Four systems. The Plant #1 and #4

peaking turbines and heat exchangers would be the more costly systems.

The Plant #2 system would involve the fewest storage related components,

but would have some added ON costs due to the peaking turbine, condenser

and large valving systems.

Requlato U Involvement. The inclusion of TES systems in coal-fired Plants

#1 and #2 would require little additional regulatory involvement besides

that discussed in the environmental intrusion section. Although the pri-

mary steami loop in the nuclear plants has not been modified, it could be

expected that the inclusion of the high pressure PCIV's in Plant IN and

the feedwater cycle modification of both Plant #3 and #4 would require

additional engineering during the plant licensing phase due to the unique

configurations.

Materials Availability. The TES systems for Plants #1, #2 and #4 require

no advanced materials or limited source products. However, the PCIV's of

Plant #3 are not readily available. The manufacturers of these vessels

are limited in number. With the scope of this contract, it was not neces-

sary to identify multiple manufacturing sources. Therefore, the design

and costing was based on data supplied by a single European manufacturer.

Plant Safety Requirements. The TES systems would not be safety hazards

to any of the four plants. However, the high pressure PCIV's of Plant #3

and the significant amount of high temperature oil concentrated in one

area in Plant #1 and #4 would require additional safety precautions as
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compared to the Plant #2 underground caverns. None of the systems related

requirements would be significant in complexity or cost.

Availability/Forced Outage. The addition of the complete peaking turbine
power island in Plants #1 and #2 would make the forced outage rate and
unavailability of these systems slightly higher than Plants 713 and A.
The use of the large number of heat exchangers and more complex controls
in Plant #4 would result in a slightly higher forced outage rate for the
TES Plant #4 than for Plant #3.

Load Following Capability. The peaking turbines in Plants #1 and #2 with
direct throttle control would be capable of rapid load change in response
to overall system requirements. The limited temperature change from shut-
down to full load would not cause significant thermal stresses in the

rotors or turbine shells. Accordingly, the rate of load change could be
rapid. The control of the total load in Plants #3 and #4 would be more
indirect and result in longer lag times as compared to Plants #1 and #2.

Relative to Cycling Coal Fired Plants

Load Following Capability. The direct throttle control and limited tem-
perature changes imposed on the Plant #1 and #2 peaking turbines would

allow for more rapid load following capability than Plants #3 and #4.
Due to the lower temperature -transients imposed on the Plant #1 and #2

peaking turbines as compared to a conventional 1800 prig/950oF/950oF
steam turbine, the TES Plants #1 and #2 could meet faster load change
requirements than the conventional units.

"Warm" Start-Up Capability. Due to the lower temperature transients in

the Plant #1 and #2 peaking turbine, daily start-up of these machines

should be faster than conventional coal-fired plants. Plants #3 and #4

tiaill be slower responding than Plant #1 and #2, but these systems also
allow faster daily start-up capability than conventional coal-fired plants..
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Transient Stabilj^X. Overall system stability would be too system

specific to evaluate the general characteristics of the TES systems

in impacting overall system responses to a disturbance.

Maximum Capacity Factor. Due to the basic design of these storage sys-

tems, the maximum possible capacity factor for the peaking power plant

portion could only be 25%. Since these TES systems are being evaluated

against conventional plants and not solely against other storage systems,

the limited maximum capacity -Factor would be a negative aspect of all

four TES systems.

Start-Up Fuel. The four TES systems would all supply daily start-up

without the use of fuel oil or other scarce fuel. Currently, cycling

coal plants start-up daily using fuel oil. All four TES systems would

have an advantage over conventional systems based on this feature.

CONCLUSIONS OF UTILITY BENEFIT ANALYSIS

The main conclusion drawn from the benefit analysis is that the four

TES systems based on near-term designs for this study are not economically

attractive to utilities. Exact cost reductions in the peaking and storage

costs cannot be determined for all utilities due to the sensitivity of the

cost-value relationships as a function of system generation mix and load

profile. However, cost reductions of 10-40% are rr uired for the TES system

to be competitive with cycling coal plants in the generalized utility sys-

tems studied. Cost reductions of 40-509% are required for TES systems to

be competitive with gas turbines at 1500 hours of annual operation.

The capital investment required for storage is generally equal to

or greater than that for at least some types of complete generation equip-

ment, especially peaking systems. Hence, if storage systems are to be

viable, there must be an opportunity to displace some of the }sigh fuel

or production costs of peaking generation equipment: with lower production

costs of baseload or intermediate equipment. Any production cost savings

which are possible will depend on the fuel costs and efficiencies of Moth

the peaking and storage systems.
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The values of the TES systems to utilities are sensitive to the

cost difference between gas turbine fuel and coal. The Plant 7#2 design

could be competitive with gas turbines at a fuel cost differential of

3.6 $/MBtu (1976$). The estimated 1990 difference (1976$) from Table 5-2

is 2.15 $/MBtu.

The TES systems meet the design objectives of being load following

and daily cycling plants that are not dependent on scarce fuels. A 12%

penetration of TES system plants into a typical generation mix (EPRI

Utility System p ) would reduce the system oil consumption by 32% (3.3

million barrels per year). However, a 12% penetration by cycling coal

plants in the same utility system would reduce oil consumption by 527..

Additional testing and development work on large TES systems would

be required prior to a major commitment to TES by utilities. This large

scale demonstration would be required to substantiate the performance

figures for final system designs. The study design performance parameters

were all extrapolated from smaller storage applications.

A major disadvantage of TES systems as compared to cycling coal

plants or gas turbines is their limited capacity to operate any any time

if required because of other system outages. Increasing TES system

capacity, however, so that it can operate more hours per day increases

the cost more than the benefits obtained.
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Section 6

PROGRAM RECOMMENDATIONS

SCOPE

Based upon the results of Task I, II, and III, recommendations are

to be made in Task IV for the development and near-term power plant

demonsti^ation of the Task II designed systems to satisfy the goal of

near-term commercialization.

QUANTITATIVE ANALYSIS INPUT

The Table 6--1 summary tabulation displays the cost of electricity

(COE) in mills per kilowatt-hour comprised of capital, fuel, and operation

and maintenance cost elements. These data, obtained from the data of

Section 5, represent the incremental cost of peaking power associated

with each plant operating at 1500 hours annually, except for the last

column which assumes operation at 2500 hours annually for cycling coal.

Table 6-1

COST OF ELECTRICITY SUMMARY
(mi 1 l s/kWh)

TFi P611t No.
3 4A'

Capital Cast 90 114 197 127
Fuel' Cost 32 26 24 37
O&H Cost d 9 5 5
COE 13n 119 :Y6 169

Cycling? Coal
1800/959/959- 2409/100019n0

90	 105
22	 21
8	 a

120	 134

Gas
Turbine:
Oil Fuel}

ld
79

4
101

Cycling
Coif 1

(2506 her)

.5.4

2?
e

84

- dncreuh)ntul fast
- Peal;inu P01+e1

- 1500 Hours Annual G=.Oration
- ]ncludus Honreheat Input
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The first Four columns of'data represent the Task II designed Thermal
Energy Storage (TES) plants, identified as:

Plant -#lA - High Sulfur Coal (HSC) using oil/rock storage and
peaking turbines

Plant r2 - Nigh Sulfur Coal (HSC) using underground cavern (U/G)
storage of hot water-and peaking turbines

Plant 41T3 - Light Water Reactor (LWR) using Prestressed Cast Iron
Vessel (PCIV) to store hot water for feedwater heating

Plant n4A - Light Water Reactor (LWR) using oil/rock storage for
feedwater heating

The cycling coal plants represent two design alternatives - one a low
cost design with only three feedwater heaters operating at 1800 prig/
950oF/950oF and the other with more conventional steam conditions of 2400

prig/1000°F/1000 oF and with full seven feedwater heaters. The last column

represents the low cost cycling coal plant but operating at the total
annual hours more nearly representative of the !tours that this type plant
would operate in a utility system. Gas turbines burning oil are included
as representative of typical current peaking plants.

The costs shown include an allowance for the capital costs penalties

associated with the nonreheat system design changes in the coal fired ZES
plants. For this reason, the COE for TES Plants TIM and #2 differ from
the levelized busbar energy costs for these plants given in Sections 4 and
5.

The results depicted on Table 6-1 indicate  the following:

1. For 1500 hours annual operation oil fired gas turbines are the
most economical source of peaking power at a COE of 101 mills/
kWh.

2. The most economical TES plant provides peaking power at a cost
comparable to cycling coal plants for an equivalent annual
operation of 1500 hours - a COE of 119 mills/kWh for TES Plant
`2 as contrasted to 120 mills/kWh for the low cost cycling coal
plant.
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3. Cycling coal plants operating at 2500 hours annually provide
peaking power at a COE of 84 mills/kWh. This is far below
that for TES plants which are limited to near 1500 hours
annually.

The capital and production costs of TES plants as defined in Tasks

II and III to achieve peaking ;power exceeds the value to the utility of

that peaking power. From the Task II analysis the equivalent peaking

power can be provided more economically by alternate generation options,

such as gas turbines or cycling coal plants, depending upon the extent of

annual operation. When TES Plant 7#2 was designed for twice the capacity

and its operation simulated in EPRI Utility System D, the system costs in-

creased nearly twice as much as its value increased to the utility.

TES plant penetration in utilities with peaking gas turbines con-

serves scarce fuel resources; however, cycling coal plants could reduce

scarce fuel consumption even more than TES plants. The limited capacity

factor of TES plants restricts their availability for extended periods

while cycling coal plants have no such constraint. System dispatch con-

siderations will overshadow any marginal economical advantage that TES

plants may have over cycling coal plants for the utility user.

QUALITATIVE ANALYSIS INPUT

The lack of economic competitiveness of TES plants to other peaking

power generation alternatives did not justify a rigorous qualitative

analysis. However, TES operational and cost characteristics learned

during this program could be utilized to redefine initial design assumptions

that might result in potentially more competitive economic benefits, and

this will be briefly considered.

Table 6--2 shows the relationship of TES storage-related costs to the

total direct cost increment associated with each TES plant. These data

were obtained from the Section 4 capital cost tabulations and are the

direct costs (not the TOTAL investment costs) discussed earlier. TES
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storage-related costs include a,71 costs identified as storage equipment

or storage media. All other direct costs (turbine plant, structures,

heat rejection, etc.) incurred between the base plant (not the applicable

NUREG Reference Plant with reheat) and the TES plant design were catego-

rized as "Remaining Costs". These costs, in millions of dollars, and

their percentage of the total direct cost increment provide an appreciation

of the cost relationship between the TES subsystem and the design changes

necessary to incorporate that subsystem into base plant design.

Tabl e 6-2

TES STORAGE COSTS*

Storage-Related Remaining
Costs Costs

Plant IlA $46M $56M

HSC, Oil/Rock 45% 55%

Plant #2 $37M $52M

HSC, U/G Cay . 42% 58%

P1 ant 7#3 $87M $32M

LWR, PCIV 73% 27%

Plant #4A $41M $39M

LWR, Oil/Rock 51% 49%

* Direct costs, incremental to nonreheat base plant.

The potential for significantly reducing the total direct cost by

further R&D on the power--related components comprising "Remaining

Costs" is very limited because these components are relatively standard

state-of-the--art equipment, e.g., turbines, piping, valving, etc.

Reductions in total cost must, therefore, come almost entirely from

reductions in the TES storage-related costs.
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Table 6--3 provides further.insight into the composition of TES storage

costs. For those costs shown on Table 6-2 as "Storage-Related Costs", the

single largest dollar value of each plant is identified in Table 6-3. The

large cost item is shown at the left for each of the four TES plants shown

at the top of the table. For each item the cost in millions of dollars

and its percentage of "Storage--Related Costs" (from Table 6-2) are shown.

The number(s) in parenthesis indicates the percentage of the "Storage-

Related Costs" associated with the next largest dollar value item's).

For TES Plant CA where three items are roughly comparable in cost mag-

nitude, three percentage numbers are provided. An assessment of each

item's dollar magnitude and flexibility (or inflexibility) will yield a

subjective evaluation of each TES plant's potential for capital cost

reductions.

Table 6-3

POTENTIAL FOR REDUCING TES CAPITAL COSTS*

Major TES System	 Plant 81A	 Plant 02	 Plant 13	 Plant 84A
Cost Item	 HSC Oil/Rock	 HSC UJG Cay.	 UIR PCIV	 LWR Gil/Rock

Heat Exchanger	 $31M

28%

(20,18)

Cavern	 $34M

92p

PCIV	 $78M

90%

Heat Exchanger
	

$30M

73%

(10)

* Direct Costs, incremental to nonraheat base plant.
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In each of plants #2, #3, and #4A one storage system item stands

out as the major contributor of the cost. In Plants #2 and #3 where

high temperature water is stored, the major item is the storage con-

tainment. In Plant #4A the major contributor is the heat exchanger.

The magnitude of cost reductions required for TES plants to be 	 1

economically competitive in the near-term as discussed in Section 5

implies the need for a major R&D breakthrough in the TES subsystem.

Par-term utility application options such as non-standard turbine or

boiler equipment or alternate TES subsystem concepts (such as Latent

Neat) are outside the scope of this study but may provide more com-

petitive TES plant designs for far-term commercialization.

To achieve near-term commercialization, an investigation, possibly

utilizing utility simulation analysis, could be performed to verify

selection of the most compatible utility system for either a coal or

a nuclear TES plant. The specific TES plant could be custom designed,

utilizing the technical insight gained during this study, to optimize

the match between the TES plant operational characteristics and the

utility system production characteristics as defined by a unique load

factor curve and generation equipment mix. These optimized plant

designs, custom matched with a specific utility system, would then pro-

vide data to allow a detailed, comprehensive development and demonstration

program assessment.

DEVELOPMENT AND DEMONSTRATION PROGRAMS

Development, acceptance and commercialization of technologies that

have not been traditionally utilized may represent a high risk to the

commercial user and therefore will require indications of substantial

economic benefits to motivate user consideration and potential adoption.
Based upon the technoeconomic results of this study, substantial economic

benefits of TES plants are not indicated in the near-term and, therefore,

a development and/or demonstration program does not appear to be viable
to utility users at the present time.
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However', during performance of this study, three specific consider-

ations not previously included in the methodology for defining develop-

ment/demonstration programs were determined to be of sufficient interest

that a brief, preliminary assess-,rent of development/demonstration programs

will be undertaken for illustrative purposes.

Typically, a development program is defined from results of both

quantitative and qualitative benefit analyses, and a qualitative assess-

ment of implementation factors. For TES systems, use of Technology Trans-

fer from other developmental programs must not be overlooked. For example,

oil/rock systems for the storage of thermal energy are now being built and

tested under the auspicies of the Department of Energy's Solar Programs.

Results of the Solar Total Energy - Large Scale Experiment at Shenandoah,

Georgia and the Solar Central Receiver Pilot Plant at Barstow, California

as well as other relevant applications can greatly reduce the duration

and expense of oil/rock development programs conceived without consideration

of technology transfer. Similarly a literature or other review should be

undertaken for each TES concept under development consideration to ensure

maximization of technology transfer benefits.

Integrating the objective and subjective results from Tasks II and III

to the depth warranted by technoeconomic conclusions of this study, re-

sults in the preliminary selection of an oil/rock storage concept, TES

Plant #IA, for illustration of a development program. The development

needs of this TES concept are twofold. First, performance of commercial

size storage components was projected based upon scale-up from presently

available test data. Verification of these performance characteristics

is mandatory. Secondly, a compatible base system is required since TES

Plant rrlA is a nonreheat design plant while most presently operating HSC

plants are reheat design plants. The combination of scale-up storage

components in conjunction with a compatible base system defines a demon-

stration plant. It is the specialized needs of a nonreheat system design

that requires combining the development and the demonstration programs.
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These combined programs would provide for verification of developmental

performance on a scale sufficiently large to evaluate full-scale com-

mercial operation but small enough to maintain demonstration program

costs at acceptable low levels.

Combining the development and demonstration programs now provides an

option not previously viable; namely, retrofitting a TES system into a

specific plant. Previous studies* showed that the costs associated with

retrofit were excessively high, due primarily to plant downt!-Re during

system conversion. Accordingly, this study was based upon the assumption

that the TES plants would be newly designed and constructed facilities

However, availability of data (such as plant size, siting requirements,

type of TES system, available utility facilities, etc.) for an optimized

TES plant in a specific utility system now allows comparing (1) the

groundrule used in this study of planned plant construction including a

TES system with (2) a procedure for retrofitting a TES system into a

specific operating plant with non--utility sponsorship overcoming the

economic penalty associated with retrofit. The latter option of retro-

fit appears to offer the lowest cost means of achieving a near-term

development and/or demonstration program.

PROGRAM RECOMMENDATIONS

As previously indicated, the technoeconomic results of this study do

not support pursuit of thermal energy storage as a means of replacing

conventional oil fired peaking generation equipment. Additional work

could be performed searching for a more compatible utility system while

seeking alternate system designs with the expectation of achieving in-

creased economic benefits. The results of such work could be projected

based upon the knowledge of TES plant operational and cost characteristics

gained during this study. However, such unsubstantiated projections are

* Bechtel Corporation, "Retrofitted F'eedwater Heat Storage for Steam
Electric Power Stations Peaking Power Engineering Study," EIDA Con-
tract No. EY-76-C-02-2863*000, Research and Engineering, Oc ,;ober 1976.
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itlStli'ficient to support programmatic decisions COncerlling eontilwatiOn
or discontinuation of TES systelll deSign studies. The wol,tl'l of this	

9

additional work can only be evaluated by the agency responsible for
allocating the resources required to perform 'those StUdiOs.

It is the opinion of General Electric that additional efforts

towards refinement o'f near-term TES plans: designs in all attempt to
achieve economic competitiveness with alternate peaking power options,

especially with cycling coal plants, will prove to be only marginally

SLICCOSS'flll. Continuation Of mat^ginal teCI111010gieS sh011ld be ..onsidered

only i •f all other available resource investments appear to yield OgUiva-

lent or loss 'favorable results.
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