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I INTRODUCTION

A variety of energy systems undergoing research and development may

provide the Air Force such benefits as reduced costs, greater reliability, and

greater flexibility than conventional commercially available energy systemis.

This effort was funded to develop a data base of the key parameters of

selected systems to serve as input to a multiple-criteria decision computer

model that identifies the most appropriate energy technology for different Air

Force needs. These data will also serve as an informational base for the Air

Force's Civil Engineering and R&D communities.

The specific objective of this project was to describe a selected set of

energy systems by a particular set of technical and economic parameters over

the 1980-2000 time frame. To meet this objective, estimates of the perfor-

muance parameters were developed for the years 1980, MQ5, 1990, and 2000 at

the following full-load power output ratings: 1.5, 5.0, 20.0, 30.0, 60.0,j 100.0, 250.0, 500.0, 750.0, 1000, and 5000.0 kW.

This volume presents estimated parameter values for each of the

technologies in the 1990 time frame to indicate the perform'ance of each

technology relative to other similar technologies. For each of the energy

conversion technologies, the estimated parameter values are based on con-

tinuous duty (that is, operating 7984 hours per year) at design conditions

with design performance for new ecuipn'ent. Obviously, actual operating

conditions will vary considerably depending on the application, the location,

the age of the equipment, and other factors. The data developed in this study

do not account for variances between actual operating conditions and design

conditions.

Obviously, any broad data base has limitations, and this one is no

exception. Primarily, the limitations result from the fact that the data

represent a wide range of conditions and applications and as such could result

in error if the data are taken at value for any unique, specific applica-

tion. Recognizing this limitation, the expected errors of the predicted data

were calculated and are included in Volume IV of this report. The expected

errors represent the range of parameter values that can be expected at each

output level, and to a great extent the ranges are the result of the need for

a broad-based data base rather than a need for specific information for a

single, unique application. Consequently, this data base should provide the



capabil ity to screen te chnologies on a preliminary basis to identify the most

appropriate technologies f or selected applications relative to the other

technologies.

The following energy conversion technologies are characterized in thiA

data base:

* Gas turbines

- Open cycle, nonrecuperative (nonregenerative)

- Close cycle

- Open cycle, rectiperative (regenerative)

* fliesels

- Turhocompounded

- Turbocharxed

- Adiabatic

* Stirlings

- Free piston

- Kinematic

* Organic Rankine Cycles

* Fuel Cells

- Phosphoric acid

- Solid Polymer Electrolyte (SPF)

- Molten 
carbonate

* PhotovoltAics

- Flat plate

- Actively cooled

- Photochemical

* Wind Turbines

- Vertical axis

- Horizontal axis.
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The following energy storage technologies are characterized in this data

base:

* Ratteries

- Zn/Cl2

- Zn/Er2

- Ni/Fe

- Li-Al/FeS2

- Na/S

- Advanced sealed lead-acids

- Redox Cr-Fe

* Thermal Energy Storage fevices

- CaC12  61420, calcium chloride hexahvdrate

-. Na2SO4  10 M120, sodium suilf ate decahydrate (Crlauher's salt)

- Na2S2 n3  5 ~n sodium thiosulfate pentahvdrate

- Olivine ceramic brick

-Magnesite ceramic brick

- Form-stable polyethylene



PARAMETER DEFINITIONS AID GENERAL ASSUMPTIONS

The data contained herein are to be used for a preliminary screening of

technologies for certain applications. The user must recognize that the

estimated Parameter values were developed based on "average" or "generic"

systems. For some technologies, such as wind turbine systems and photovoltaic

systems, the site location will affect certain parameter values.

General Requirements

To minimize the ambiguity of estimated parameter values included in Hie

data base, definitions and assumptions were adopted regarding the general

requirements and/or applications of each energy technology.

For energy conversion technologies (that is, all of the technologies

except batteries and thermal energy storage devices), each system is defined

to include the technology and necessary halance-of-plant components (R.O.P.)

to produce utility-quality power on a continous stand-alone basis (operating

90% of each year at the required power output level) from a designated primarv

energy source. Certain energy conversion technologies can use different

primary energy forms. For example, Stirling systems can he fueled by diesel

or residual oil.

For energy storage technologies, the following reauirements are assumed:

* Batteries. Batteries will supply nC power as output. To develop the
life-cycle cost and the annual cost of electricity reauired for chargiig,
a complete charge/discharge cycle is assumed to occur twice per day with a
total charge time of 8 hours and a total discharge time of 16 hours. The
batteries will overate 365 days per year in a load-leveling mode.

* Thermal Energy Storage. The thermal energy storage devices are assumod to
he used for space-heating applications with a continuous diurnal cycle
(365 days per year of operation) with a discharge time of In hoirs.

Parameter Definitions

Type. This parameter value is either mobile, transportable, or fixed and

refers to the complete energy system, not lust the component technology.

Mobile, transportable, and fixed are defined as follows:

0 A system is mobile if 1) it is transportable by truck or aircraft and 2)
can be assembled or dismantled within R hours with no Prior site
preparation. A system is transportable by truck if the system itself or
the largest component of the system can he broken down and does not exceed
the dimensions of 10 feet wide by 13 feet high by 60 feet long. For air
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transportability, the system or largest component of the system cannot
exceed 16 feet wide by Q feet high by 10 feet long, nor can it exceed a
weight limit of 350 pounds per square foot floor loading.

* A system is transportable if 1) it is transportahle by aircraft subject to
the same limitations as mobile and 2) can be set up or removed within
I week with only minor site preparation.

* A system that is neither mobile nor transportable is fixed.

Fuel Capability. Fuel capability indicates the fuels that can provide

the primary energy source for each system. Primary fuels for the purpose of

this study include-

* JP-4

* Diesel (DF-1 or DF-2)

• Electricity

" Natural gas

• Solar

* Wind

• Thermal (heat).

Systems that have multifuel capabilities are denoted "multi."

System Acquisition Cost. This is the estimated total installed cost nf

the energy system excluding land procurement (in IORO dollars).

Annual Operating and Maintenance Cost. This is the estimated annual cost

of operating the energy system (in QRO dollars). It includes all operAtIng

and maintenance expenses except for fuel costs.

System Efficiency:

" Gas Turbines. Diesels, Stirlings,. Organic Rankine Cycles. Fuel Cells. The
system efficiency is 1

power output + primary fuel energy input rate

It represents full-load efficiency of new equipment based on higher
heating value of the designated fuel, but does not include the energy

content of by-product energy recovery unless specifically noted.

Rfficiency is measured in parcent.

* Photovoltaics. qvstem .iciency equals-



(Daily energy productivity) f Daily insolation X Collector area
in plane of per kW
collector

where-

- Daily energy productivity is 24 kWhr per continuous kW installed
capacity. (A one kV system is sized to produce 24 kWhr per day.)

- Daily insolation in the plane of the photovoltaic collector is
1204 Rtu/ft2 day for flat-plate systems, and 11OQ Ptu/ft2 day for
actively cooled systems.

- Collector area per kW is 7R3.5 ft
2 for flat-plate systems and 1078 ft2

for actively cooled photovoltaic systems.

* Wind Turbines. System efficiency equals -

[System output (kW) at a mean wind speed of R.1 mphl f
[Power in wind at 8.1 moh average wind speed]

Batteries. System efficiency equals-

[System energy outputl + [System energy input)

Input and output energy is DC power. The AC-to-DC charger efficiency of
90% is reflected in the amount of electricity required to charge the
battery system.

* Thermal Energy Storage. System efficiency equals -

[System thermal energy output] f [Fnergy required for charingi

Fuel Consumptiin:

* Cas Turbines, Diesels, Stirlings, Organic Rankine Cycles, Fuel Cells. For
energy conversion technologies, fuel consumption is the calculated rate of
fuel consumption of the designated fuel divided by the system at its
designated output during continuious operation. Fuel consumption is
measured in gallons per hour, except for systems fueled by natural aas,
which is measured in Rtu per hour.

* Photovoltaics and Wind Turbines. These systems have zero fuel
consumption.

* Electricity Required for Charging (Ratteries). Electricitv renuired for
charging is the calculated energy recuirement of electricity to obtain
I kWhr of energy output. Direct current electricity renuired for charging
is measured as kWhr n (into the battery) per kWhrout (delivered to
load). The AC-to-4 charger efficiency' of QO% is reflected in the amount
of electricity required to charge the hattery system.

* Annual Energy Required for Charging (Thermal Energy Storage). This is the
annual consumption of the designated fuel over its duty cycle of one
charging and one discharging period per day (measured in Btu).

7



Designated Fuel. The fuel on which fuel consumption, annual fuel costs,

and life-cycle costs are based.

Annual Fuel Cost:

0 Cas Turbines, niesels, Stirlings. Organic Rankine Cycles, Fuel Cells,
Batteries. This is the calculated annual cost of designated fuel: the
product of the designated fuel price times the annual fuel consumption of
the energy system. Fuels, prices, and energy content are in Table 1. The
prices are defined as the worldwide, standard price of fuel from the DPsr
stock fund. The prices quoted are based on the average contract prices of
fuels in stock plus the average transportation costs to users.
Electricity is not included in the nPSC stock fund as a fuel. Flectricity
costs are subject to regional variations in cost. The cost of electrirtty
in Table I is consistent with the T1.q. Industrial Price Average for
February MqRO. Note that the prices in Table I are expressed in lqR0
dollars with no escalation.

* Photovoltaics, Wind Turbines. The costs of "fuel" for solar and wind
powered systems are maintained at zero.

* Thermal Energy Storage: CaC1j * 6H20, NaSO In H20 NaS 2 0 50, o,
Form-Stable Polyethylene. For those thermal energy storage devices wihere
heat is the primary energy, the cost of that heat is assumed to he zero as
the cost is implicitly included in the cost of energy from the energy
conversion system.

Table 1. FUJEL PRICE AND ENERGY CONTENT

Fuel Price,
1QRf Dollars/Million Btu Fnergv Content,

Fitel 19Q0 IQR9 1QO 2000 Rtu/TT.S. rallon

JP-4 8.55 8.92 8.82 R.82 127,500 to 11S,714

Diesel 8.40 9.62 A.62 8.62 13R,095 to 14S,218

Electricity 1.58 2.79 2.79 2.7q Not Applicable

Natural Cas 2.39 2.47 2.47 2.47 911 to 1012 Rtu/SCF

Note: These prices are the cost of fuel into an energy system, not the cost
of energy delivered from the system.

Fuel price in cents per kWhr.

18



Life-Cycle Cost. The life-cycle cost is the calculated cost of acattir-

ing, operating (including fuel use), and maintaining the energy system at con-

tinuous operation at its output level for 20 years. The life-cycle cost is

the present value (as of the first year of system operation) of the sum of all

system-resultant Costs incurred over a 20-year evaluation period. A 20-year,

common evaluation period Is required to facilitate a direct and valid

comparison of the large number of energy conversion systems being considered

in this study given their varying service lives, maintenance intervals, and

other factors which will affect the amount and timing of system costs. The

term "present value" refers to a cash flow that has been adjusted to reflect

the interest that could he earned, or must be paid between the time the flow

actually occurs and a specified "present" time. k 10M discount rate was used

for calculations that reflect the opportunity cost of diverting financial

resources from the private to the public sector. This rate is the standard

discount rate to be used in evaluating time-distributed costs and benefits for

Federal investments, as established in the nffice of Management and Rutdget

(OMgR) Circutlar No. A-94. Taxes and depreciation (a noncash expense for

offsetting taxes) are, of course, not applicable to nepartment of nefense cost

analyses. Life-cycle-costs are in 1QRO dollars per unit of energy output with

no real excalation for fuel costs.

The life-cycle cost (LCC) of each system was calculated using the

following equation:

LCC - PV (TIC) + PV (AnC) + PV (EMC) + PV (AFr) + PV (FRC)

where -

PI J The present value operator (equals 1.0 for TIC, 8.513 for kOC, and 2n
for the AFC; dependent on energy conversion technology For Fur and

TIC - The total installed cost of the energy conversion system including the
acquisition cost, the cost of balance of system components, and
installation, excluding the cost of land

AOC - The annual operating and maintenance costs, exclusive of fuel, over
the 20-year evaluation period

AFC - The annual fuel costs over the 20-year evaluation period (in 1Qn
dollars with no real escalation)

EMC - any extraordinary (above the normal AOC) maintenance cost which mnv
occur over the 20-year evaluation period (e.g., major overhauls of the

9



system to extend expected system life to 20 years; or battery
replacements)

FRC - the future replacement cost of any components of the energy conversion
system, if required during the 20-year evaluation period

Start-up Time (Gas Turbines, Diesels, Organic Rankine Cycles, Fuel Cells,

Photovoltaics. Wind Turbines). The start-up time Is the elapsed time, in

minutes, for the system to achieve full output from a "ready to start" or

"cold start" condition.

Shutdown Time (Gas Turbines, niesels, Organic Rankine Cycles, 'Fuel re1ls,

Photovoltaics, Wind Turbines). The shutdown time is the elapsed time, in

miniutes to bring a system from a full output condition to an off or rtandbhv

mode.

Charge Time (Batteries. Thermal Energy Storage). The charge time is the

nominal elapsed time in minutes for the energy storage system to he fully

charged. Faster and slower discharge times are possible.

Discharge Time (Ratteries, Thermal Energy Storage). The discharge time

is the nominal elapsed time in minutes for the energy storage system to be

fully discharged. faster and slower discharger times are possible.

Volume. This is the volume of the envelope of the installed energy

system measured in cubic feet.

Area. This is the land or surface area renuired for the installed eergv

system measured in square feet.

Weight. This is the total weieht of the complete energq svstem measired

in potunds.

Oualitative Parameters

The qualitative parameters of reliability, environmental constraints,

locational constraints, and operational constraints were evaluated in terms of

factors that impact the parameters.

Reliability. This is a qualitative parameter that indicates the poten-

tial for unanticipated outages of the energy system. Reliability is evaluated

in terms of the following factors: moving parts, operating temperature,

modularity (redundancy), stress levels, corrosion, and others. Reliability is

measured on an ordinal scale:

10



1. High potential unreliability

2. Moderate potential unreliahilty

3. Average

4. Moderate reliability

5. High reliability.

Environmental Constraints. This is a qualitative parameter that

indicates the potential for environmental insult resulting from implementation

of the energy system. This parameter is evaluated in terms of the following

factors: thermal discharge, air pollution including CO, NO., X, 14r,

particulates, and others; noise; odor; solid waste; and chemical waste.

Environmental constraints are measured on an ordinal scale:

1. Extreme potential environmental constraint

2. High potential environmental constraint

1. Average potential environmental constraint

4. Moderate Potential environmental constraint

5. Minimum potential environmental constraint

Locational Constraints. This is a aualitative parameter that indicates

the potential for locational constraints that could limit the applicability of

the energy systems. This parameter is evaluated in terms of the following

factors: water requirements, manning requirements, fuel availability, fuel

storage, and others (such as solar or wind). Locational constraints are

measured on an ordinal scale:

1. Extreme potential locational constraints

2. High potential locational constraints

3. Average locational constraints

4. Moderate locational constraints

5. Minimum locational constraints

Operational Constraints. This is a qualitative parameter that indicstes

the turn-down and load-following capabilities of the system relative to

operating efficiency. This parameter is evaluated in terms of part-load

11



capability, overload capability, and load-following capability. Operational

constraints are measured on an ordinal scale as follows:

1. No turn-down capability

2. Turn-down capability with high efficiency penalty

3. Average turn-down capability

4. Moderate turn-down capability; moderate efficiency penalty

S. Excellent turn-down capability; minor efficiency penalty.

Some of the above parameters were graphed to show trends versus size. So

that fture technolngies could he compared, IQO values were .ised in all of

these figures. The abbreviation NCA in the tables means Not Commercially

Available in that time frame.

12



TECHNOLOGY DESCRIPTIONS

Diesels

There are three diesel systems of interest in this study: turbocharred,

turbocompounded, and adiabatic (figure 1). liesels produce shaft power, which

is then converted to AC power by an AC generator. Turbocomvounded diesels

should he more efficient than turbocharged diesels because of the additional

shaft power derived from the exhaust-gas driven turbine. Adiabatic diesels

operate at higher pressures and temperatures than the turbocompounded and

turbocharged systems. (The adiabatic is not cooled.) Recause of the hivher

pressure and temperature operation, overall system efficiency is expected to

be greater for the adiabatic diesel than for the turbocompounded. The system

may also he lighter and more reliable by the elimination of the cooling

system.

niesel generators are typically used as hack-up systems for utility-

supplied power or in remote locations without a utility power arid. Tbev

operate in continuous or intermittent service. As previously mentioned, the

data presented here are for contintous operation (365 days per year at '4

hours per day less 107 of that time for scheduled maintenance) producing

titilitv-quality power.

Technology Status. Turbocompounded diesels will he commercially available

in capacities greater or equal to I0.0 kW starting in 19R. Turhocharqed

diesels are current technology and are currently commercially available in

capacities greater or equal to 5.0 kW. Adiabatic diesels will be commrcially

available in capacities greater or equal to 125.0 kW starting in 1990. The

major constraint of the adiabatic diesel is the need to develop composite

ceramic/metal structures consistent with the 1800OF operating temperature.

13
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Type. Host diesels are mobile up to the megawatt sizes, which are

transportahle (Table 2).

Table 2. DIESEL TYPE (Mobile or Transportable)

. 8

1.5 1980 NCA MCA NCA

1985 NCA NCA NCA
1990 NCA NCA MCA
2000 NCA MCA NCA

5.0 1980 NCA M NCA

1985 MCA N NCA

1990 NCA M NCA
2000 NCA M MCA

20.0 1980 NCA M NCA
1985 NCA M NCA
1990 NCA M NCA
2000 NCA I M CA

30.0 1980 NCA M NCA
1985i NCA M MCA
1990 NCA M NCA

2000 MCA M NCA

I-

60.0 1980 NCA M NCA
1985 NCA M NCA
1990 NCA M NCA

2000 NCA M NCA
100.0 1980 NCA H NCA

1985 C M NCA
1990 N H NCA
2000 M M MCA

230.0 1980 NCA M NCA

1985 M H NCA
1990 N H M
2000 N M M

500.0 1980 NCA M NCA
1985 N H NCA
1990 N H N
2000 N H C

750.0 1980 NCA H NCA
1985 H H NCA
1990 H H
2000 N H C

100.0 1980 NCA T MCA
1985 T T NCA
1990 T T T
2000 T T T

5000.0 1980 NCA T NCA
1985 T T NCA

1990 H H T
2000 H H H

1000.0 1980 NCA T N195 T C



System Acquisition Cost. Diesel "System Acquisition Cost" parameter

values are presented in Table I and in Figure 2 in 1980 dollars as a function

of size.

Table 3. DIESEL SYSTEM ACQUISITION COST (1980 DOLLARS)

I-

1.5 1990 MCA NCA MCA

1985 NCA MCA NCA

1990 MCA NCA MCA
2000 MCA "CA MCA

.50 1980 NCA 82EOJ NCA
1985 NCA 4.82EO3 NCA
1990 MCA .30E 3 NCA
2000 NCA ,30E03 NCA

20.0 1980 NCA 4.32EO4 NCA

1985 NCA 4.32EO3 NCA

1990 NCA .55EO4 NCA
2000 NCA .55EO4 NCA

30.0 1980 NCA .88104 MCA

1985 NCA .88EO4 NCA
1990 NCA .27EO4 NCA
2000 NCA .27EO4 NCA

30.0 1980 NCA 1.01E05 NCA

1985 NCA 1.01E05 NCA
1990 NCA 1. 1 1E05 NCA

2000 NCA 1.1E05 NCA

160.0 1980 NCA 2.22EO5 NCA

1985 3.55O5 2.22EO5 NCA
1990 3.91E05 2.44Eo5 NCA
2000 3.91EO5 2.44E05 NCA

210.0 1980 NCA 4.80Eo5 NCA
1985 7.68E05 4.80E05 NCA

1990 8.45E05 2.8E05 7.615
2000 8.45E05 5.28w5 761EO5

500.0 1980 NCA 8.40EO5 NCA

1985 .35E06 8.46EO5 NCA
1990 8.49EO 9.31EO5 7.34EO
2000 1.49EO 9.31EO5 7.34EO

750.0 1980 NCA L.1E0 NCA

1985 1.87EO6 1.7EO6 NCA
1990 2.49EO6 .29E0 1.83E06
2000 2.06E06 1.29EO 1.83EO6

700.0 1980 NCA 1.47E06 NCA

1985 2.3506 1.47EO6 NCA
1990 2.5906 1.62E06 2.33106
2000 2.59E06 1.62E06 2.33EO6

5000.0 1980 NCA 4.70106 MCA

1985 7.52E6 4.70EO6 NCA
1990 8.271O6 5.17106 7.451O6

2000 8,27E0 % t7FA6 7_- ASMKl

16
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Annual Operations and Maintenance Costs. niesel "Annual Operations and

Maintenance Costs" parameter values are presented in Table 4 and In Figure 1.

Table 4. DIESEL ANNUAL OPERATIONS AND

MAINTENANCE COST (1980 DOLLARS)

a. Q

1.5 1980 N MC A MCA

1985 MCA NCA NCA
1990 MCA NCA MCA
2000 MCA NCA MCA

5.0 1980 MCA 1.21E02 MCA
1985 MCA 1.21102 MCA
1990 NCA 1.33£02 MCA

2000 MCA 1.33LO2 NCA
20.0 1980 NCA 3.78EO2 NCA

1985 M CA 3.78E02 NCA

1990 NCA 4o16EO2 NCA

2000 NCA 4.16E02 NCA
30.0 1980 NCA 5,47WU2 NCA

1985 MCA S.4 7 .02 MCA
1990 NCA 6.02E02 MCA
2000 NCA 6.02102 NCA

60.0 1980 MCA 1. 103 MCA
1985 NCA 1.10E03 NCA
1990 NCA 1.21E03 NCA
2000 NCA 1.21E03 NCA

100.0 1980 NCA 2.03EO3 MCA
1985 3.25EO3 2.0JE03 NCA
1990 3.58103 2.23E03 MCA
2000 3.58EO3 2.23A03 NA

230.0 1980 NCA 3.65103 NCA
1985 5.84EO3 3.65E03 NCA
1990 6.42EO3 4.01E3 5.78E93
2000 6.41EO3 4.01EO3 5.78103

500.0 1980 NCA 7.08E3 NCA
1985 1.1304 7.08E03 NCA
1990 1.24EO4 7.79103 1.121O4
2000 1.24EO4 7.79EO3 1.12EO4

750.0 1980 NCA I. 1604 NCA
1985 1.85104 1.6E04 NCA
1990 2.03EO4 1.271O4 1.80E04
2000 2.03EO4 1.27E04 1.80E04

1000.0 1980 MCA 1.71EO4 NCA
1985 2.741O4 1.71E04 NCA
1990 3.01EO4 1.88EO4 2.71EO4
2000 3.01L04 1.88104 2.71E04

5000.0 1980 NCA 1.84E05 14CA
1985 2.95E05 1.84E05 NCA
1990 3.24E05 .03105 2.92105

M 21 3.24.05 .0305 2.92105
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System Efficiency. Diesel system efficiency tends to increase as the

system power level (size) increases (Table 5 and Figure 4).

Table 5. DIESEL SYSTEM EFFICIENCY (Z)

z U

0 0 U

1.5 1980 NCA NCA NCA

1985 IMCA NCA NCA
1990 N MC A MCA2000 M CA MCA MCa

5.0 1980 I NCA 26.9 MCA

1985 I CA 29.6 NCA
1990 I CA 31.1 NCA
2000 NCA 31.1 NCA

20.0 1980 NCA 29.0 NCA
1985 NCA 32.0 NCA
1990 NCA 35.6 NCA
2000 NCA 35.4 NCA

30.0 1980 NCA 29.5 NCA
1985 4CA 32.5 NCA
1990 M NCA 34.1 CA
2000 4CA 34.2 MCA

60.0 1980 NCA 30.6 NCA
1985 4CA 33.7 NCA
1990 4CA 35.4 4CA
2000 4CA 35.4 4CA

100.0 1980 NCA 31.3 NCA
1985 40.7 34.5 NCA
1990 46!.7 39.2 46.2
2000 42.1 36.2 48.2

250.0 1980 NCA 32.7 NCA
1985 42.5 36.0 NCA
1990 44.6 37.8 47.8
2000 44.6 37.8 47.8

500.0 1980 NCA 33.7 NCA
1985 43.8 37.2 NCA
1990 46.0 39.0 48.0
2000 46.0 39.0 48.0750.0 1980 I CA 34.3 NCA

1990 I46.8 I39.1 48.7
2000 I46.8 I39.7 48.7

5000.0 1980 NCA 34.7 NCA
1985 I45.1 38.2 M CA
1990 I47.3 140.1 49.1
2000 I47.3 ]40.1 49.1

5000.0 1980 I CA 37.0 [ NCA

1985 48.1 40.8 NCA
1990 50.5 42.8 51.8

50.5 42.8 51.8
-2
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Fuel Consumption. niesel "Fuel Consumption" parameters values are

presented in Table 6 and Figure 5. Typically, diesels are fueled with DF-1 or

DF-2, but some manufacturers in Europe (for example, Stal Laval) are

developing diesels for residual fuel. Recause of the price differential this

would tend to decrease the life-cycle cost of diesel systems. (Residual is

about S5.85/million Rtu; DF-l and DF-2 are about SR.62/million Atu.)

Table 6. DIESEL FUEL CONSUMPTION

-- gat/hr -

a.a U

0 L W-
-I 1W

1.5 1980 MCA MCA MCA
1985 MCA MCA MCA

1990 MCA MCA MCA
2000 MCA MCA MCA

5.0 L980 MCA 0.45 MCA
1985 NCA 0.41 MCA
1990 MCA 0.39 MCA
2000 MCA 0.39 MCA

20.0 1980 NCA 1.66 NCA
1985 NCA 1.51 NCA
1990 MCA 1.43 NCA
2000 NCA 1.43 NCA

30.0 1980 NCA 2.45 NCA
1985 RCA 2.24 MCA
1990 NCA 2.12 NCA
2000 NCA 2.12 NCA

60.0 1980 MCA 4.74 NCA
1985 NCA 4.29 NCA
1990 NCA 4.09 NCA
2000 NCA 4.09 NCA

100.0 1980 NCA 7.71 NCA
1985 5.93 b.99 NCA
1990 5.65 6.66 NCA
2000 5.65 6.66 NCA

250.0 1980 NCA 18.5 NCA
1985 14.8 16.7 NCA
1990 14.1 15.9 12.7
2000 14.1 15.9 12.7

500.0 1980 MCA 35.7 MCA
1985 28.4 32.5 NCA
1990 26.3 30.9 25.1
2000 26.3 30.9 25.1

750.0 1980 MCA 52.8 MCA
1985 40.5 47.8 MCA
1990 38.7 45.6 37.2
2000 38.7 45.6 37.2

1000.0 1980 MCA 69.6 MCA
1985 I 63.2 RCA
1990 50.9 60.1 49.1
2000 50.9 60.1 49.1

5000.0 1980 MCA 326 MCA
1985 251 295 MCA
1990 239 283 233
00 239 283 233
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Annual Fuel Cost. liesel "Annual Fuel cost" parameter values, based on

19Rn dollars and no real escalation, are presented in Table 7 and in Vieure 6.

Table 7. DIESEL ANNUAL FUEL COST (1980 DOLLARS)

o z ,
-- r

1.5 1980 NCA NLA NA
1985 NCA NCA NCA

1990 MCA NCA NCA
2000 NCA NCA NCA

5.0 1980 NCA 4.20EO3 NCA
1985 NCA 3.92EO3 NCA
1990 NCA 3.73EO3 NCA
2000 NCA 3.73EO3 NCA

20.0 1980 NCA 1.56EO4 NCA
1985 NCA 1.45E04 NCA
1990 NCA L.38E04 NCA
2000 NCA 1. ISE04 NCA

30.0 1980 NCA 2. JOE04 NCA
1985 NCA 2.L5EO4 NCA
1990 NCA 2.04EO4 NCA

2000 NCA 2.04EO4 NCA
60.0 1980 NCA 4.44EO4 NCA

1985 NCA 4.13EO4 NCA
1990 NCA 3.93EO4 NCA
2000 NCA 3.93EO4 NCA

100.0 1980 NCA 7.22E04 NCA
1985 5.70E04 h.72E04 NCA
1990 5.43EO4 6.41Eo4 NCA
2000 5.43E)4 6.41I:04 NCA

250.0 1980 NCA 1.73EO5 NCA
1985 1.42E05 1.61E05 NCA
1990 1.36EO5 1.53EU5 i.22 EO5

2000 1.36E05 1.53EO5 ].22LO5

500.0 1980 NCA 3.35E05 NCA
1985 2.71E05 1.13EOS NCA
1990 2.53E05 2.97EO5 2.41EO5
2000 2.53E05 2.97EO5 2.41EO5

750.0 1980 MCA 4.95EO5 NCA
1985 3.90E05 4.60E05 NCA
1990 3.72EO5 4.39E05 s.5EO5
2000 3.72E05 4.39E05 3.58E05

1000.0 1980 NCA 6.52E05 NCA
1985 5.15E05 6.08E05 NCA
1990 4.90E05 5.78E05 4.72105
2000 4.90E05 5.78105 4.72EO5

5000.0 1980 NCA 3.06E06 NCA
1985 2.41EO6 2.84106 NCA
1990 2.30EO6 2.72106 2.24EO6

. "2000 2.30EO6 2.72E06 2.2EO#,
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Life-Cycle Cost. fiesel "Life-Cycle Cost" parameter values are presented

in Table R and 'Figure 7.

Table 8. DIESEL LIFE-CYCLE COSTS (1980 cents/kW)

I-1 1 > U -

1.5 L980 NCA NCA NCA
19851 NCA MCA NCA
1990[ MCA NCA MCA
200O0 NCA MCA NCA

5.0 1980 1 CA 5.28 NCA
9851 MCA 4.97 NCA

1990 M CA 4.84 NCA
2000 M CA 4.84 NCA

20.0 1980 NCA 5.05 NCA
1985 NCA 4.75 NCA
1990 NCA 4.65 NCA

2000 NCA .hC NCA
30.0 1980 NCA 5. Oh NCA

1985 NCA 4.79 NCA
1990 NCA 4.h8 NCA
2000 NCA 4.68 NCA

60.0 1980 NCA 5.16 NCA
1985 NCA 4.88 NCA
1990 NCA N.82 NCA
2000 NCA 4.82 NCA

100.0 1980 NCA 5.Oh NCA
1985 5.50 4.9 NCA
1990 5.N0 5.1 NCA
2000 5.60 4. I 8 NCA

260.0 1980 NCA 5.1 NCA

1985 5.A 4.87 NCA
1990 5.22 4.7 N.9
2000 5.22 4.7 4. 10

500.0 1980 NCA 5.77 NCA
1985 4.78 4.53 NCA
1990 4.76 4.47 4.42
2000 4.76 4.47 4.4

750.0 1980 NCA 4.64 NCA
1985 4.52 4.38 NCA
1990 4.57 4.71 4.2,
2000 4.57 4.34 4.25

1000.0 1980 NCA 4.54 NCA
1985 4.42 4.31 NCA
1990 4.45 4.25 4.47
2000 4.45 4.25 4.17

5000.0 1980 NCA 4.60 NCA
1985 3.87 3.86 NCA
1990 3.88 3.81 1.68
2000 3.88 3.81 3.68
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System Volume. Diesel "System Volume" parameter values are presented in

Table q below.

Table 9. DIESEL SYSTEM VOLUME (CUBIC FEET)

I-I

A. U

0N z
00 0

1990 N A !. 550 -C

-A I- .

1.5 1980 NCA A 0 NCA

1985 MCA .CA NCA

1990 MCA .CA M4CA

2000 NCA NA NCA

5.0 L980 NCA 1.25E01 NCA

1985 NCA .55E01 NCA

1990 NCA 1. 5EOI NCA

2000 NCA 1.5501 MCA

20.0 1980 NCA 4.02E01 NCA

1985 NCA 4.02E01 NCA
1990 NCA 4.02101 NCA
2000 NCA 4.02E01 NCA

30.0 1980 NCA 5.24E01 NCA

1995 0CA 5.243101 NCA
1990 ,CA 5.24E02 NCA
2000 ICA 5.2E.02 NCA

60.0 1980 NCA 8.11E01 NCA

1985 MCA 8.111E01 NCA
1990 .CA 8.11E01 NCA
2000 9CA 8.11E01 1CA

100.0 1980 NCA 1.11E02 NCA
1985 1.11E02 1.11E02 NCA
1990 t.11E02 1.11302 NCA
2000 1.31E02 1.11302 2CA

i50.0 1980 NCA 1.91E02 NCA
1985 1.9102 1.91E02 NCA

1990 1.9E02 1.91E02 3.72E02

2000 1.97E02 1.9IE02 1.72E02

500.0 1980 NCA 2.93E02 NCA
1985 2.931E02 2.93102 NCA

1990 2.93E02 2.93102 2.633E02
2000 2.931E02 2.931E02 2.633E02

750.0 1980 MCA 3.87E02 NCA
1985 3.87£02 3.87E02 NCA
1990 3.87E02 3.87E02 3.48E02
2000 3.87102 3.87102 3.48102

1000.0 1960 NCA 4.813102 NCA
1963 4.81102 4.81E01 NCA

1990 CO81H0 4.81102 4.333102
2000 4.81102 4.81102 4.33E02

5000.0 1980 MCA 2.57103 NCA
1985 2.57103 2.57103 MCA

1990 2.57E03 2.57103 2.31E03
200 2.57E3 12~~
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System Weight. Diesel "System Weight" parameter values are presentpd in

Table 10.

Table 10. DIESEL SYSTEM WEIGHT (POUNDS)

In

0 
i-

1.5 L980 MCA NCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

5.0 1980 NCA 9.84EO2 MCA
1985 NCA 9.84E02 NCA

1990 NCA 9.84E02 MCA2000 NCA 9.84EO2 NCA
20.0 1980 NCA 2.03EO3 NCA

1985 NCA 2.03f03 NCA
1990 NCA 2.03Eo3 NCA
2000 NCA 2.03EO3 NCA

30.0 1980 NCA 2.65EO3 NCA
1985 NCA 2.65E03 NCA

1990 KCA 2.bSEo3 NCA
2000 NCA 2,65EO3 NCA

60.0 1980 MCA .10EO3 NCA
1985 MCA 4A10O3 NCA
1990 NCA 4.10EO3 NCA
2000 NCA 4.10EO3 NCA

bSO.O 1980 MCA 5.61EO3 NCA
1985 5.61EO3 5.61E03 NCA
1990 5.61E03 5.61EO3 NCA
2000 5.61EO3 5.61E03 NCA

250.0 1980 NCA 9.74EO3 NCA
1985 9.74EO3 9.74EO3 NCA
1990 9.74EO3 9.74E03 8.78E03
2000 9.74E03 9.74EO3 8.78E03

500.0 1980 NCA L.51E04 NCA
1985 1.51E04 1.51Eo4 NCA
1990 L.5LE04 1.51E04 L.36EO4
2000 1.51Eo4 1.51E04 1.36E04

130.0 1980 NCA 2.01EO4 NCA
1985 2.01E04 2.01E04 MCA
1990 2.0LEO4 2.01EO4 1.81EO4
2000 2.01EO4 2.01EO4 1.81£O4

1000.0 1980 NCA 2.52EO4 NCA1985 2.52EO4 2.52EO4 NCA1990 2.52EO4 2.52EO4 2.27EO4

2000 2.52EO4 2.52EO4 2.27EO4
5000.0 1980 NCA 1.38EO5 MCA

1985 1.38E05 1.38EO5 NCA
1990 1.38EO5 1.38E05 1.24EO5
200n 1.38EO5 1.38E05 1.24EO5
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Fuel Requirements and Capabilities. Dliesels are primarily fueled with

DF-I or DF-2, although some have the capability for residual or fF-A. The

designated fuel is "liesel."

Start-up Time. liesel "Start-up Time" ranges from I to 3 minutes A

typical value is 2 minutes.

Shutdown Time. Dliesel "Shutdown Time" is 2 seconds.

Reliability. Diesel "reliability" has an ordinal score of I indicating

average reliability because diesel systems contain numerous moving parts,

operate at moderately high temperatures, and cycle thermally.

Fnvironmental Constraints. Diesels have an ordinal score of 4 for

"Environmental Constraints," which indicates moderate potential environmental

insult because of toxic exhaust emissions, noise during operation, and

discharge of significant thermal energy.

Location Constraints. Diesels have an ordinal score of 3 indicatinv!

average locational constraints becaiise of futel availability, delivery, aiil

stnrige requirements.

Operation Constraints. Diesels have an ordinal score of 4 indicatin t

moderate turn-down capability with moderate efficiency penalty. Fffictencv

and lifetimes are adversely affected by changing loads.
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Gas Turbines

There are three gas turbine systems of interest in this study: open-

cycle nonrecuperative, open-cycle recuperative, and closed cycles

(Figure 8). Gas turbines produce shaft power, which is then converted tn AC

power by an AC generator. Recause the closed-cycle system uses a working

fluid rather than combustion products, it can he operated on alternative

primary fuels, including residual oil.

Technology Status. Regenerative open-cycle gas turbine systems will he

commercially available in capacities of 1000.0 kW and s00.0 kW starting In

QS. They wilt he commercially available in capacities greater or equal to

I00.0 kW starting in 1Q90. Closed-cvcle gas turbine systems will be commer-

cially available in capacities greater or equal to 1o00.0 kW in 1985. Von-

regenerative open-cycle gas turbines are commercially available in capacities

greater or equal to 500.0 kW. They will be commercially available at capa-

cities of 100.0 and 250.0 kW in 1990. They will be commercially available at

a capacity of 60.0 kW in 2000.

Development of the closed-cycle gas turbine is constrained by the need

for an effective high-temperature heat exchanger.

Scaling down the turbines is a question of the capability to competi-

tively produce high speed rotating equipment that would provide less flow

resistance relative to the larger turbine/turbocompressor rotors. For small

machines the rotors would have to be of the radial (rather than axial) type.
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Type. Gas turbine systems are generally mobile at size below 750 kW and

transportable in the megawatt sizes (Tahle 11).

Table 11. GAS TURBINE SYSTEM TYPE
(Mobile, Transportable)

E-

95 A

1990~ ~~ I C cA
1.5 1980 NCA NCA NCA

1985 MCA MCA MCA

1990 NCA NCA NCA

2000 NCA NCA NCA
5.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

20.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

30.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

60.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA N

100.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 M NCA M
2000 N NCA M

230.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 N NCA M
2000 M NCA M

500.0 1980 NCA NCA M
1985 NCA NCA M
1990 T NCA N
2000 N NCA M

700.0 1980 MCA NCA T
1985 NCA NCA N
1990 T MCA M
2000 T CA M

1000.0 1980 MCA NCA T
1985 T T T
1990 T T T
2000 T T T

1985 T T T

500 1980 
TF 

MCA 
T

2000 TF I T 'F
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System Acquisition Cost. Gas turbine "System Acquisition Cost" parameter

values are presented in Table 12 and in Figure q in 1980 dollars as a function

of size.

Table 12. GAS TURBINE SYSTEM ACQUISITION
COST (1980 DOLLARS)

I.

A. 98 NLN

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA MCA NCA

5.0 1980 NCA NCA MCA

1985 NCA NCA NCA

1990 MCA NCA MCA

2000 NCA NCA NCA

20.0 1990 MCA MC ICA
1985 NCA NCA NCA

L990 MCA NCA NCA
2000 MCA NCA NCA

30.0 1980 NCA NCA NCA
1985 NCA NCA NCA

L990 NCA NCA MCA

2000 MCA NCA MCA

60.0 L980 NCA MCA NCA

L985 MCA MCA MCA

1990 NCA MCA NCA
2000 NCA NCA 4. 11EO4

100.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 6.36EO4 NCA 6.06EO4
2000 6.36EO4 NCA 6.06EO4

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 1.28LO5 NCA 1.22EO5
2000 1.28E05 NCA 1.22EO5

500.0 1980 NCA NCA 2.06EO5
1985 NCA NCA 2.06E05
1990 2.16EO5 NCA 2.06EO5
2000 2.16EO5 NCA 2.06EO5

750.0 1980 MCA MCA 2.81EO5
1985 MCA MCA 2.81EO5
1990 !.95£O5 MCA 2.810O5
2000 !.95EO5 NCA 2.81EO5

1000.0 1980 NCA NCA 3.50EO5
1985 |.68E05 3.85E05 3.50E05
1990 1.68E05 3.85E05 3,50E05
2000 |.68E05 3.85F.05 3.50E05

3000.0 1980 i.26E06 MCA 1.20EO6
1985 .26EO6 1.32E06 L.2OEO6

1990 L.26EO6 1.32EO6 1.20E6
2000 .A26EO6 h1.32O6 N.2OEO6
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Annual Operations and Maintenance Costs. Cas turbine "Annual Operations

and Maintenance Costs" parameter values are presented in Table 13 and in

Figure 10.

Table 13. GAS TURBINE ANNUAL OPERATIONS AND

MAINTENANCE COSTS (1980 DOLLARS)

IV.

0 w L C

CL j. 00 Z

1.5 1980 NCA NCA NCA

1985 NCA NCA NCA

199Q NCA NCA NCA

2000 NCA NCA NCA

5.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA NCA NCA

20.0 1980 NCA M(A NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA NCA NCA

30.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA NCA NCA

60.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA NCA 2.05E03
100.0 1980 NCA NCA NCA

1985 NCA NCA MCA

1990 3.18E03 NCA 3.03E03
2000 3.18EO3 NCA J.OjEOJ

250.0 1980 NCA MCA NCA

1985 NCA NCA MCA

1990 6.40EO3 NCA 6.9EO3

2000 6.40E03 NCA 6.09EO3

500.0 1980 NCA NCA i.03EO4

1985 NCA NCA L.03O4
1990 1.08E04 NCA 1.03EO4

2000 1.08E04 MCA 1.03EO4

750.0 1980 NCA NCA 1.41EO4

1985 NCA MCA L.41EO4

1990 1.48E04 NCA 1.41E04

2000 I.48EO4 NCA 1.41E04

1000.0 1980 NCA MCA 1.75EO4
1985 1.85L04 t.93LO4 1.75EO4

1990 1.85E04 i.93=04 1.75EO4

2000 1.85E04 1.93E04 1.75EO4

5000.0 1980 6.08E04 NCA 5.97EO4
1985 b.08E04 6.37E04 5.97KW4

1990 b.08E04 6.37E04 5.97EO4
2000 6.08EO4 6.37KO4 5.97EO4
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System Efficiency. Gas turbine "System Efficiency" parameter values are

presented in Tahle 14 and in Figure 11. The efficiency of the open-cvcle,

regenerative system is greater than that of the nonregenerative open-cvcle

system beciuse of the use of the turhine exhaust gas for comhustion air

preheat. Closed-cycle gas turbines have efficiency values between those of

the regenerative and nonregenerative open-cycle gas turbine systems.

Efficiency values for small regenerative systems (1.5 kW to 5.0 kW) are less

reliable because of greater data variation in this size range.

Table 14. GAS TURBINE SYSTEM EFFICIENCY (%)

L.J

09 WU Z CA.4 1I.&.
0 W W i a -4 > a .

1.5 1980 NCA NLA NLA
1985 NCA .CA MCA

1990 NCA NCA MCA

2000 NCA NCA NCA

5.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

200u NCA NCA NCA

20.0 1980 %CA NCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA

2000 NCA NCA NCA
30.0 1980 NCA NCA MCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 MCA NCA NCA

$0.0 1980 NCA NCA NCA

1q85 NC,\ NCA NCA
199o NC,\ NCA NCA
2000 NCA NCA 20.5

luO.0 1980 NCA NCA NCA
1985 NCA NCA NCA

1990 42.3 NCA 22.5
2000 42.3 NCA 22.5

230.0 1980 NC, NCA NCA
1985 NCA NCA NCA
1990 42.3 NCA 25.3
2000 42.3 MCA 25.3

500.0 1980 NCA NCA 21.1
1985 M4CA NCA 21.1
1990 42.3 MCA 27.4
2000 42.3 MCA 27.4

750.0 1980 NCA NCA 22.1
1985 NCA NCA 22.1

1990 42.3 NCA 27.5
2000 42.3 NCA 27.5

1000.0 1980 NCA NCA 22.7
1985 36.6 33.3 22.7
1990 42.3 33.3 27.2
2000 42.3 41.7 27.2

5000.0 1980 36.6 NCA 25.7
1985 36.6 34.4 25.7
1990 42.3 34.4 29.4
2000 42.3 43.2 29.4
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Fuel Consumption. Gas turbine "Fuel Consumption" parameter values are

presented in Table 15 and in Figure 12.

Table 15. GAS TURBINE FUEL CONSUMPTION

BCu/hr gal/hr Bu/ftr

-w)o)
La Q

w y09 LZ ~ -3 .

1.5 1980 NCA NCA NCA

1985 NCA NCA MCA

1990 4CA, 14CA CA

2000 NCA NCA NCA
5.0 L980 NCA MCA NCA

1985 NCA NCA CA

1990 NCA NCA NCA
2000 MCA ICA MCA

20.0 1980 MCA 14CA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

30.0 1980 NCA NCA NCA
1985 .NCA, NCA NCA

1990 NCA NCA NCA
2000 NCA NCA NCA

hO.0 1980 NCA NCA NCA
1985 NCA MCA MCA

1990 NCA NCA NCA
2000 NCA NCA 9.99E05

100.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 8.07E05 MCA 1.52r06
2000 8.07EO5 NCA I.: 0 ,2 ]

230.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 2.02E06 NCA 3,)7EO6
2000 2.02EO6 NCA 3.37E06

500.0 1980 M4CA NCA 8.09E0b
1985 NCA NCA 8.09E(f
1990 4.03EO6 NCA b.23EO (
2000 4.03E06 NCA 6.23E06

750.0 1980 NCA NCA 1.16E07
1985 NCA NCA 1.16EO7
1990 6.05E06 NCA 9,31E06
2000 6.05E06 NCA 9.31EG6

1000.0 1980 NCA NCA 1.5107
1985 9.32E06 68.9 1.51E07
1990 8.07206 68.9 1.26E07

2000 8.07906 55.0 1.26E07
5000.0 1980 4.67907 NCA 6.65107

1985 4.67107 333 6.65E07
1990 4.03207 333 5.81E07
200 I 7 667 5,81E071
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Annual Fuel Cost. Gas turbine "Annual Fuel Cost" parameter values are

presented in Table 16 and in Figure 13.

Table 16. GAS TURBINE ANNUAL FUEL COST

(1980 DOLLARS)

>I

I- j Z

o~ U.

1.5 1980 NCA NL,\ NCA
1985 NCA MCA NCA

1990 NCA NCA NCA

2000 MCAt MCA NCA

5.0 1980 MCA NCA NCA

1985 MCA NCA NCA

1990 NCA MCA MCA

2000 NCA NCA NCA

20.0 1980 NCA MCA NCA

1985 MCA MCA A

1990 NCA NCA NCA

2000 NCA NCA NCA

30.0 1980 NCA , CA NCA
1985 NCA MCA NCA

1990 MCA NCA NCA
2000 M.J MCA MC

60.0 1980 NCA NCA NCA

1985 NCA MCA MCA

1990 MCA MCA MCA
2000 NCA NCA 1.95E04

100.0 1980 NCA MCA NCA
1985 MCA MCA MCA
1990 1.57E04 NCA 2.96E04
2000 1.57E04 NCA 2. 9EO4

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 3.93E04 NCA 6.57EO4
2000 3.93E04 NCA 6.57EO4

500.0 1980 NCA NCA 8.29E04
1985 NCA NCA 1.58EO5
1990 7.85E04 NCA 1.21EO5
2000 7.85E04 NCA 1.21EO5

750.0 1980 NCA NCA 1.19EO5
1985 NCA NCA 2.26EO5
1990 1.18E05 NCA 1.81EO5
2000 LON S NCA 1.81 5

1000.0 1980 MCA NCA 1.55 5
1985 1.8205 4.7305 2.94E05
1990 1.57.05 4.73E0 2.45EO5

2000 1.57E05 3.77E05 2.45E05
5000.0 1980 4.78E05 NCA 6.81E05

1985 '998E05 2,29E06 1.29O
1990 7.85E05 2.29E06 1.13EO6
2000 7.85E05 1.83E06 1.95E06
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Life-Cycle Cost. (as turbine "Life-Cycle Cost" parameter values are

presented in Table 17 and in Figure 14.

Table 17. GAS TURBINE LIFE-CYCLE COST (1980 cents/kW)

1.5 1980 NCA NCA NCA
1985 MCA NCA NCA

1990 NCA NCA NCA2000 .CA MCA MCA

5.0 L980 NCA MCA NCA

1985 NCA NCA NCA
L990 NCA NCA NCA

2000 NCA NCA NCA
20.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA
2000 NCA NCA NCA

30.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA

2000 NCA NCA NCA
60.0 1980 NCA NCA NCA

1985 NCA MCA NCA

1990 NCA NCA NCA
2000 NCA NCA 1 237

100.0 1980 NCA NCA NCA
1985 NCA NCA NCA1990 1.4 NCA 2.15

2000 1.4 NCA .15

50.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 1.31 NCA I1.8
2000 1.3 NCA 1.86

500.0 1980 NCA NCA 1.27

1985 NCA NCA 2.08
1990 1.24 NCA 1.68
2000 1.24 NCA 1.68

750.0 1980 NCA NCA 1.20
1985 NCA NCA 1.97
1990 1.21 NCA 1.64
2000 1.21 NCA 1.64

1000.0 1980 NCA NCA 1.15
1985 1.32 2.90 1.90
1990 1.18 2.90 1.64
2000 1.18 2.38 1.64

5000.0 1980 0.74 NCA 0.95
1985 121 i2.71 1.61

1990 1.07 2.71 1.44

2000 1.07 2.21 1.44
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System Volume. Gas turbine "System Volume" Parameter values are

presented in Table 19.

Table 18. GAS TURBINE SYSTEM VOLUME (CUBIC FEET)

z wQ

1.5 L980 NCA MCA MCA
1985 MCA NCA NCA
1990 NCA NCA MCA
2000 MCA MCA MCA5.0 L9a0 MCA MCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA MCA NCA

20.0 1980 NCA NCA NCA

1985 NCA NCA NCA
[990 NCA NCA NCA
1000 NCA NCA NCA30.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA60.0 L980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA 3.58E01

100.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 4.86E0 NCA 4.5EO1
2000 4.86E01 NCA 4.5E01

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 i.12E02 NCA 8.45E0!
2000 1.12E02 NCA 8.45E01

00.0 1980 NCA NCA L.!4EO2
1985 NCA NCA .14E02
1990 .30E02 NCA L.4E02
2000 L.3002 NCA C.14E02

750.0 1980 MCA MCA ,,42E02
1985 MCA NCA .4202
1990 1.6502 NCA .42EO2
2000 1.65£02 NCA .42E02

00.0 1980 NCA NCA .46E02
1985 .72E02 1C890 1C.46E02
1990 .72E02 1.89EO2 .46EO2
2000 .72E02 1.89E02 .46£02

0O0.0 1980 .08E 2 NCA .73E02
1985 N.08C02 A .9E2 .73E02
1990 2.08E02 2.29E02 .7302
1990 .08E02 .29E02 1.7302
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System Weight. ras turbine "System Weight" parameter values are

presented in Table 19.

Table 19. GAS TURBINE SYSTEM WEIGHT (POUNDS)

-o U 0.

ow s.J 0. -a >. 00.

1.5 1980 NCA NLA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

5.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

20.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA NCA

30.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA

2000 NCA NCA NCA

60.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 NCA NCA NCA
2000 NCA NCA 173

lO0.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 318 NCA 289
2000 318 NCA 289

230.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 795 NCA 723
2000 795 NCA 723

500.0 1980 NCA NCA 1.45E03
1985 NCA NCA 1.45EO3
1990 1600 NCA 1.45E03
2000 1600 NCA 1.45E03

750.0 1980 NCA NCA 2.17E03

1985 NCA NCA 2.17E03
1990 2390 NCA 2.17E03
2000 2390 NCA 2.17O3

1000.0 1980 NCA NCA 2.89103
1985 3180 3.61E03 2.89EO3
1990 3180 3.611O3 2.89EO3

2000 3180 3.61£O3 2.89EO3
5000.0 1980 1.60E04 NCA 1.45E04

1985 1.60EO4 1.81104 1.45EO4
1990 1.60O04 1.811O4 1.45EO4

2000 I.bOE04 1.81EO4 1.45EO4
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Fuel Requirements and Capabilities. Regenerative open-cycle gas turbines

use natural gas as their designated fuel. To the extent that they may use

liquid and gaseous fuels, the regenerative open-cycle gas turbine has multi-

fuel capability. Nonregenerative open-cycle gas turbines use natural gas as

their designated fuel. To the extent that they may use liquid and gaseous

fuels, the nonregenerative open-cycle gas turbine has multi-fuel capability.

Roth regenerative lnd nonregenerative open-cycle gas turbines have stringent

fuel purity requirements. Closed-cycle gas turbines use residual fuel oil as

their designated fuel; they have multi-fuel capability, including solid fuels.

Start-up Time. Gas turbine start-up time is I minute.

Shutdown Time. Gas turbine shutdown time is 2 minutes.

Reliability. Gas turbine "reliability" has an ordinal score of 3 indi-

cating average reliability. Gas turbines have comparable reliability to

diesels because they too have numerous moving parts and cycle thermally.

Environmental Constraints. Cas turbines have an ordinal score of 4 for

"Environmental Constraints" indicating moderate potential environmental

insult. Gas turbines have environmental constraints comparable to diesels.

Major insults are NOx emissions in exhaust and noise from expanding hot oases.

Location Constraints. Gas turbines have an ordinal score of 3 indicating

average locational constraints. Gas turbines have location constraints compar-

able to diesels because of similar fuel availability, delivery, and storage

renuirements.

Operation Constraints. Gas tiurbines have an ordinal score of 4

indicating moderate turn-down capability with moderate efficiency penalty.

Gas turbines have operation constraints comparable to diesels. Gas turbine

efficiency is lower at part loads, and emissions are increased.

48



Stirlings

There are two types of Stirling engines of interest in this study: the

free-piston and the kinematic. The differences in the two technologies do not

affect the system configuration (Figure 15). The primary difference between

the free-piston Stirling and the kinematic Stirling is that the stroke oF the

pistons in the kinematic design is controlled through a mechanical linkare

whereas the stroke in the free-piston is controlled by the working fluid in

the cylinder. Stirlings produce shaft power, which is then converted to AC

power by an AC generator.

Technology Status. Free-piston Stirlings are expected to he commer'(iallv

available at capacities of 1.5 and 5.0 kW in 1990. They are expected to he

commercially available at a capacity of 20.0 kW in 2000. Kinematic Stirlings

are expected to be commercially available up to 500.0 kW in 1990 and commer-

cially available at capacities of 750.0 and 1000.0'kW in 2000.

The primary factors delaying the commercialization of either the kine-

matic or free-piston Stirling for the stationary engine market are development

of an efficient and cost-effective burner/heater head combination and develop-

ment of effective and reliable piston (displacer) rod seals to prevent oil

penetration to hot areas and to minimize working fluid (He or H2) losses.
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Tpe. Stirling system "Type" parameter values are presented in Table

20. Stirling systems below 250 kW are mobile.

Table 20. STIRLING SYSTEM TYPE (Mobile, Transportable)

CLJ .>- C6

1.5 1980 NCA NCA
1985 NCA NCA
1990 M K
2000 M H

5.0 1980 NCA NCA
1985 NCA NCA

1990 M N
2000 M M

20.0 1980 NCA NCA
1985 NCA NCA
1990 NCA M

2000 M M
30.0 1980 NCA NCA

1985 NCA NCA
1990 NCA M

2000 NCA M
60.0 1980 NCA NCA

1985 NCA NCA
1990 NCA M
2000 NCA M

i00.0 1980 NCA NCA
1985 NCA NCA
1990 NCA M
2000 NCA M

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA T
2000 NCA M

500.0 1980 MCA NCA
1985 NCA NCA
1990 NCA T
2000 NCA M

750.0 1980 NCA NCA

1985 NCA NCA
1990 NCA NCA
2000 NCA T

1000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 NCA T

5000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 NCA NCA
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System AcquisiLion Cost. Stirling "System Acquisition Cost" parameter

values are presented in Table 21 and in Figure 16. There is no differentation

in free-piston and kinematic Stirling system costs becase technology develop-

ment is too preliminary to identify significant cost differences. Por hoth

engine types the cnsti of generators, combustor/heat exchanges, and

regenerators are expected to be about the same. The main difference is the

mechanical linkage of the kinematic Stirling versus the free-piston's lack of

a mechanical linkage.

Table 21. STIRLING SYSTEM ACQUISITION COST
(1980 DOLLARS)

o I

1.5 1980 NCA NCA
1985 MCA NCA
1990 1.35E03 1.35E03
200o0 L. 35EO3 1. I35O

S.0 1980 NCA NCA
1985 NCA NCA
1990 4.50EO 4.50EO3
2000 4.5OEO3 4. 5OE3

20.0 1980 NCA NCA

1985 NCA NCA
1990 NCA 1.20EO4
2000 1.20EO4 1.20E04

30.0 1980 NCA NCA

1985 NCA MCA
1990 NCA 1.65EO4
2000 NCA 1.65E04

60.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 3.00E04
2000 NCA 3.00E4

100.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 5.00EO4
2000 NCA 5. OOEO4'

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1.25EO5
2000 NCA 1.25E05

500.0 19 0 CA NCA

1985 NCA NCA
1990 NCA 2.21EO5
2000 MCA 2.21E05

750.0 1980 NCA NCA
1985 NCA WCA
1990 NCA MCA
2000 NCA 3.31EO5

1000.0 1980 NCA NCA
1983 MCA NCA
1990 MCA NCA
2000 MCA 4.41Eo5

5000.0 1980 NCA NCA
1985 NCA NCA
1990 ECA NCA
2000 NC.A -NCA
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Annual Operations and Maintenance Costs. Stirling "Annual nperations and

Maintenance Costs" parameter values are presented in Table 22 and in

Figure 17.

Table 22. STIRLING ANNUAL OPERATIONS AND

MAINTENANCE COSTS (1980 DOLLARS)

3-

CL -j 9

1.5 1980 NMCA NCA
1985 NCA NCA
1990 6.75EOJ 6.75E!

2000 6.75EO1 6.75EO1
5.0 1980 MCA NCA

1985 NCA NCA
1990 2.25EO2 2.25EO2
2000 2.25EO2 2.25EO2

20.0 1980 NCA NCA
1985 NCA NCA
1990 2CA 6.0OEO2

2000 6.00EO2 6.00EO2
30.0 1980 NCA MCA

1985 MCA NCA
1990 NCA 8.25E02
2000 NCA 8.25102

60.0 1980 NCA NCA
1985 NCA MCA
1990 NCA 1.50EO3
2000 NCA 1.50EO3

1o0.0 1980 NCA NCA

1985 NCA NCA
1990 NCA 2.50E03
2000 NCA 2.50EO3

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 6.25EO3

2000 NCA 6.25EO3

500.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1.11E04

2000 NCA 1.11E04
750.0 1980 NCA NCA

1985 NCA
1990 NCA NCA
2000 NCA 1.66304

1000.0 1980 NCA MCA
1985 NCA MCA
1990 NCA NCA
2000 NCA 2.21EO4

5000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 N(A NCA
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System Efficiency. Stirling "System Efficiency" parameter values are

presented in Table 23 and Figure IR. There is no differentiation in the

efficiency of Stirling systems with size and time for several reasons. Tech-

nology development is too preliminary to identify significant efficiency dif-

ferences. Efficiency differences are driven primarily by friction in hearings

and heat transfer to the working fluid. Small systems have relatively high

frictional losses and also have losses from clearances around power and

displace pistons; however, favorable surface-to-volume relationships permit

effective heat transfer and therefore high efficiency. Larger systems have

relatively low frictional losses and low losses from clearances around nower

and displacer pistons; however, unfavorable surface-to-volume ratios do not

permit effective heat transfer, thus limiting efficiency. Frictional losses

and heat transfer limitations tend to cancel each other out as systems grow in

size, resulting in approximately constant efficiencies versus size.

Table 23. STIRLING SYSTEM EFFICIENCY (%)

- - -.
1.3 19I80 RCA RCA

1965 MCA CA
1990 36.5 35.0
2000 36.5 35.0

..0 19so CA MCA

1 5 MCA MCA
L990 36.5 35.0
2000 36.5 35.0

20.0 19O :CA MCA
1985 CA MCA
1990 NCA 35.0
z000 36.5 35.0

30.0 1900 MCA MCA
1985 MCA MCA
1990 MCA 35.0
2000 MCA 35.0

60.0 1980 CA CA
1985 MCA MCA

1990 MCA 35.0
2000 MCA 35.0

1O0.0 1980 MCA MCA
1985 M CCA A
1990 MCA 35.0

2000 MCA 3510

3O.0 19:0 WA RCA

1963 M MCA

1990 I1A 35.0
2M MCA 31.0

100.0 1990 WA MCA
1985 CA A
1990 " 35.0
2 RCA 35.0

7%0.0 1900 CA CA
1961 * C
1990 RA RCA
i000 CA 3.0

1000.0 1960 A RCA
1945 "CA
1990 K~RA
2000 315.0

1000.0 1900 KA RCA
1985 RCA

1990 A CA
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Fuel Consumption. Stirling "'Fuel Consumption" parameter values are

presented in Table 24 and in Figure 19.

Table 24. STIRLING FUEL CONSUMPTION

- gal/hr -

m - -

1.5 1980 MCA NCA
1985 MCA MCA

1990 0.10 0.10
2000 0.10 0.10

5.0 1980 MCA MCA
1985 NCA NCA
1990 0.33 0.34
2000 0.33 0.34

20.0 1980 NCA NCA
1985 RCA RCA
1990 NCA 1.38
2000 1. 32 1.38

30.0 1980 MCA NCA
1985 NCA MCA
1990 MCA 2.07
2000 MCA 2.07

60.0 1980 MCA NCA

1985 MCA NCA
1990 MCA 4.13
2000 NCA 4.13

JO. 0 1980 NCA MCA
1985 MCA NCA

1990 MCA 6. b9
2000 NCA 6.89

250.0 1980 NCA MCA
1985 MCA NCA
1990 MCA 17.3
2000 RCA 17.3

500.0 1980 NCA RCA
1985 RCA RCA
1990 RCA 34.4
2000 RCA 34.4

750.0 1980 MCA RCA
1985 MCA MCA
1990 NCA CA

2000 MCA 49.2

1000.0 1960 MCA RCA
1985 MCA MCA
1990 RCA NCA
2000 RCA 65.5

5000.0 1980 NCA MCA
1985 RCA MCA
1990 RCA MCA
2000 RCA R4CA
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Annual Fuel Cost. Stirling "Annual Fuel Cost" parameter values (based on
19R0 dollars and no real escalation) are in Tahle 25 and in Figure 2n.

,rable 25. STIRLING ANNUAL FUEL COST (1980 DOLLARS)

Ma a. z

1.5 1980 NCA NCA1985 NCA NCA

1990 9.57E02 9.91EO2
2000 9.57EO2 9.91EO2

5.0 1980 NCA NCA
1985 NCA NCA
1990 3.16E03 3.31E03
2000 3.16EO3 3.31EO3

20.0 1980 NCA MCA
L985 NCA NCA
1990 NCA 1. 33EO4
2000 1.27EO4 1.33EO4

30.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1.99E04
2000 NCA 1.99104

60.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 3.97-O4
2000 NCA 3.97E04

P10.0 1980 CCA MCA
1985 NCA NCA
1990 NCA 6.63E04
2000 nCA 6.631:04

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1. #h"o5
2000 NCA I.hhEl0'

500.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 3.311:05
2000 NCA 3.31EO5

730.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 NCA 3.37FO5

1000.0 1980 MCA MCA
1985 MCA MCA
1990 MCA MC.
2000 MCA 4.50E05

5000.0 1980 MCA MCA
1985 MCA MCA
L990 MCA
2000 NCA NCA
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Life-Cycle Cost. Stirling "Life-Cycle Cost" parameter values are in

Table 26 and in Figure 21.

Table 26. STIRLING LIFE-CYCLE COST (1980 cenfs/kW)

.

0 w

1.5 1980 NCA NCA
1985 NCA NCA
1990 4.26 4.38
2000 4.26 4.38

5.0 1980 NCA NCA
1985 NCA NCA
1990 4.23 4.39
2000 4.23 4.39

20.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 4.13

2000 3.97 4.13
30.0 1980 NCA NCA

L985 HCU MCA
1990 NCA 4.08
2000 NCA 4.08

60.0 1980 NCA NCA
1985 NCA NCA
i990 NCA 4.03
2000 NCA 4.03

100.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 4.03
2000 NCA 4.03

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 4.04
2000 NCA 4.04

500.0 1980 NCA NCA
19S5 NCA MCA
L990 NCA 3.97

2000 NCA 3.97
730.0 1980 NCA NCA

1985 NCA NCA
1990 1 CA NCA
2000 NCA 2.83

1000.0 1980 NCA NCA
1985 NCA NCA
1990 NC.A
2000 I CA 2.83

5000.0 1980 NCA MCA
1985 NCA NCA
1990 MCA
2000 NA NCA
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System Volume. Stirling "System Volume" parameter values are presented

in Table 27. There is no differentiation in the volume of Stirling svstems

hecause the regenerator determines the dimensions of the system envelone.

Table 27. STIRLING SYSTEM VOLUME (CUBIC FEET)

--
0z

WW

1.5 1980 NCA NCA
1985 NCA NCA
1990 7.05 7.05
2000 7.05 7.05

5.0 1980 NCA NCA
1985 NCA NCA
1990 1.7E01 1.71EOI

2000 I,7IEOL 1.71E01
20.0 1980 NCA NCA

1985 NCA NCA
1990 NCA 4.42E01
2000 4.42E01 4.42E01

30.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 5.76E01
2000 NCA 5.76E01

60.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 8.92E01
2000 NCA 8.92E01

100.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1.22E02
2000 NCA 1.22E02

230.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 2.10E02
2000 NCA 2.10E02

500.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 3.22EO2

2000 NCA 3.22E02

750.0 1980 NCA NCA
1985 MCA NCA
1990 NCA NCA

2000 NCA 4.26E02

1000.0 1980 NCA NCA
1985 14CA MCA
1990 NCA NCA
2000 NCA 5.29EO2

5000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 NIA NCA
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System Weight. Stirling "System Weight" parameter values are presented

in Table 2R. Free-piston Stirlings systems are much lighter than kinematic

Stirling systems because of mechanical simplicity.

Table 28. STIRLING SYSTEM WEIGHT (POUNDS)

o

ow w kj

1.5 1980 NCA NCA
1985 NCA NCA
1990 1.08902 2.15EO2
2000 1.08902 2.15EO2

5.0 1980 NCA NCA
1985 NCA NCA
1990 2.96EO2 5.92EO2
2000 2.96E02 5.92EO2

20.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 1.49EO3
2000 7.45E02 L.49EG0

30.0 1980 NCA NCA
1985 NCA NCA

1990 NCA 2.07EO3
2000 NCA 2.07EO3

60.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 3.59EO3

2000 NCA 3.59EO3

100.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 5.42EO3
2000 NCA 5.42EO3

250.0 1980 NCA NCA
1985 NCA NCA
1990 NCA I.14EO4
2000 NCA 1.14EO4

500.0 1980 NCA NCA
1985 NCA NCA
1990 NCA 2.03EO4
2000 NCA 2.03£O4

750.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA

2000 NCA 2.87EO4

1000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA NCA
2000 NCA 3.69E04

5000.0 1980 NCA NCA
1965 NCA NCA
1990 NCA NCA
2000 NC, NCA
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Fuel Requirements and Capabilities. The designated fuel for Stirling

systems is diesel. Because they are external combustion systems, Stirlings

have multi-fuel capabilities. However, the capabilitv to utilize gaseous,

liquid, and solid fuels of course depends on the availability of an appro-

priate combustor. To date, limited work has been done on development of

either gaseous or solid fuel combustors for Stirling engines.

Start-up Time. Stirling "Start-up Time" is 15 seconds.

Shutdown Time. Stirling "Shutdown Time" is 5 seconds.

Peliabilitv. Stirling "Rellahility" has an ordinal score of 4 indicating

moderate reliability. Stirlings are more reliable than diesels hecaltse of

fewer moving parts.

Environmental Constraints. Stirlings have an ordinal score of 5 for

"Fnvironmental Constraints," indicatLng minimum potential environmental

insults. Stirlings have less environmental constraints than diesels because

of lower levels of air emissions.

Location Constraints. Stirlings have an ordinal score of 4 indicating

moderate location constraints. Stirlings have less location constraints than

diesels because of potentially better fuel availability due to mtiltifuel

capability and less operational noise.

Operation Constraints. Stirlings have an ordinal score of 5 indicating

excellent turn-down capabilitv with minor efficiency penalty relative to

diesels.
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Organic Rankine Cycle

The Organic Rankine Cycle (ORC) is a modification of the widely used

steam cycle. However, whereas the conventional steam rankine cycle uses water

as a working fluid, the organic rankine cycle uses an organic chemical as a

working fluid. For operating temperatures less than 750°F, organic fluids

with high molecular weight provide high cycle efficiency with less complex and

costly expanders than are required when water is used as the working fluid.

The ORC configuration is shown in Figure 22. ORC's produce shaft power, which

is then converted to AC power by an AC generator.

Technology Status. ORC's are commercially available in all capacities.

- EXQDE AC
EXPANDER GENERATOR AC POWER

EXHAUST

A6201016O

Figure 2.2. ORGANIC RANKINE CYCLE SYSTEMS
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Type. Organic Rankine Cycle system "Type" parameter values are presented

in Table 29. At capacities less than 250 kW, ORC's are mobile.

System Acquisition Cost. Organic Rankine Cycle "System Acquisition Cost"

parameter values are presented in Table 30 and in Figure 23.

Table 29. ORC SYSTEM TYPE Table 30. ORC SYSTEM ACQUISITION
(Mobile, Transportable, Fixed) COST (1980 dollars)

o 0

. .(

- - m - --

1.5 L980 M 1.5 1980 1.76903
1985 M 1985 1.76903
1990 H 1990 1.7603
2000 H 2000 1.76903

5.0 1980 N 5.0 L980 4.40903
1985 N 1985 4.40903
1990 N 1990 4.40903
2000 M 2000 4.40EO3

20.0 1980 M 20.0 1980 1.27904
1985 N 1985 1.27604
1990 M 1990 1.27E04
2000 H 2000 1.27E04

30.0 1980 N 30.0 1980 1.74E04
1985 N 1985 1.74£04
1990 N 1990 L.74EO4
2000 M 2000 1.74E04

60.0 1980 M 60.0 1980 3.03EO4
1985 N 1985 3.03O4

1990 H 1990 3.03E04
2000 M 2000 3.031'04

10.0 1980 M 100.0 1980 4.65E04
1935 M 1985 4.bSEO4
1990 N 1990 4.hSEO4
2000 N 2000 4.65EO4

250.0 1980 T 230.0 1980 1.07EO5
1985 T 1985 1.07E05
1990 M 1990 1.07EO5
2000 M 2000 1.07E05

500.0 1980 T 500.0 1980 2.13EO5
1985 T 1985 2.13EO5
1990 T 1990 2.13E05
2000 N 2000 2.13E05

750.0 1980 T 750.0 1980 3.27E05
1985 T 1985 3.27E05
1990 T 1990 3.27EO5
2000 T 2000 3.27805

1000.0 L980 T 1000.0 1980 4.49105
1985 T 1985 4.49O5
1990 T 1990 4.49E05
2000 T 2000 4.49105

5000.0 1980 F 5000.0 1980 2.f7EO6
1985 T 1985 2.97906
1990 T 1990 2.97o6

2000 T I0002.97EO6
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Annual Operations and Maintenance ,Costs. RC "Annual Operations and

Maintenance Costs" parameter values are presented in Table 31 and in

Figure 24.

Table 31. ORGANIC RANKINE CYCLE ANNUAL OPERATIONS
AND MAINTENANCE COSTS (1980 DOLLARS)

.j

1.5 1980 2.94E02

1985 2.94E02
1990 2.94E02
2000 2.94EO2

5.0 1980 1.10E03
1985 1.10E03
1990 1.10E0
2000 1.10E

20.0 1980 1.27E0
1985 1.27.'
1990 1.27E0
2000 1.270"

30.0 1980 1.74,ED
1985 1.74EO
1990 1.74Eo
2000 1.74EO"

60.0 1980 3.03 EO
1985 3.03E03
1990 3.03E03

2000 3.03EU3
LO.0 1980 4.6 ,E)3

1985 4.65.03
L990 4.65E3
2000 4.6502

150.0 1980 1.07.04

1985 1.07E04
1990 1.07304
2000 1.07304

500.0 1980 2.13i:04

1985 2.13904
1990 2.13E04
2000 2.13904

750.0 1980 3.27904
1985 3.27904
1990 3.27904
2000 3.27304

1000.0 19 0 4.49904
1985 4.49604
1990 4.49104
2000 4.49,04

5000.0 1980 2.97105

1985 2.9705

190 2.9705
- 2000 - 2.97E05
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System Efficiency. ORC "System Efficiency" parameter values are

presented in Table 32 and in Figure 25. Efficiency value of the 1.5 kW size

should be used with cautton because it is of the same magnitude as the

standard deviation.

Table 32. ORGANIC RANKINE CYCLE SYSTEM EFFICIENCY (%)

w j

! 0. jU .

1.5 1980 1.46
1985 1.58
1990 1.69
2000 1.69

5.0 1980 5.79
1985 6.25
1990 6.69
2000 6.69

20.0 1980 10.78

1985 11.75
1990 12.58
2000 12.58

30.0 1980 12.24

1985 13.34
1990 14.27

2000 14.27
60.0 1980 14.73

1985 16.20
1990 17.17
2000 17.17

WO0.0 1980 1.60bEl

1985 1.83E01
1990 1.94E01

2000 1.94E01
250.0 1980 1.99E01

1985 2.18E01

1990 2.31E01
2000 2.31E01

500.0 1980 2.24E01

1965 2.49E01
1990 2.64E01

2000 2.64E01
750.0 1980 2.38E01

1985 2.67E01

1990 2.83E01

2000 2.83E01

1000.0 1980 2.49E01

1985 2.79E01

1990 2.93E01

2000 2.93E01
5000.0 1980 3.06E01

1985 3.46E01

1990 3.63E01
2000 
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Fuel Consumption. ORC "Fuel Consumption" parameter values are presented

in Table 33 and in Figure 26.

Table 33. ORGANIC RANKINE CYCLE FUEL CONSUMPTION

gal/hr

<

1.5 [980 2.47
1985 2.29

1990 2.14
2000 2.14

5.0 1980 2.08
1985 1.92
1990 1.80

2000 1.80

20.0 1980 4.47
1985 4.11

1990 3.84

2000 3.84
30.0 1980 5.91

1985 5.43
1990 5.07
2000 5.07

60.0 1980 9.86

1985 8.93
1990 8.42

2000 8.42

10.0 1980 14.4
1985 t3.2

1990 12.5
2000 12.5

230.0 1980 30.3

1985 27.7
1990 26.1

2000 26.1

500.0 1980 53.9

1985 48.3

1990 45.7

2000 45.7

750.0 1980 72.3
1985 64.4

1990 60.8

2000 60.8

1000.0 1980 92.1

1985 82.2

1990 78.2

2000 78.2

5000.0 1980 375

1985 332

1990 316

2000 316 1,,
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Annual Fuel Cost. ORC "Annual Fuel Cost" parameter values are presented

in Table 34 and in Figure 27.

Table 34. ORGANIC RANKINE CYCLE ANNUAL
FUEL COST (1980 DOLLARS)

1.5 1980 2.32E04

1985 2.2OEO4
1990 2.06E04
2000 12.06E045.0 1980 1.9504
1985 2.20E04
1990 2.73E04
2000 .73E04

20.0 1980 .19E04
1985 .95E04
1990 3.69EO4
2000 .69E04

30.0 1980 .54E04
1985 3.22E04
1990 3.88O4
2000 .88E04

60.0 1980 5.24EO4
1985 5.59EO4
1990 4.81E04
2000 4.8OE04

100.0 1980 9.36E05
1985 1.27EO5
1990 8.20EO5
2000 8.20E05

250.0 1980 .84E05
1985 .66E05
L990 12.5E5
2000 .51E05

500.0 1980 2.05EO5
1985 2.66EO5
1990 2.40E05
2000 .40E05

750.0 1980 .92E05
1985 .4205
1990 4.17E05
2000 4.17EO5

00.0 1980 .26E05
1985 .64E05
1990 .37EO5
2000 .37EO5

5000.0 1980 2.55O6
19R5 2.28E06
1990 2.17EO6

02.17E06
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Life-Cycle Cost. ORC "Life-Cycle Cost" parameter values (based no 19R0

dollars and no real escalation) are presented in Table 35 and in Figure 2R.

Table 35. ORGANIC RANKINE CYCLE LIFE CYCLE COST (1980 cents/kW)

3 .
OW h

1.5 1980 85.3
1985 81.0
1990 75.9
2000 75.9

5.0 1980 22.8
1985 21.7
1990 20.4
2000 20.4

20.0 1980 12.1
1985 11.4
1990 10.7
2000 10.7

30.0 1980 10.7
1985 10.1
1990 9.46
2000 9.46

60.0 1980 8.91
1985 8.32
1990 7.88
2000 7.88

100.0 1980 7.89
1985 7.40
1990 7.02
2000 7.02

250.0 1980 6.64
1985 6.25
1990 5.92
2000 5.92

500.0 1980 5.95
1985 5.52
1990 5.25
2000 5.25

750.0 1980 4.05
1985 3.69
1990 3.51
2000 3.51

1000.0 1980 3.91
1985 3.57
1990 3.43
2000 3.43

5000.0 1980 3.45
1995 3.16
1990 3.04
2000 3.04
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System Volume. ORC "System Volume" parameter values are presented in

Table 36. ORC's are large-volume systems because of heat exchanger size.

Table 36. ORGANIC RANKINE CYCLE SYSTEM VOLUME (CUBIC FEET)

I-

1.5 1980 144
1985 144
19901 144

2000 144
5.0 1980 144

1985 144
1990 144
2000 144

20.0 1980 144
1985 144
1990 144
2000 144

30.0 1980 192
1985 192
1990 192
2000 192

60.0 1980 400
1985 400
1990 400
2000 400

100.0 1980 720
1985 720
1990 720
2000 720

250.0 1980 1408
1985 1408

1990 1408
2000 1408

500.0 1980 2880
1985 2880

1990 2880

2000 2880

750.0 1980 2880

1985 2880

1990 2880
2000 2880

1000.0 1980 2880

1985 2880

1990 2880

2000 880
5000.0 1980 5760

1985 5760

1990 5760

2000 760
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System Weight. ORC "System Weight" parameter values are presented in

Table 37.

'fable 37. ORGANIC RANKINE CYCLE SYSTEM WEIGHT (POUNDS)

3

1.5 1980 3300
1985 3300
1990 3300
2000 3300

5.0 1980 5720
1985 5720
1990 5720
2000 5720

20.0 1980 4200
1985 4200
1990 4200
2000 4200

30.0 1980 5400
1985 5400
1990 5400
2000 5400

60.0 1980 12E03

1985 12E03

L990 12E03
2000 12E03

lo.0 1980 44E03
1985 44E03
1990 .4E03
2000 4E03

230.0 1980 44E03
1985 4E03
1990 44L03

2000 44E03
500.0 1980 60.503

1955 60.5E03
1990 60.5EO3
2000 60.5E03

750.0 1980 77E03
1985 77E03
1990 77E03
2000 77Z03

1000.0 1960 132E03
1985 132E03
1990 132103
2000 132E03

5000.0 1980 500E03
1985 500E03

1990 500E03
20o0 500F.03
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Fuel Requirements and Capabilities. ORC systems have multi-fuel

capabilities. For system capacities less than 750.0 kW the designated f,,el is

"Diesel." For system capacities greater or equal to 750.0 kW the designated

fuel is "Resid." Recause ORC's are external combustion systems, they may also

use fuel sources such as solar thermal or waste heat. The cost and efficiency

of the ORC system can vary greatly depending on the heat source (which affects

the heat exchanger requirements) and the quality and quantity of the heat

(which affects the operating temperature of the cycle). To the extent that

thermal energy is available at less than the cost of the designated fuel for

specific ORC applications, the life-cycle costs could he lower than those

estimated in this study. The trade-off becomes one of capital cost versus

fuel cost.

Start-up Time. ORC "Start-up Time" is 30 minutes.

Shutdown Time. ORC "Shutdown Time" is 30 minutes.

Reliability. ORC "Reliability" has an ordinal score of 2 indicating

moderate potevitial unreliability. ORC's are somewhat less reliable than

diesels because of numerous moving parts and temperature swings in the heat

recovery system (thermal cycling).

Environmental Constraints. ORC have an ordinal score of 4 for

"Environmental Constraints" indicating moderate potential environmental

insults. This is comparable to diesels.

Location Constraints. ORC's have an ordinal score of 9 indicAting

minimum locational constraints. OPC's have significantly less locational

constraints than diesels because of potentially better fuel availahtlitv and

lesser manning requirements.

Operation Constraints. ORC's have an ordinal score of 2 indicating poor

turn-down capability with large efficiency penalty. Diesels have better

operational constraints. ORC's have reduced efficiencies at part load, and

back-up heat sinks are required for heat recovery.
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Fuel Cells

There are three types of fuel cells of interest in this study: the solid

polymer electrolyte (SPE) fuel cell, the phosphoric acid fuel cell, and the

molten carbonate fuel cell. The conceptual system configuration in Figure 29

is not affected by type of fuel cell. The conceptual configuration includes a

fuel processor (such as a methanol reformer, or a JP-4 reformer) to convert a

hydrocarbon fuel to a hydrogen-rich gas. The hydrogen and oxygen (from the

air input) react electrochemically to produce DC power and waste heat. The DC

power is transformed to AC with a power conditioner (inverter).

Technology Status. Phosphoric acid fuel cells are expected to be

commercially availahle in the capacity range of 1.5 to 100.0 kW starting in

19R5. They are expected to be commercially available in the capacity range of

250.0 to 5000.0 kW starting in 19q0. Molten carbonate fuel cells are expected

to be commercially available at capacities of 250.0 and 500.0 kW starting in

1990. They are expected to be commercially available in the capacity range of

750.0 to 5000.0 kW starting in 2000., Solid Polymer electrolyte fuel cells are

expected to be commrcially available in the capacity range of 1.5 to 30.0 kW

starting in 2000. The priary factor delaying earlier implementation of

advanced fuel cell technology is that the limited available R&D funds are

being used to support the phosphoric acid fuel cell commrcialization.
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Type. Fuel cell system "Type" parameter values are in Table 38. Relow

100 kW, fuel cell systems are mobile; above 250 kW, they are fixed.

Table 38. FUEL CELL SYSTEM TYPE

(Mobile, Transportable, Fixed)

-3

1.5 1980 NCA NCA MCA
1985 M NCA NCA
1990 M NCA' MCA
2000 M MCA M

5.0 1980 NCA MCA MCA
1985 M NCA MCA
1990 M MCA NCA
2000 H NCA M

20.0 1980 NCA NCA MCA
1985 M MCA MCA
1990 M NCA NCA
2000 M NCA M

30.0 1980 NCA NCA NCA
1985 M MCA MCA
1990 M NCA NCA
2000 H MCA M

60.0 1980 MCA I MCA MCA
1985 M M CA MCA
L990 M ' CA NCA
2000 M NCA MCA

100.0 1980 NCA NCA NCA
1985 T NCA M CA
1990 T NCA , CA
2000 T NCA NCA

250.0 1980 NCA NCA NCA
1985 MCA MCA MCA
1990 T T NCA
2000 T T NCA

500.0 1980 NCA MCA NCA
1985 NCA NCA MCA
1990 F F MCA
2000 F F NCA

750.0 1980 NCA NCA NCA
1985 NCA MCA MCA
1990 F MCA NCA
2000 F F 

;  
MCA

1000.0 1980 NC MC A CA
1985 NC MC A NCA
1990 F NCA NCA2000 N

F  
F CA

5 1980 NCA MCA NCA
1985 MCA NCA NCA
1990 F NCA NCA
200 F F I NCA
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System Acquisition Cost. Fuel cell "System Acquisition Cost" parameter

values are presented in Table 39 and in Figure 30.

Table 39. FUEL CELL SYSTE1 ACQUISITION COST

(1980 DOLLARS)

z z

OW hI

1.5 1980 NCA NCA NCA

1985 2.25£03 NCA NCA
1990 1.50103 NCA" NCA
2000 9.00E02 NCA 1.28E03

5.0 1980 NCA MCA NCA
1985 7.50103 NCA NCA
1990 5.00E03 NCA NCA
2000 3.00103 NCA 4.25O3

20.0 1980 MCA NCA
1985 3.00E04 NCA NCA
1990 2.00E04 NCA NCA
2000 1.20EO4 NCA 1.70E04

30.0 L960 MCA MCA CA
1985 4.50E04 NCA NCA
1990 3.0E04 NCA NCA
2000 1.80E04 NCA 2.55104

60.0 1980 NCA NCA NCA
1985 9.OE04 NCA NCA
1990 6.00E04 NCA NCA
2000 3.60EO4 NCA NCA

lO0. L980 NCA NCA NCA
1985 1.50E05 NCA NCA
1990 1.00E05 NCA NCA
2000 6.0E04 NCA NCA

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 2.25EO5 2.50EO5 NCA

2000 1.25EO5 1.25E05 NCA
500.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 2.50EO5 3.00E05 NCA
2000 2.00E05 2. 00E05 NCA

750.0 1980 NCA NCA NCA
1985 MCA NCA MCA
1990 3.75E5 M4CA CA
2000 3.00E05 3.00EO5 NCA

1000.0 1960 MCA. NCA NCA
1985 NCA NCA NCA
1990 5.0OE05 NCA NCA
2000 4.0005 4.00105 NCA

5000.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 2.50106 NCA NCA

1- 00 2.o0o 1 2fn n NCA
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Annual Operations and Maintenance Costs. Fuel cell "Annual Operations

and Maintenance Costs" parameter values are presented in Table 40 and in

Figure 31.

Table 40. FUEL CELL ANNUAL OPERATIONS AND
MAINTENANCE COSTS (1980 DOLLARS)

i - j W

a. j.j o

1.•5 1980 NCA MCA NMCA
1985 2.•25 EO2 MCA MCA
1990 1.• 50E02 NCA" NCA
2000 9. OOEOI NCA 1.• 28E02

5.0 1980 MCA MCA NCA

1985 7.50EO2 NCA MCA
1990 5.0WE02 MCA MCA
2000 3. OOE02 NCA 4.25EO2

20.0 1980 NCA NCA NCA
1985 3.0EO3 NCA NCA
1990 2.00E3 NCA NCA
2000 1.20EO3 NCA 1. 70EO3

30.0 1980 NCA NCA NCA
1985 4.50E03 NCA NCA
1990 3.0003 MCA NCA
2000 1.80E03 NCA 2.55103

60.0 1980 NCA MCA MCA
1985 9.00E03 NCA NCA
1990 6.00E03 NCA NCA
2000 3.60E03 NCA .CA

100.0 1980 NCA NCA NCA
1985 4.50EO4 NCA NCA
1990 3,00E04 NCA NCA
2000 1.OOE3 NCA NCA

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 2.25EO4 2.5OEO4 NCA
2000 3.25E0 0 .25EO4 NCA

500.0 1980 NCA NCA NCA
1985 CA NCA NCA
1990 2.50EO4 3.00EO4 NCA
2000 2.00EO4 2.00EO4 NCA

750.0 1980 NCA NCA NCA
1985 NCA NCA NMCA
1990 3.75EO4 2CA NCA
2000 3.00EO4 3.2O04 NCA

000.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 2.0104 3 NCA
2000 4.00104 4.00104 NCA

500.0 1980 NCA NCA MCA
1985 NCA NCA NCA
199o 2.5o5 ,CA , CA

2.2000 0 2.00105 I CAI
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System Efficiency. Fuel cell "System Efficiency" parameter values are

presented in Table 41 and in Figure 32. The overall efficiency (thermal and

electrical) of each of the fuel cell types can be affected by the capability

to utilize the waste heat from the system. Molten carbonate fuel cells

operate at temperatures greater than phosphoric acid fuel cells (about QOo to

1400F compared to 150 to 400*F). This permits a bottoming cycle to he used

with the molten carbonate fuel cell for further electrical production. The

solid polymer electrolyte fuel cell operates at lower temperatures than the

phosphoric acid fuel cell and provides the least opportunities for waste heat

utilization.

Table 41. FUEL CELL SYSTEM EFFICIENCY (%)

-

1. $ 1960 MCA W~A K A

1965 35 NCA UCA
1990 is NCA -C

2000 40 MCA so
5.0 1980 CA MCA MCA

1985 35 NCA MCA
1990 38 NCA CA
2000 40 PC .50

20.0 1980 PiCA PiCA ~
1981 35 PiCA PiCA1990 38 Mi C
2000 40 MCA '0

30.0 1980 C CA iCo
1981 31 PCA

1990 40 PiC pac
2000 42 PiCA 5060.0 1980 iCA MCA MCA
1985 35 CA NCA
1990 40 MCA MCA
2000 42 MCA NCA3O.o 1980 iCA MCA MCA I
1985 38 CA MCA
1990 40 MCA MCA
2000 45 MCA CA

250.0 1980 MCA MCA MCA
1985 CA NCA NCA
1990 40 4 XCA
2000 45 10 MCA

100.0 1980 NiCA PCA MCA
1985 NCA :CA NCA
1990 40 48 MCA
2000 45 32 iCA

710.0 1980 NCA MCA PCA

19:5 MCA MC MC

1990 40 4S MCA
2000 45 s2 MCA

io00.0 1980 14CA MCA MCA
1985 MCA PiCA MiCA
1990 40 46 CA
2000 45 52 MCA

300.0 1990 MCA . MCA
195 ;CA PCA PiCA

199G 40 MICA PiCA

2MO 45 52 ! CA
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730.0|



100

90 PHOSPHORIC ACID

- - -MOLTEN CARBONATE

80

70

60

50

40

30

20

10

0 n . - 1 Itil lit ~ a l a * p p . a a . p

110 100 1,000 10.000

kW

Figure 32. FUEL CELL SYSTEM EFFICIENCY

91



Fuel Consumption. Fuel cell "Fuel Consumption" parameter values are

presented in Table 42 and in Figure 33.

Table 42. FUEL CELL FUEL CONSUMPTION

-gal/hr

z z

,a

1.5 1980 NCA NCA NCA

1985 0.11 NCA NCA
1990 O. 10 CA' NCA
2000 0.10 NCA 0.08

5.0 1980 ICA NCA NCA
1985 0.37 NCA NCA
1990 0.34 NCA NCA
2000 0.32 MCA 0.26

20.0 1980 NCA NCA NCA
1985 1.47 NCA NCA
1990 1.36 NCA NCA
2000 1.30 NCA 1.04

30.0 1980 NCA NCA NCA
1985 2.22 NCA NCA
1990 2.04 NCA NCA
2000 1.95 NCA 1.56

60.0 1980 NCA NCA NCA
1985 4.43 NCA NCA
1990 4.09 NCA NCA
2000 3.91 NCA NCA

LIO.0 1980 NCA MCA NCA
1985 6.82 NCA NCA
1990 6.49 NCA NCA
2000 5.76 NCA NI;A

230.0 1980 NCA NCA NCA
1985 NCA NCA iCA

1990 16.2 14.5 NCA
2000 14.4 13.0 NCA

500.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 32.4 27.0 NCA
2000 28.7 25.0 NCA

750.0 1980 MCA NCA NCA
1985 MCA NCA NCA
1990 48.6 NCA NCA
2000 43.1 37.5 NCA

1000.0 1980 MCA NCA NCA
1985 NCA NCA iCA
1990 65.2 RCA MCA

2000 57.4 49.9 MCA

5000.0 1980 MCA MCA MCA
1965 MCA NCA MCA

1990 324 MCA ,RCA

zoo() 287 250 1 R IA
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Annual Fuel Cost. Fuel cell "Annual Fuel Cost" parameter values (based

on 1980 dollars and no real escalation) are presented in Table 43 and in

Figure 34.

Table 43. FUEL CELL ANNUAL FUEL COST (1980 DOLLARS)

96

A..

C6 .4 - 0

1.5 1980 NCA NCA NCA
1985 1.01103 NCA nCA
1990 9.35E02 NCA' NCA
2000 8.91£02 NCA 7.12EO2

5.0 1980 NCA NCA NCA
1985 3.38E03 NCA NCA
1990 3.11EO3 MCA MCA

2000 2.97EO3 NCA 2.37EO3

20.0 1980 NCA NCA NCA
1985 1.35EO4 NCA NCA
1990 1.24Eo4 NCA NCA
2000 1.19EO4 NCA 9.53E03

30.0 1980 NCA NCA NCA
1985 2.03EO4 NCA NCA
1990 1.87EO4 NCA NCA

2000 1.79EO4 NCA 1.43EO4
60.0 1980 NCA NCA NCA

1985 4.06EO4 NCA NCA

1990 3.74EO4 NCA NCA

2000 3.58E04 NCA NCA

1O0.0 1980 NCA NCA NCA
1985 6.24EO4 NCA NCA
1990 5.94EO4 NCA NCA
2000 5.27EO, MCA NCA

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 1.48E05 t.32EO5 NCA
2000 1.31EO5 1.19EO5 NCA

500.0 1980 MCA NCA NCA

1985 NCA NCA NCA
1990 2.96EO 2.47EO5 NCA

2000 2.63E05 2.28EO5 NCA
750.0 1980 NCA MCA NCA

1985 NCA NCA NCA

1990 4.45E05 NCA NCA

2000 3.9410 3.43EO5 NCA

1000.0 1980 NCA NCA 4CA

1985 NCA NCA NCA
1990 5.97E05 NCA NCA

2000 5.25E05 4.57£05 NCA

5000.0 1980 MCA NCA NCA

1985 NCA NCA NCA
1990 2.96EO6 NCA NCA

200 2 
° .63Eo6 2.28E06 I
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Life-Cycle Cost. Fuel cell "Life-Cycle Cost" paramwter values are

presented in Table 44 in Figure 35. The life-cycle cost includes the cost of

replacing the fuel cell stack every 5 years over the 2n year operating life of

the system.

Table 44. FUEL CELL LIFE CYCLE COST, 0% FUEL

ESCALATION (1980 CENTS/kWh)

I-

w

..

= ZZ .

1.5 1980 NCA NCA N.A
1985 5.40 NCA NCA

1990 4.56 NCA' MCA
2000 3.91 NCA 3.56

5.0 1960 MCA MCA NCA
1985 5.41 NCA NCA
1990 4.53 NCA NCA
2000 3.91 NCA 3.56

20.0 1980 NCA NCA NCA
1985 5.41 NCA NCA
1990 4.52 NCA NCA
2000 3.92 NCA 3.57

30.0 1980 NCA NCA NCA
1985 5.41 NCA MCA
1990 4.54 MCA NCA
2000 3.93 NCA 3.57

60.0 1980 NCA NCA NCA
1985 5.41 NCA NCA
1990 4.54 NCA NCA

2000 3.93 NCA NCA
I00.0 1980 NCA NCA NCA

1985 5.13 NCA NCA
1990 4.38 NCA NCA
2000 3.55 NCA NCA

250.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 4.25 4.02 NCA
2000 3.42 3.16 NCA

500.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 3.78 3.37 NCA
2000 3.31 2.93 MCA

750.0 1960 CA MCA UCA
1985 NCA MCA
1990 3.79 NCA NCA
2000 3.31 2.94 NCA

1000.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 3.81 NCA NCA
2000 3.31 2.93 NCA

5000.0 1960 NCA NCA NCA
1985 NCA NCA NCA
1990 3.43 NCA NCA

3.31 2.93 NCA
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System Volume. Fuel cell "System Volume" parameter values are presented

in Table 45.

Table 45. FUEL CELL SYSTEM VOLUME (CUBIC FEET)

o .Z

1.5 1980 NCA NCA NO,
1985 3.6 NCA NCA
1990 3.0 NCA" NCA
2000 3.0 NCA 3.0

5.0 1980 NCA NCA NCA
1985 12.0 NCA NCA
1990 10.0 NCA NCA

2000 10.0 NCA 10.0

20.0 1980 NCA NCA NCA
1985 45 NCA NCA
1990 40 NCA NCA
2000 40 NCA 40.0

30.0 1980 NCA NCA NCA
1985 210 NCA NCA
1990 180 NCA NCA

2000 180 NCA 180
60.0 1980 NCA NCA NCA

1985 420 NCA NCA
1990 340 NCA NCA
2000 340 NCA NCA

100.0 1980 NCA NCA NCA
1985 700 MCA NCA
1990 650 NCA NCA

2000 650 NCA NCA
250.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 2000 2000 NCA
2000 2000 2000 NCA

500.0 1980 NCA NCA NCA

1985 NCA NCA NCA
1990 4.0E03 4.0E03 NCA

2000 4.0E03 4.0E03 NCA

750.0 1980 NCA MCA NCA
1985 NCA NCA NCA
1990 6.OE03 NCA MCA

2000 6.o0o3 6.oE03 NCA

1000.0 1980 MCA NCA NCA
1985 NCA NCA NCA
1990 .OE04 NCA NCA
2000 1.0304 1.0304 NCA

5000.0 1980 NCA NCA NCA
1985 NCA NCA NCA
1990 1.25£05 NCA NCA
2000 1.25E105 l.25E05 L

98



System Weight. Fuel cell "System Weight" parameter values are presented

in Table 46.

Table 46. FUEL CELL SYSTEM WEIGHT (POUNDS)

---

z zJ

5.0 1960 NCA MCA N4CA
1985 8.5102 NCA NCA

1990 7.0EO2 NCA NCA

2000 7.0E02 NCA 7.01O2

2.0 1980 NCA NCA NCA
1985 2.5E02 NCA NCA
1990 2.002 NCA MCA
2000 2.8E02 NCA 2.0E02

30.0 1980 MCA NCA NCA
195 3.e503 NCA NCA
1990 7.2E03 NCA NCA
2000 7.28E03 NCA 4.2103

60.0 1980 NCA NCA NCA
1955 1.203 NCA NCA
1990 8.0103 NCA NCA
2000 8.0103 MCA 2.2EO3

30.0 1980 MCA NCA NCA
1985 1.8104 NCA MCA
1990 .30103 NCA NCA
2000 8.3O3 NCA NCA

650.0 1980 NCA NCA NCA

1985 I.E04 NCA NCA
1990 3.30E4 3CA NCA
2000 3.4104 3CA NCA

500.0 1980 NCA MCA NCA
1985 NCA NCA NCA
1990 7.2EO4 7.2104 NCA
2000 7.21EO4 7.2C4 NCA

50.0 1980 NCA MCA NCA
1985 NCA NCA MCA
1990 7.2EO4 7.E04 NCA
2000 1.2EO4 1.2EO4 NCA

500.0 1980 CA NCA NCA
1985 NCA NCA MCA
1990 1.2E0 NCA NCA
2000 1.205 1.205 NCA

5000.0 1980 MCA MCA NCA
1985 M CA NCA

1990 8.0105 NCA NCA
2000 8,0EO5 8.0105 NCA
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Fuel Requirements and Capabilities. The designated fuel is JP-4. Since

fuel cells actually run on the hydrogen component of the fuel, they may have

multi-fuel capabilities, at least as consistent with the fuel processor tech-

nology that is available to convert the fuel into a form suitable for fuel

cell use. The fuel cell is not sensitive to the type of fuel assuming the

fuel produced by the fuel processor does not contain impurities which can

affect the operation of the fuel cell. Fuel cells are affected to various

degrees by impurities such as CO, H2S, S02, Cl2, NO., and NV3" Molten

carbonate cells are expected to reauire sulfur removal down to 1 ppm.

Phosphoric acid fuel cells require rO concentrations of less than 4 and

usually require a shift reactor to convert CO from the fuel processor and 140

to CO2 and H2.

Fuel specifications are very restrictive because unless impurity levels

are very low, the catalyst in the fuel processor may he ruined.

Only fuel processors for methanol are current technology. 'uel proces-

sors for JP-4 and diesel are under development. Although methanol is not a

logistic fuel, it may he a preferred fuel cell fuel because it reduces fuel

processor complexity.

Start-up Time. Phosphoric acid fuel cell "Start-uo Time" is 40 minutes

at 1.5 and 5.0 kW, 45 minutes at 20.0 kW, 60 minutes at 30.0 and 60.0 kW, 120

minutes at 100.0 and 250.0 kW, 150 minutes at 500.0 and 750.0 kW, and 1RO

minutes at 1o0.0 and 5000.0 kW. Molten carbonate fuel cell "qtart-up Time"

is 180 minutes at 250.0 and 900.0 kW, and 200 minutes at 750.0, 1000.0, an,4

5000.0 kW. Solid polymer electrolyte fuel cell "start-up time" is 40 minutes.

Small capacity fuel cells using methanol fuel can have shorter start-up times

because the fuel processor is not massive and may be brought up to the low

reforming temperature quickly with increased fuel consumption. ,P-4 fuel

processors, technically known as "reformers," have longer start-up times

because they operate at high temperatures, and start-up operations must be

slow and carefully sequenced to avoid thermal shock of catalyst support

structure, carbon formation, and potential catalyst inactivations.

Shutdown Time. Phosphoric acid fuel cell "Shutdown Time" is 30 minutes

for capacities of 1.5 kW to 100 kW, 60 minutes at 250.0 kW, 40 minutes at

capacities of 500.0 and 750.0 kW, 120 mintues at 1o00.0 kW, and 150 minuteg at

9000.0 kW. Molten carbonate fuel cell "shutdown time" is 150 minutes at
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250.0 k, 180 minutes at 500.0 and 750.0 kW, 200 minutes at 1000.0 kW, and 24n

minutes at 5000.0 kW. Solid polymer electrolyte fuel cell "shutdown time" is

30 minutes.

Reliability. Fuel cell "Reliability" has an ordinal score of 4 indicat-

ing moderate reliability. Fuel cells are somewhat more reliable than diesels,

mainly because of fewer moving parts.

Environmental Constraints. Fuel cells have an ordinal score of 5 indtcat-

ing minimum potential environmental constraints. Fuel cells have less environ-

mental constraints than diesels. Noise may be minor constraint.

Location Constraints. Fuel cells have an ordinal score of 4 indicating

moderate locational constraints. Fuel cells have less locational constraints

than diesels, although they still may have fuel availability and delivery

problems.

Operation Constraints. Fuel cells have an ordinal score of 3 indicating

average turn-down capability. niesels have somewhat less operational con-

straints. Fuel cells have very limited overload capability.
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Photovoltaic Energy Conversion Systems

Three types of photovoltaic energy conversion systems were considered:

passively cooled flat plate, photoelectrocheinical, and actively cooled. The

three systems are diagramed schematically in Figure 36. A photovoltaic system

consists of modules, which are integrated arrays of cells; structures to

support and interconnect modules; and balance of system components (controls,

batteries, inverters) to produce an entity capable of serving a load. Passive

and active designs were based on performance characteristics as reported in the

data base for single-crystal silicon photovoltaic cells applied to flat-nlate

and concentrating arrays since they are the primary commercially availahle

photovoltaic technology. Actively cooled photovoltaic svstems are interpreted

as defining concentrating collectors that require active cooling of photo-

voltaic cells to maintain efficient photovoltaic solar energy conversion

performance. Flat-plate and photoelectrochemical photovoltaic systems differ

TOTAL
SUNLIGHT PV DC POWER A OE

(Direct and COLLECTOR INVERTER AC POWER
Diffuse)

BATTERY

STORAGE

FLAT PLATE AND PHOTOCHEMICAL

COOLANT

SUNLIGHT PV DC POWER A OE
(Direct) COLLECTOR INVERTER AC POWER

LOW-TEMPERATURE BATTER
REJECT HEAT STAEY

ACTIVELY COOLED (Concentrators)
AS2010155

Figure 36. PHOTOVOLTAIC SYSTEMS
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from actively cooled, concentrating photovoltaic systems in two ways. The

first difference is that flat-plate and photoelectrochemical systems utilize

the total insolation - that is, the direct or specular component of sunlight

plus indirect or diffuse sunlight. In the most general case, photoelectro-

chemical systems may be employed with sunlight concentration. Concentrating

photovoltaic systems accept only the direct component of sunlight. In

addition, because of the use of concentrating optics they must track the sun in

at least one axis to keep the sun's image properly focused upon the

photovoltaic cells. Flat-plate and photoelectrochemical systems are generally

fixed and do not need to track the sun, although sun tracking systems ma he

employed. Recause energy production of photovoltaic systems is dependent on

the amount of solar energy falling on the collector, actively cooled systems

suffer somewhat lower performance than fixed, flat-plate photovoltaic systems

because the direct component of insolation is always less than the total

insolation. However, this deficiency is substantially overcome by tracking the

sun so that insolation availability is substantially similar for both fixed and

tracking systems. The second difference is that flat-plate and

photoelectrochemical systems operate near ambient temperatures, while

concentrating photovoltaics are actively cooled to nmaintain cell temperature at

efficient operating conditions. Hence, concentrating systems are able to

provide low-temperature thermal energy (<18OF) for other uses such as domestic

hot v-.er or space heating.

Photovoltaic energy systems ,equire batteries as a means of electrical

energy storage because of the realities of the day/night cycle and the trans-

ient nature of daytime solar availability due to the movement of the sun in the

sky and the presence of clouds. Inverters are necessary to convert the Dr

output of photovoltaic systems and batteries to utility-quality AC power.

Sizing photovoltaic arrays - that is, the determination of array arpa and

battery capacity to produce continuous power output - is complicated by the

fact that photovoltaic systems are quite sensitive to site. In a high insola-

tion site such as in the Southwest, a considerably smaller array is reauired

than in a Midwest or Neareast location. The design method used is not directly

applicable to concentrating systems, but was modified as necessary to size

these systems with reascpable accuracy. The design method predicted the

required array size to produce a continuous I kW output. Note that

characteristic data for photovoltaic energy conversion systems are frecitently
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reported on a peak kilowatt (kW ) basis. This is not the same as the average
kilowatt basis describing conventional energy conversion systems such as

diesels. Although this is the conventional method of reporting the performance

of photovoltaic technologies, it is thus difficult to compare different energv

technologies on the same basis. Photovoltaic conversion device performance is

established under "peak insolation" conditions of one kilowatt per square

meter. Because photovoltaic systems are modular, system size for larger outputs

is a linear function of the desired power requirement. (For example, a 5000

kWe system is 5000 times the size of a I kW system.) Designs were prepared for

continuous power systems for Albuquerque and Madison insolation to bracket

insolation regimes. A linear interpolation was performed on the resulting

photovoltaic array area and battery capacity to an average site because the

data base developed in this study can only accept parameters of one

representative case.

Battery storage capacity was sized such that no energy was wasted during

the design month, and all array output may thus he applied to the load. Lead-

acid battery technology with characteristic parameters as reported in the data

base was used as the means of electrical energy storage.

The results of the photovoltaic array sizing analysis has some implica-

tions that should be recognized. Photovoltaic systems for continuous duty are

designed to produce power outputs of the desired value, but the data base user

must realize that even with the presence of energy storage in the system

Inherent statistical variations in insolation availability May lead to occa-

sional power outages. Outages are most likely to occur (albeit infrequently)

during the low-insolation winter months. Because the photovoltaic system is

considerably oversized to guarantee continuous Power output under worst-month

insolation conditions, significantly greater annual power output (> R760 kW"e/

year) is possible if a load and/or energy storage exists to make use of the

system output.

Flat-Plate Photovoltaic System Design

Assumptions and data input values for this design are summnarized below:

" Sites considered - Albuquerque, New Mexico, and Madison, Wisconsin

" Photovoltaic system sized for worst-month insolation on tilted collector

surface
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* Collector tilted at local latitude and facing due south

* National average daily D cember insolation on south-facing collector at 45*
tilt angle - 1204 Btu/ftl day

* Reported photovoltaic array efficiency at 82.4*F for single-crystal, flat-
plate collector - 10.6%

* Assumed power conditioning system efficiency - 90%

* Reported battery efficiency (lead-acid technology) - 79%

* Reported allowable battery depth of discharge- 0%

* Average daily total insolation on tilted collector:

a. Madison - q97.7 Btu/ft 2 day

b. Albuquerque - 1906.4 Btu/ft 2 day

* Flat-plate collector tilt angle:

a. Madison - 45*

b. Albuquerque - 350

The results of the analyses are as follows:

* Madison flat-plate photovoltaic array area - 888 ft2 /kW

* Madison required battery storage capacity - 25.4 kWhe/kW

* Albuquerque flat-plate photovoltaic array area - 444 ft2 /kW

* Albuquerque required battery storage capacity - 22.9 kWhe/kW

Actively Cooled (Concentrating) Photovoltaic System Design

Assumptions and data input values are summarized below:

* Photovoltaic system sized to worst month insolation in plane of collector

* Photovoltaic collector is assumed to be oriented east-west and tracking
about a horizontal axis

" National average winter insolation in plane of collector - 110q Rtu/ft2 day

" Reported concentrating photovoltaic array efficiency - 9.1%

• Average daily insolation in plane of collector:

a) Madison - 1078.3 Btu/ft2 day (November)

b) Albuquerque - 1842.8 Btu/ft2 day (February)
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The results of the analyses are as follows:

" Madison concentrating photovoltaic array area - 1097 ft2/kW

* Madison required battery storage capacity - 25.4 kWh/kW

" Albuquerque concentrating photovoltaic array area - 634.1 ft2/kW

* Albuquerque required battery storage capacity - 24.1 kWh/kW

The generic design of flat-plate and concentrating photovoltaic energy

conversion system was determined by linear interpolation on the primary

independent variable characterizing such systems - the average insolation in

the worst month. The results are as follows:

" Generic flat-plate photovoltaic array area - 783.5 ft2 /kW

" Generic required battery storage capacity for flat-plate photovoltaic
systems - 24.8 kWh /kW

" Generic concentratfng photovoltaic array area - 107R ft2/kW

" Generic required battery storage capacity for concentrating photovoltaic
systems - 26.0 kWh/kW

Therefore, the parameters for the photovoltaic system as renorted in the

data base are based on the above array and storage requirements for a I k14

continuous system because the photovoltaic systems are modular.

Technology Status. Flat-plate photovoltaic systems are currently avail-

able in capacities of 1.5 to 100.0 kW. In 1985, flat-plate photovoltaic sys-

tems are expected to be available in capacities up to and including fon.n

kW. In 194n ftat-nlate photovoltaic systems are expected to he availahle in

capacities up to and including 750.0 kW. In 2000, flat-plate photovoltaics

are expected to be available in all capacities.

Actively cooled photovoltaic systems are currently available in capa-

cities of 1.5 to 30.0 kW. In 1qR5 they are expected to be available at

capacities up to and including 250.0 kW. In 19qo actively cooled photovoltaic

system are expected to be available in capacities through 750.0 kW. In 2000

they are expected to be available in capacities through 1000.0 kW. Photo-

chemical photovoltaic system are expected to be available at capacities of

1.5 to 30.0 kW in 2000. Current research efforts are focusing on reducing the

cost of producing photovoltaics.

106



Type.,- Photovoltaic system "Type" parameter values are presented in

Table 47. At the output levels considered, most continuous duty photovoltaic

systems will be fixed.

Table 47. PHOTOVOLTAIC SYSTEM TYPE

(Mobile, Transportable, Fixed)

C-J

o -

1.5 1980 T F NCA

1985 M F NCA
1990 M F NCA

2000 M F T

5.0 1980 F F NCA

1985 F F NCA

1990 F F NCA

2000 F F F

20.0 1980 F F NCA
1985 F F NCA
1990 F F NCA
2000 F F F

30.0 1980 F F NCA
1985 F F NCA

1990 F F NCA

2000 F F F

60.0 1980 F NCA NCA
1985 F F NCA

1990 F F NCA
2000 F F NCA

L30.0 1980 F NCA NCA

1985 F F NCA

1990 F F NCA

2000 F F NCA

230.0 1980 NCA NCA NCA

1985 F F NCA

1990 F F NCA

2000 F F NCA

500.0 1980 NCA MCA NCA

1985 F NCA NCA

1990 F F NCA

2000 F F NCA
750.0 1960 NCA NCA NCA

1985 NCA NCA NCA

1990 F F MCA

2000 F F NCA

1000. 0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 F CA NCA

2000 F F NCA

5000.0 1980 NCA NCA NCA
190 5 NCA NCA NCA

1990 NCA 14CA NCA
2000 F NCA NCA
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System Acquisition Cost. Photovoltaic "System Acquisition Cost"

parameter values are presentd in Table 48 and in Figure 37.

Table 48. PHOTOVOLTAIC SYSTEM ACQUISITION COST
(1980 DOLLARS)

a.

I -.

1.5 1980 .84EOS5 4.15£05 NKA
1985 2.45E05 3.57EO5 MCA

1990 2.07E05 3.03E05 MCA
2000 2.07E05 3.03E05 2.07EO5

5.0 1980 9.48E05 1. 38EO6 MCA
1985 8.15EO5 1.19E06 NCA
1990 6.92E05 1.01E06 MCA
2000 6.92EO5 1.01E06 6.92E05

20.0 1980 3.79EO6 5.54EO6 MCA
1985 3.26E06 4-76E06 NCA

1990 2.77E06 4.04EO6 NCA
2000 2.77EO6 4.04EO6 2.77EU6

J0.0 1980 5.bgEOb 8.31EO6 MCA
1985 4.89EO6 7.15EO6 NCA
1990 4.10EO6 5.98E06 NCA
2000 4.1OEO6 5.98EO6 4.10E06

60.0 1980 1.14E07 .CA NCA
1985 9.S1EOb 1.43E07 NCA
1990 8.32EO6 1.20E07 NCA
2000 8.02EO 1.20E07 NCA

10O.0 1980 1. 90E07 NCA NCA
1985 1.63EO7 2.38EO7 NCA
1990 1.97E07 1,99E07 MCA
2000 .37E057 ,99E067 NCA

230.0 1980 NCA .5A NCA
1985 4.GSE07 5.95E07 NCA
1990 3.41EO7 4.98EO7 NCA
2000 3.41EO7 4.98EO7 NCA

500.0 1980 NCA N3A NCA
1985 8.15E07 .NEA NCA
1990 6.83E07 1.01E08 NCA
2000 6.83EO7 1.01E08 CA

750.0 1980 NCA NCA NCA
1985 MCA N.4 NCA
1990 1.04E08 1.50EO8 NCA
2000 1.04E08 1.50E08 NCA

1000.0 1980 CA NCA NCA
1985 2CA .31A NCA
1990 1.37E08 CA NCA
2000 1.37E08 1.99EO8 NCA

2000.0 1980 NCA NCA MCA
1980 MCA NCA NCA
1990 NCA NCA MCA
200 6.83E 8 CA ICA
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Annual Operations and Maintenance Cost. Photovoltaic "Annual Overations

and Maintenance Cost" parameter values are in Table 4Q and in Figure 3R.

Table 19. PHOTOVOLTAIC ANNUAL OPERATIONS AND
MAINTENANCE COST (1980 DOLLARS)

IC

1.5 1980 1.81E04 2.6OEO4 NLA

1985 1.54EO4 2.22EO4 NCA
1990 1.32EO4 1.89EO4 NCA

2000 1.32EO4 1.89E04 1.32EO4
5-0 1980 6.05E04 8.66EO4 NCA

1985 5.14E04 7.39EO4 NCA
1990 4.40EO4 6.31E04 NCA

2000 4.40EO4 b.31E04 4.40EO4
20.0 1980 2.42EO5 3.47E05 NCA

1985 2.06EO5 2.96E05 NCA
1990 1.76EO5 2.52E05 NCA
2000 1.76E05 2.52EO5 I.76EO5

30.0 1980 3.63E05 5.21EO5 NCA
1985 3.08EO5 4.44E05 NCA
1990 2.61EO5 3.74EO5 NCA

2000 2.61E05 3.74EO5 2.61EO5

60.0 1980 7.28EO5 NCA NCA
1985 6.19EO5 8.88EO5 NCA
1990 5.29EO5 7.50E05 NCA

2000 5.29EO5 7.50EO5 NCA
100.0 1980 1.21EO6 NCA NCA

1985 1.03EO6 1.48EO6 NCA

1990 8.72E05 1.24EOh NCA
2000 8.72EO5 1.24EOb NCA

250.0 1980 NCA NCA N(:A
1985 2.57EO 1.70EOh NCA

1990 2.17EOb 3. IEO6 NCA

2000 2.17EO6 3.11E06 NCA
500.0 1980 NCA NCA NCA

1985 5.14EO6 NCA NCA

1990 4.35E06 6.31EO6 NCA

2000 4.35E06 b.31E06 NCA

750.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 6.62E06 9.38EO6 NCA

2000 6.62EO6 9.38EO6 NCA

1000.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 8.72EO6 NCA NCA

2000 8.72EO6 1.24EO7 NCA

5000.0 1980 NCA NCA NCA

1985 NCA NCA NCA

1990 NCA NCA NCA
L 000 C. 5EO N C A
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System Efficiency. Photovoltaic "System Efficiency" parameter values are

presented in Table 50 and in Figure 3q. Photovoltaic system efficiency is

defined as -

[(Monthly average system energy output per square foot of array) f

(Monthly average insolation in plane of array)]

where insolation is for the month with the lowest insolation value.

Table 50. PHOTOVOLTAIC SYSTEM EFFICIENCY (M)

=

1.5 1980 8.7 6.9 NCA
1985 9.5 7.5 NCA
1990 11.4 9.0 NCA
2000 13.3 10.5 9.5

5.0 1980, 8.7 6.9 MCA
1985 9.5 7.5 MC

• 1990 11.4 9.0 NCA
2000 13.3 10.5 9.5

20.0 1980 8.7 6.9 MCA
1985 9.5 7.5 NCA
990 1.4 I 9.0 CA

11000 13.3 10.5 9.5

30.0 1980 8.7 6.9 MCA
L985 9.5 7.5 NCA
1990 11.4 9.0 MCA

2000 13.3 10.5 9.5
0.0 1980 8.7 CA NCA

1985 9.5 7.5 MCA
1990 11.4 9.0 NCA
2000 13.3 10.5 9CA

100.0 1980 8.7 .CA NCA
1985 9.5 7.5 NCA
1990 11.4 9.0 NCA
2000 13.3 10.5 9CA

20.0 1980 NCA CA NCA
1985 9.5 7.5 NCA
1990 11.4 9.0 NCA
2000 13.3 10.5 9CA

500.0 1980 CA .CA NCA
1985 9.5 NCA
1990 11.4 9.0 NCA

2000 13.3 10.5 9CA
750.0 1980 CA NCA NCA

1985 9CA NCA
1990 11.4 9.0 NCA
2000 13.3 10.5 NCA

1000.0 1980 CA NCA NCA
1985 .CA NCA NCA
1990 11.4 CA NCA

2000 13.3 10.5 MCA

500Q.0 1980 NCA NCA NCA
1985 NCA CA NCA
1990 NCA NCA NCA
2000 13.3 NCA NCA
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Figure 39. PHOTOVOLTAIC SYSTEM EFFICIENCY

Fuel Consumption. Recause photovoltaic power systems use only sunlight

as their "fuel" source, fuel consumption is zero for all system capacities.

Annual Fuel Cost. Annual fuel cost for photovoltaic power systems is

zero dollars per year.



Life-Cycle Cost. Photovoltaic power system "Life-Cycle Cost" parameter

values are presented in Table 51 and in Figure 40. Recause fuel cost is zero,

photovoltaic power systems are not sensitive to fuel cost escalation rates.

Life-cycle costs are based on two replacements of the lead-acid battery

storage subsystem during the 20 year economic analysis Period and one

replacement of the inverter. Replacement costs include installation at 25" of

off-the-shelf equipment costs. The batteries and inverter installed when the

photovoltaic power system is initially installed have an installation cost of

50% of the off-the-shelf equipment costs. Rattery costs are based on lead-

acid battery costs in the year in which system is installed.

Table 51. PHOTOVOLTAIC POWER SYSTEM LIFE
CYCLE COST (1980 CENTS/kWh)

1980 Im 2 209. 0

19Q0 I ' 4 I6.I W.A

20011 1 Ih0 19 . 1 5.
".0 1980 lbs.b 268.5 ICA

18. isa 2)0.7 ILA
990 , .s 19.2 A
2000 1 i1, 96.2 I,5.O

i0.0 i 190 1 :8.7 260.1 3 CA

1985 359.0 210.8 N-A

|q9q I is. i ,O. I LA

JO. a , 14.40 1 S. h ,
h

,4 4 NLA
2000 I 1,). 3 .~ ~N A 1 .

I"0 Q85 .' I. SCA.
3.3.3 199. .1 ' 2 . ICA

1000 4. .. 3 NCA

I J 1. - O 1 .,: 1 . %A NCA

1985 1, . "30.6 .C.A
1990 I 1_0 193. NLA
2000 3 . .8 I'. ,. 3 PICA

1. 0 1980 SLA NCA NCA

1985 '8.9 210.8 NCA

1990 33..8 191.25 MCA

2000 133. 19 3.5 MA
500.a 1960 MCA MCA PICA

198S M 8.9 CA :CA
1990 333.b 196.5 MCA

2000 31.8 93.2 MCA

71.0 1980 MCA PCA PCA
198S 8ICA MCA. CA
1990 13.6 196.2 PICA
2000 133.0 194.2 PCA

700.0 1960 MCA PCA PCA
1965 MCA ICA PCA
1990 134.0 9CA PCA
2000 114.0 193.2 PCA

1009.0 1960 PCA PCA PCA
1988 PICA PCA PICA
1990 , N . PICA PICA
2000 11. 393.2 PIC
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System Volume. Photovoltaic pover "System Volume" parameter values are

presented in Table 52.

Table 52. PHOTOVOLTAIC POWER SYSTEM VOLUME (Cubic Feet)

;I-L

1.5 1980 1.96805 2.94E05 NCA
1985 1 .96E05 .94E05 NCA

1990 1.96E05 2.94E05 NCA
2000 1.96E05 2.94E05 1.96E05

5.0 1980 6.53E05 9.80E05 NCA

1985 6.53E05 9.80L05 NCA
1990 6.53E05- .80L05 NCA
2000 6.53E05 .80E05 6.53E05

20.0 1980 2.6LE06 .92E05 NCA
1985 2.61E06 3.92E05 NCA
1990 2.61806 .92E05 NCA

2000 2.61EO6 .92E05 2.61806
30.0 1980 3.92E06 .88E06 NCA

1985 3.92E06 .88E06 NCA
1990 3.92E06 .88E06 MCA
2000 3.92E06 .88E06 3.92E06

60.0 1980 7.84806 NCA NCA
1985 7.84E06 .18E07 NCA
1990 7.84E06 .18E07 NCA
2000 7.84E06 1.18E07 NCA

100.0 1980 1.31E07 NCA NCA

1985 1.31807 1.9607 NCA
1990 1.31E07 t.96E07 NCA
2000 1.31£07 1.96E07 NCA

250.0 1980 NCA NCA NCA
1985 3.26EO7 4.96E07 NCA

1990 3.26E07 4.96E07 NCA

2000 j.26EO7 4.96E07 NCA

500.0 1980 NCA NCA NCA

1985 n.53E07 NCA NCA

1990 h.)3EU7 ).80E07 NCA
2000 6.53EO7 ).80E07 NCA

730.0 1980 NCA NCA NCA
1985 NCA NCA NCA

1990 9.79E07 1.47EO8 NCA

2000 9.79L07 k.47E08 NCA

1000.0 1980 NCA NCA NCA

1985 MCA MCA NCA

1990 1.3108 MCA NCA

2000 1.31E08 .96EO8 NCA

5000.0 1980 MCA MCA NCA

1985 NCA MCA NCA

1990 MCA MCA NCA

20 6.53Eo8 MCA MCA
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System Weight. Photovoltaic power "System Weight" parameter values are

presented in Table 53.

Table 53. PHOTOVOLTAIC POWER SYSTEM WEIGHT (POUNDS)

I- 3-

1.5 1980 8.46E03 2.45EO4 NCA
1985 7.88E03 2.38EO4 NCA
1990 7.66E03 2.36E04 NCA

2000 7.58EO3 2.35EO4 7.58E03

5.0 1980 2.82EG4 8.16EO4 NCA
1985 2.63EO4 7.93E04 NCA
1990 2.55EO4 7.87E04 NCA

2000 2.53E04 7.83E04 2.53EO4

20.0 1980 1.13EO5 3.26EO5 NCA
1985 1.05E05 3.17E05 NCA

1990 1.02EO5 3. 15E5 NCA
2000 1.01E05 3.3EO5 I.O0E05

30.0 1980 1.68EO5 4.89EO5 NCA
1985 1.57EO5 4.76E05 NCA
1990 1.53EO5 4.73EO5 NCA
2000 1.52EOS 4.70EO5 1.52E05

60.0 1980 3.37EO5 NCA NCA
1985 3.14EO 9.52EO5 NCA
1990 3.06EO 9.46EO5 NCA
2000 3.04EO 9.4OEO5 NCA

500.0 1980 5.61EO5 NCA NCA

1985 S.25E05 1.59EO NCA
1990 S.oE05 1. 5E06 NCA
2000 5.05EO5 1.57E06 NCA

250.0 1980 NCA NCA NCA

1985 1.3IE0 3.98EO6 NCA

1990 1. 28EO 3.95EO6 NCA

2000 1. 26EO6 3.93EO NCA

500.0 L980 MCA NCA NCA

1985 2.62EO MNCA NCA

1990 2.54EO6 ?.90E06 NCA

2000 2.52E06 7.8E06 NCA

750.0 1980 NCA MCA NCA

1985 NCA NCA NCA
1990 3.8406 1.1EO MCA

2000 5.05E06 1.57E07 NCA

1990 NCA NCA NCA
199( NCA MCA MCA

2000 2.52E7 NCA I NCA
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Fuel Requirements and Capabilities. Photovoltaic power systems use no

fuel. They are "fueled" by sunlight. In sunny areas system size may he

reduced, and system life-cycle cost correspondingly reduced. In areas with

little sun, system size may have to be increased to insure acceptahle perfor-

mance, and system life-cycle costs will be increased.

Start-up Time. Photovoltaic power system "Start-up Time" is 5 minutes

and assumes motor starting loads are present. In cases where minimal motor

starting loads are present, start-up times will he less than 5 minutes.

Shutdown Time. Photovoltaic power system "Shutdown Time" is one minite.

Reliability. Photovoltaic power system "Reliability" has an ordinal

score of 3 indicating average reliability. Photovoltaic power sy-stems havfw

comparable reliability to diesels. Solar availability strongly influences

system reliability.

Environmental Constraints. Photovoltaic power systems have an ordinal

score of 5 for "Environmental Constraints" indicating minimum potential

environmental constraints. Photovoltaic power systems have less environmental

constraints than diesels.

Location Constraints. Photovoltaic power systems have an ordinal score

of 3 indicating average location constraints. Photovoltaic power systems have

a comparable locational constraint rating to diesels. qystems will not

perform well at high latitudes with short winter days.

Operation Constraints. Photovoltaic power systems have an ordinal sr!,re

of 2 indicating poor turn-down capahility with large efficiency penalty.

fiesels have better operational constraints. Photovoltaic systems have no

overload capability.
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Wind Turbines

There are two types of wind turbines of interest in this study: horizon-

tal axis and vertical axis. The only real difference between the two is the

orientation of the turbine shaft and, therefore, vertical-axis wind turbines

do not have to track the wind direction. The system configuration is

presented in Figure 41. Because of the general requirement for continuous AC

power output, wind systems include battery storage.

Because the wind systems are dependent upon a number of locational fac-

tors (the distribution of wind speed) and machine design factors (cut-in sneed

and rated wind speed), a continuous AC power output system of 10 kW requires a

wind turbine with a rated capacity of greater than 10 kW. To appropriately

identify the required wind tuirbine rated capacity for the system output

requirements, capacity factors were calculated.

The capacity factor (CF) of the wind turbine is the ratio of the average

wind turbine energy output in a specific wind speed regime to the rated energy

output as if wind speed is always at the speed at which the wind turbine is

rated. The capacity factor is dependent on the following parameters:

SI 1 Cut-in speed of the wind machine defined as the wind speed at which
the wind machine begins to produce useful power

SR E Rated wind speed defined as the wind speed at which the wind
machine produces its rated power output

WIND ACAC POWERTURBINE GENERATOR r A OE

SRECTIFIER

TORAG INVRTERAC POWER

A8201017

Figure 41. WIND TURBINE SYSTEMS
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SA SThe time weighted average of the wind speed during a month at the

site. This procedure assumes that wind follows a Rayleigh distri-
bution with parameters "g" - 1 and "c" - 2. The mean wind speed for
system design should he for the worst month of the year at the site

under consideration to ensure that the system will meet the general

requirements of continuous power output.

To determine the capacity factors for the wind turbines, the cut-in speed

(SI) and the rated wind speed (SR) were obtained from the literature search

and the surveys on the wind systems. The mean wind speed (SA) is assumed to

be 8.1 mph, which is the mean (standard deviation of 1.7 mph) of monthly mean

wind speeds for 70 nationwide sites for the month of August. August gener-411y

has the lowest molan wind speeds.

Given the capacity factor of the wind machine, the rated capacity of the

wind machine at continuous power output levels can he calculated with the

following assumptions:

1) nb is assumed at 74%

2) ni is assumed at 4n%

3) One day's electrical energy storage Is assumed for 807 depth of discharge
of batteries regardless of mean wind speed. Thus, a 10-kW continuous

system requires 240 kWh of storage or 300 kWh of batteries.

4) x - 0.5; 507 of the wind machine output goes directly to load, and 50t

goes to storage and then to load.

With a value of SA of 8.1 mph, the rated capacity of the wind tirbine is

19.54 times its continuous power outpot rating (a wind turbine for Inn kW

continuous power output is rated at 1,554 kW).

Note that the capacity factor (CF) is quite sensitive to the mean wind

speed. For example, cases assuming a cut-in wind speed of 7.5 mph and a rAted

wind speed of 23.0 mph and four mean wind speeds of 8.1, in, 12, and 15 mph

were calculated (tabulated below). Consequently, the parameter values

estimated for the wind systems are likely to he overestimated if the mean wind

speed is greater than 8.1 mph and underestimated if the mean wind speed is

less than R.1 mph.
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Rated Capacity of Wind Machine
Mean Wind Speed, Required f or 10 kW Continuous,

mph kW

A.1 155

10 69

12 44

15 29

Technology Status. Vertical axis windi turbines are currently availabl~e

in capacities of 1.5 to 5.n kW. In 1985 they are expected to be available in

capacities through 30.0 kW. In 1990 they are expected to be available in

capacities through 60.0 kW. In 2000 they are expected to be available in

capacities through 100.0 kW.

Horizontal axis wind turbines are currently available in capacities of

1.5 to 250.0 kW. In 1985 they will be available in capacities through

750.0 kW. In 1990 they will be available in capacities through 1000.0 kW.

The primary reasons for the lag in the availability of larger capacity

machines is the lack of an extensive market which would be required to mini-

mize the manufacturing costs.
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Type. Wind turbine systems "Type" parameter values are presented in

Table 54. All wind turbine systems are fixed.

System Acquisition Cost. Wind turbine "System Acquisition Cost"

parameter values are presented in Table 55 and in Figure 42.

Table 54. WIND TURBINE Table 55. WIND TURBINE SYSTEM
SYSTEM TYPE (Fixed) ACQUISITION COST (1980 dollars)

I" I-

C6

1.5 1980 F F 1.5 1980 3.54EO4 3.54E04
1985 F F 1985 3.36E04 .36E04
1990 F F 1990 1. 17£04 3.17EO42000 F F 2000 3.17EO4 .17LO4

5.0 1980 F F 5.0 1980 7.41EO4 .41EO4
1985 F F 1985 7.04EO4 .04EO4
1990 F F 1990 6.67E4 .67£O4
2000 F F 2000 6.67EO4 .67EO4

20.0 1980 CA F 20.0 1980 NCA .00E05
1985 F F 1985 1.90EO5 .90E05
1990 F F 1990 1.80E05 1.80EO5
2000 F F 2000 1.80EO .80E 5

30.0 1980 NCA F 30.0 1980 NCA .75EO5
1985 F F 1985 2.61E05 .61E05
1990 F F 1990 2.48E05 .48EO5
2000 F F 2000 2.48E05 .48EO5

60.0 1980 NCA F 60.0 1980 NCA .86EO5
1985 CA F 1985 NCA . .62E05
1990 F F 1990 4.37E05 .37EO5
2000 F F 2000 4.37EO5 .37EO5

6U0.0 1980 NCA F 00.0 1980 NCA .55EO5
1985 NCA F 1985 NCA 7.17E05
1990 CA F 1990 4 CA 6.49EO5
2000 F F 2000 6.49EO5 b.49E5

250.0 1980 NCA F 250.0 1980 NCA 1.72E06
1985 NCA F 1985 NCA 1.63EO
1990 NCA F 1990 NCA 6.55E06
2000 CA F 2000 .CA 1.55E06

500.0 1980 NCA A 500.0 1980 NCA NCA
1985 NCA F 1985 NCA 3.26E06
1990 NCA F 1990 NCA 1OE06
2000 NCA F 2000 NCA 1.10EO6

750.0 1980 NCA NCA 750.0 1980 NCA NCA
1985 NCA F 1985 NCA .89EO6
1990 NCA F 1990 MCA .51EO6

2000 NCA F 2000 NCA .65,O6
1000.0 1980 NCA CA 00.0 1980 MCA NCA

1985 NCA CA 1985 MCA 89A
1990 NCA F 1990 NCA i.20EO6
2000 NMA F 2000 NCA S.20O6

5000.0 1980 NCA MCA 5000.0 1980 MCA NCA
1985 NCA NCA 1985 NCA NCA
1990 NCA FC 1990 NCA .2010

1990 MCA 14CA 1990 MCA MCA
000 A NCA 2000 MrA
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Figure 42. WIND TURBINE SYSTEM ACQUISITION COST
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Annual Operations and Maintenance Cost. Wind turbine "Annual Operations

and Maintenance Cost" parameter values are presented in Table 56 and in

Figure 43.

Table 56. WIND TURBINE ANNUAL OPERATIONS AND
MAINTENANCE COSTS (1980 DOLLARS)

0, w

9L-4

1.5 1980 1.81E03 1.81E 03
1985 1.42E03 1.42E03
1990 1.38E03 .38E03

2000 1. 38E03 i 38EO3
5.0 1980 5.15E03 5.15EO3

1985 3.91E03 3.91103
1990 3.83E03 3.83103
2000 3.83EO3 3.83103

20.0 1960 NCA 1.87804
1985 1.38E04 1.38804
1990 1.36E04 1.36EO4

2000 1.36804 1.36E04
30.0 1980 NCA 2.76104

1985 2.02E04 2.02Eo4
1990 1.99Eo4 1.99804
2000 1.99E04 1.99EO4

60.0 1980 NCA 5.38EO4
1985 CA 3.94EO4
1990 3.88E04 3.88E04
2000 3.88E04 3.88EO4

100.0 1980 NCA 8.86E04
1985 NCA 6.48EO4
1990 NCA h.29EO4
2000 h.29EO4 6.29L04

230.0 1980 N'A 2.18FOS
1985 NCA 1.UE05
1990 NCA 1.56E05
2000 NCA l. 5E05

500.0 1980 NCA NCA

1985 NCA 3.19105
1990 NCA 3.11EO5

2000 NCA 3.11EO5

750.0 1980 NCA NCA
1985 NCA 4.79EO5
1990 MCA 4.67EO5
2000 NCA 4.67EO5

1000.0 1980 NCA NCA
1985 MCA NCA
1990 NCA 6.23E05
2000 NCA 6.23EO5

5000.0 1980 NCA NCA
1985 NCA NCA
1990 NCA MCA
2000 NCA XCA
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System Efficiency. Wind turbine "System Efficiency" parameter values are

presented in Table 57 and in Figure 44. Wind turbine system efficiency is

defined as-

(Actual system continuous output at mean wind speed of 8.1 mph) f
(Power in wind at 8.1 mph mean wind speed)

where the power in wind takes into account the wind speed distribution.

Table 57. WIND TURBINE SYSTEM EFFICIENCY (%)

A.

1.5 1980
1985 26.5 26.9
1990 26.5 26.9

2000 26.5 26.9
26.5 26.9

5.0 1980 29.9 31.1
1985 29.9 31.1
1990 29.9 31.1

2000 29.9 31.1
20.0 1980 NCA 36.7

1985 36.4 36.7
1990 36.4 36.7

2000 36.4 36.7
30.0 1980 NCA 38.5

1985 38.1 38.5
1990 38.1 38.5
2000 38 385

60.0 1980 38CA 41:8
1985 NCA 41.8
1990 41.3 41.8

2000 41.3 41.8
100.0 1980 NCA 44.4

1985 NCA 44.4
1990 NCA 44.4
2000 4 44.4

750.0 1980 ICA 49.6
1985 NCA 49.6
1990 NCA 49.6
2000 NCA 49.6

500.0 1980 NCA NCA

1985 NCA 49.6

1990 NCA 49.6
2000 NCA 49.6

750.0 1980 NCA NCA
1985 MCA 49.6
1990 MCA 49.6
2000 NCA 49.6

1000.0 1980 NCA NCA
1985 MCA NCA
1990 NCA 49.6
2000 NCA 49.6

5000.0 1980 NCA NCA

19"85 MCA NCA

1990 NCA NCA

2000 A %[,'A _
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Fuel Consumption. Recause wind turbine systems use only the wind as

their "fuel" source, fuel consumption is zero for all system capacities.

Annual Fuel Cost. Annual fuel cost for wind turbine systems is zero

dollars per year.

Life-Cycle Cost. Wind turbine *Life-Cycle Cost" parameter values are

presented in Table 58 and in Figure 45. Because fuel cost is zero, wind

turbines are not sensitive to fuel cost escalation rates. Life-cycle costs

are based on two replacements of the lead-acid battery storage subsystem

during the 2nl year economic analysis period and one replacement of the inver-

ter. Replacement costs include installation at 257 of off-the-shelf eauipment

costs. The batteries and inverter installed when the wind turbine system is

initially installed have an installation cost of 507 of off-the-shelf

equipment costs. Rattery costs are based on lead-acid battery costs in the

year in which system is installed.

Table 58. WIND TURBINE LIFE CYCLE COST

(1980 CENTS/kWh)
I.-

1.5 1960 21.5 21.5
I98a 19.3 19 3
1990 1.6 12.6
2000 18. 12.4

2.0 1980 IS.0 1 .4
1985 13.2 13.2
1990 12. 126
2000 12.6 12.6

20.0 1980 MCA 11.4
1985 9.75 9.75
1990 9.38 9.38
2000 9. 38 9.38

30.0 1980 NCA 190.8

1985 9.15 9.15
1990 8.82 8.82
2000 8.82 8.82

00.0 1980 H 9.98
1985 NCA 8.43
1990 6.11 8.11
2000 8.11 8.11

120.0 1960 NCA 9. 57
1965 NCA 8.05
1990 CA 7.51
2000 7.52 7.51

200.0 1960 CA 9.07
1985 NCA 7..59
1990 NCA 7.30
2000 NCA 7.30

750.0 1980 NCA KA
1965 NCA 7.58
1990 CA 7.29
2000 NCA 7.29

7050.0 1980 CA NCA1965 - 7.56

1990 MCA 7.292000 CA 7.29

1000.0 1960 CA MCA
1985 NCA NCA1990 NC 7.29
2000 WCA 7.29

5000.0 1960 ISCA NCA

1990 ICA NCA
-00I MCA NCA
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Figure 45. WIND TURBINE LIFE-CYCLE COST
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System Volume. Wind turbine "System Volume" parameter values are

presented in Table 59.

Table 59. WIND TURBINE SYSTEM VOLUME (CUBIC FEET)

1.5 1980 1.98E02 3.96E02

1985 1.98E02 3.96E02
1990 1.98E02 3.96E02
2000 1.98E02 3.96E02

5.0 1980 7.00E02 1.40E03
1985 7.00E02 L.40E03
1990 7.00EO2 1.40EO3
2000 7.OOEO2 1.4OEO3

20.0 1980 NCA 1.03E04
1985 5.15EO2 1.03E04
1990 5.15EO2 1.03E04
2000 5.15E02 1.03E04

30.0 1980 NCA 1.85E04
1985 9.2hE02 1.85E04
1990 9.26E02 1.85EO4
2000 9.26E02 1.85E04

60.0 1980 NCA 5.02E04
1985 NCA 5.02E04
1990 2.51E03 5.02E04
2000 2.51E03 5.02EO4

100.0 1980 NCA 1.04E05
1985 NCA 1.04LO5
1990 NCA 1.04E05
2000 3.02EO4 1.04E05

i50.0 1980 NCA 3.H8E05
1985 MCA 3.88E05
1990 NCA 3.8bFE05
2000 NCA 3.88E05

500.0 1980 NCA NCA

1985 NCA 7.76E05
1990 NCA 7.76EtJ5
2000 MCA '.76E05

750.0 1980 MCA NCA
1983 NCA .16EO6
1990 NCA ,.16E06
2000 NCA ..16E06

1000.0 1980 MCA MCA
1985 MCA NCA
1990 MC 1.04E06
2000 MCA 1.04EO6

5000.0 1980 MCA MCA
1985 MCA NCA
1990 NCA MCA
2000 NCA INCA
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System Weight. Wind turbine "System Weight" parameter values are

presented in Table 60. Values for system sizes above 750 kW should he used

with caution because of large variation in data in this range.

Table 60. WIND TURBINE SYSTEM WEIGHT (POUNDS)

1- :

Z.

1.5 1980 9.53EO3 9.53EO3

1985 8.79EO3 8.79EO3
1990 8.50E03 8.50EO3

2000 8.40EO3 8.40EO3

5.0 1980 2.95EO4 2.95EO4

1985 2.72E04 2.72EO4

1990 2.63E04 2.63EO4

2000 2.6CEO4 2.OOEO4

20.0 1980 NCA 9.88E04

1985 9.11E04 9.1IEO4

1990 8.81E04 8.81EO4

2000 8.71EO4 8.71EO4

30.0 1980 NCA 1.42EO5

1985 1.31EO5 L.31EO5

1990 1.27EO5 1.27EO5

2000 1.26EO5 1.26EO5
60.0 L980 NCA 2.68EO5

1985 NCA 2.47EO5

1990 2.39EO5 2.39EO5
2000 2.36E05 2.36EO5

100.0 1980 NCA 4.29EO5
1985 NCA 3.95EO5
1990 NCA 3.82EO5
2000 3.78EO5 3.78E05

250.0 1980 NCA 1.01E06
1985 NCA 9.31EO5
1990 NCA 9.00EO5
2000 NCA 8.90E05

500.0 1980 NCA NCA

1985 NCA 1.86E06

1990 NCA 1.80E06

2000 NCA 1.78E06
750.0 1980 NCA NCA

1985 NCA 2.79E06

1990 NCA 2.70E06
2000 NCA 2.67E06

1000.0 1980 NCA NCA

1985 NCA NCA

1990 NCA 3.82E06

2000 NCA 3.78E06

5000.0 1980 NCA NCA

1985 NCA NCA

1990 NCA NCA

2000 NCA NCA
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Fuel Requirements and Capabilities. Wind turbine systems use no fuel;

they are "fueled" by wind. In areas of high average wind speeds, system size

may be reduced, and system life-cycle cost correspondingly reduceA. Tn areas

with low average wind speeds, system size may have to he increased to ensure

acceptable performance and system life-cycle costs will be increased.

Start-up Time. Wind turbine start-up time is estimated at 10 seconds at

1.5 and 5.0 kW capacities, 1 minute at 20.0 and 30.0 kW capacities, 2 minutes

at 60.0 and 100.0 kW capacities, and 5.0 minutes for capacities of 250.0 kW or

more.

Shutdown Time. Wind turbine shutdown time is estimated at 10 seconds at

1.5 and 5.0 kW capacities, I minute at 20.0 and 30.0 kW capacities, 2 mluites

at 60.0 and 100.0 kW capacities, and 5 minutes for capacities of 250.0 kW or

more.

Reliahility. Wind turbines have an ordinal score of 2 indicating

moderate potential unreliability. Wind turbines are less reliable than

diesels because turbines have moving parts with large mass and experience higb

stresses at high wind speeds.

Environmental Constraints. Wind turbines have an ordinal score of 5,

indicating minimum potential environmental constraints. Wind turbines have

less environmental constraints than diesels. Wind turbines may generate

objectional low-freauency tones.

Location Constraints. Wind turbines have an ordinal score of 3 indicat-

ing average locational constraints. WinJl turbines have a comparable Inca-

tional constraint rating to diesels. Wind availability is the maior

constraint.

Operation Constraints. Wind turbines have an ordinal score of 2 indtcat-

ing poor turn-down capability with large efficiency penalty. Diesels have

better operational constraints. Wind turbines have no overload capability.
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Batteries

There are seven types of batteries of interest in this study, although

none affect the conceptual system configuration: Zn/C12 (zinc-chlorine),

Zn/Br 2 (zinc-bromine), Ni/Fe (nickel-iron), Li-Al/FeS 2 (lithium-aluminum/iron

sulfide), Na/S (sodium/sulfur), Advanced Sealed Lead Acid, Redox Cr-Fe. As

shown, Figure 46, the system consists of a charger and the battery. 1owever,

the charger is shown only because the cost of AC power into the battery (as DC

power) must be adjusted for the efficiency of the charger. The efficiency of

the charger has been assumed at QO%.

The basis of parameter values is delivered capacity, rather than rated,

capacity, after battery allowable depth of discharge is accounted for. lost

hatteries may only be discharged to a fraction of their rated capacity if

acceptable long-term performance and life is to he obtained. Allowahle depth

of discharge is 80% of rated capacity for Ni/Fe, Li-Al/FeS2 , lead acid, and

Na/S. Allowable depth of discharge is 100% of rated .capacity for Zn/Cl2,
Zn/Br2 , and redox.

AC P- DC POWER

AC-POWER -.- CHARGER BATTERY OUTPUT
(Charge) 4 (Discharge)

NOTE: CHARGER INCLUDED ONLY TO ADJUST AC POWER COSTS FOR
CHARGER EFFICIENCY

A62010154

Figure 46. BATTERY SYSTEMS
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Technology Status. Zn/Cl 2 batteries are expected to be commercially

available in 1990. Zn/Br2 batteries are expected to be commercially available

in 1990. Ni/Fe batteries are expected to be commercially available in 1985.

Na/S batteries are expected to be commercially available in 1990. Lead acid

batteries are commercially available. Redox batteries are expected to be

commercially available in 1990. Current research is focused on reducing the

volume and weight of batteries while increasing efficiency and lifetime.

Type. Battery "Type" parameter values are presented in Table 61. Values

are based only on a battery system with a capacity per charge/discharge cycle

of one kWhr.

Table 61. BATTERY TYPE

PARAMETER: TYPE UNITS:Mobile (M)/Transportable / FixedI F )

(at 1 kWhr capacity)

C4 r4.

t5 4 4 noa
U G OU

1980 NCA NCA NCA NCA NCA M NCA
1985 NCA NCA M M NCA M NCA
1990 M M M M M M M
2000 M M M M M M M

System kcquisition Cost. Ratterv "System Acquisition Cost" parameter

values are presented in Table 6?. Values are based on a battery qvstem with a

capacity per charge/discharge cycle of I kWhr.

Table 62. BATTERY SYSTEM ACQUISITION COST

PAI ETER: System Acquisition Cost

UNITS: 1980 Dollars/ kWhr capacity

as.c bt 3  "MSwI Nill U.AIfe 006 lo *A A"d 9"s Cr..

-dAA jE C --- c- A -

1985 NCA 1.35E02 9.76E01 NrA 1.24Eo2 Nr
990 9.601 A. £O 1.35Eo2 9.76EO1 a-&&Pat . £0 75a 1

0 8.66101 6.24E01 1.29E02 9.26E01 8.2nJJ1. *18£0 . 1
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Annual Operations and Maintenance Cost. Battery "Annual Operations and

Maintenance Cost" parameter values are presented in Table 63. Operations and

Maintenance cost is taken as 2% of system acquisition cost. Operations and

maintenance cost values are based on a battery system with a capacity per

charge/discharge cycle of 1 kWhr. Values are based on battery system duty of

2 charge/ discharge cycles per day. Less frequent cycling may result in

reduced operations and maintenance costs.

Table 63. BATTERY ANNUAL OPERATIONS AND MAINTENANCE COST

PARA14ETER: Annual Operations and Maintenance Cost

UNITS: 1980 Dollars/Year per kWhr capacity

SwoostTr I IIL

la/Cl 2  Ia/SkI  li/fe L&*111ed 1  is La kid. b. Cr4.

1980 NCA NCA NCA NCA NCA 3.66 NCA
1985 MCA NCA 2.70 "1, MCA 2.48 JrA
1990 1.9 T. 2.70 1.95 1.73 .L 6 1-
2000 1.73 1.25 1 2.58 I 5 1.65 2. L 1

System Efficiency. Battery "System Rfficiency" parameter values are

presented in Table 64. System efficiency is based on system energy output

divided by system energy input for a complete charge/discharge cycle.

Table 64. BATTERY SYSTEM EFFICIENCY

PARAMETER: EFFICIENCY UNITS: PER CENT

4i4

1960 NCA MCA NCA MCA NCA 79.0 MCA
1985 NCA NCA 65.0 75.0 NCA 82.0 NCA

1990 79.4 71.8 65.0 75.0 82.5 82.0 75.0
2000 83.4 75.4 68.3 82.0 84.0 83.0 78.8
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Annual Electricity Required for Charging. Parameter values are presented

in Table 65. Parameter values are based on a system that delivers one kwhr to

load per charge/discharge cycle, 2 cycles per day, and a 90% availability of

the system.

Table 65. ANNUAL ELECTRICITY REQUIRED FOR CHARGING BATTERIES

PARAMETER: Annual Electricity Required for Charging

UNITS: kWhr

. a

tesalki Sile Ll.411. 0it Lw i d. d .". CC*

191 C NCA N MC 1.25EOCAI 1.03E03 NCA

1990 1.02F+03 1.13EO3 I.25E03 1I.08E01 9.83E02 9.89£02 !. 08EO*

2000 9.73E+02 1.0803 .19103 9.8902 9.66102 9.77102 .Oj0

Annual Cost of Electricity for Charging. Parameter values for

electricity cost based on 1q80 dollars and no real escalation are presented in

Table 66. Parameter values are based on a system that delivers one kWhr to

load per charge/discharge cycle, 2 cycles per day, and a qn% availahilitv of

the system.

Table 66. ANNUAL COST OF ELECTRICITY FOR
CHARGING BATTERIES, 0% FUEL ESCALATION

PARAMETER: Annual Cost of Electricity Required for Charging

UNITS: 1980 Dollars

0 1tTT IIIIE

NCA -r

1990 2.gSnl- -. 151M1 3 aF1m I 3.02EO| ---2O 2.9~i 3 0 1O
00 2.71E01 3.00201 131plE 2.76E01 2,69E01 2.73E01 28240
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Life-Cycle Cost. Parameter values are based on a 20-year system

lifetime, 2 charge/discharge cycles per day, replacements of hatteries when

they have reached the end of their cycle lifetime, and 90% availability of the

system. Life-cycle costs are in Table 67.

Table 67. BATTERY LIFE CYCLE COST

PARAMETER: Life-Cycle Cost

UNITS: 1980 $ per kWhr

I- - I~lATlt3II lS.~,6a a-T I a _ _ _ _ISIe3 war/k " milt. Li~I-WPO fts Le Awk 6" o*CfF

1980 sCA NCA NCA 1.80E-O .NCA
1985 N ,C NCA 6.39E-02 6-70F.02 N A S.48E-O2 CA
1990 - 3.64=-02 5.98E-02 4,2E-02 4.49E-02 7.99-02 2.5q£-022 000 3.9q2E'-_QZ 3.46E-02 5'.65E-02 3.66E-02 3.57E-02 7,59E-02 2.46E-07

System Volume. Parameter values are based on a system capacity of 1 khr

per charge/discharge cycle. Parameter values are presented in Table 6R.

Table 68. BATTERY SYSTEM VOLUME

PAKAMETER: VoIumv

UNITS: Cubic feet/kWhr capaclty

a aT1 9 S

19803 CA MCA NCA MCA X rI , 9.1 MCA

1985 NCA CA 4,88 2.1 M CA 9 o N_
f19 .: .4 4.88 21 , 9.10 66
ZWO 1 4, 55 2.44 4. 1 21 .2 'II 6
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System Weight. Parameter values are based on a system capacity of 1 kWhr

per charge/discharge cycle. Parameter values are presented in Table 6q.

Table 69. BATTERY SYSTEM WEIGHT

PARAMETER: Weight

UNLTS: Pounds/kWhr capacity

U/Cl 2  8./h2  I/- I5 -6l/F.5 2  l/ La" ads SM.. C-F.

1981) NCA NCA NCA NCA .NCA 9.80E0| NC
1985 NCA NCA 5.62E01 2.60F01 NCA 7.36E01 NCA

1990 2.61F.701 4.05E01 5.32E01 2.54W0 3.44EO1 6.76EO! 3.6OEOI
2000 2.44E01 4.O5EOL 4.89EOI 1 236Eo 2.83EO 1 6.28EO1 3.60EOI

Summary. The 1990 values for the above parameters are summarized in

Table 70.

Fuel Requirements and Capabilities. Rattery systems are fueled by

electricity.

Charging Time. Battery systems have a "Charging Time" of 4 hours. They

may be charged more rapidly, hut usually with a penalty on efficiency and

lifetime.

nischarge Time. Rattery systems have a "Discharge Time" of 8 hours.

nischarge times of as little as 4 hours are possible with little negativo

impact on efficiency on lifetime. qhort discharge times negatively impa,-t

efficiency and lifetime.

Reliability. LiAI/FeS 2 and Na/S battery systems "Reliabilitv" have an

ordinal score of 3 indicating average reliability because of their high

operating temperature. ll other battery systems have a score of 4 indicating

moderate reliability.

Environmental Constraints. With the exception of Zn/C1 2 and Zn/Br2 bat-

tery systems, battery systems have an ordinal score of 5 for "Pnvironmental

Constraints" indicating minimum potential environmental constraints. Zn/C12

and Zn/Br2 battery systems have a score of 4 indicating moderate potential

environmental constraint because of potential for release of toxic chlorine

(C12) or bromine (Rr2) fumes.
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Location Constraints. Battery systems have an ordinal score of 3

indicating average locational constraints. They must he located near a source

of electricity. Toxic or explosive gases can be generated; therefore prooer

siting is important.

operation Constraints. Battery systems have an ordinal score of 3

indicating average turn-down capability. They have no overload capabilitv,

except as designed.
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Thermal Energy Storage Systems

There are six thermal storage materials considered in this study:

Olivine Ceramic Rrick, Magnesite Ceramic Rrick, Calcium Chloride Nexahvdrate,

Sodium Sulfate necahydrate, (Glauber's Salt), Sodium Thiosulfate Pentahvdrate,

and Form-Stable Polyethylene. The two brick materials are charged with

electric resistance heating (Figure 47) and operate at temperatures around

1200*F. The latter four materials are phase-change materials and are charged

with a working fluid (Figure 47). The operating temperatures are: Sodium

Sulfate Decahydrate, about 73"F; Calcium Chloride Rexahydrate, about 81°F;

Sodium Thiosulfate Pentahydrate, about 117*F; and Form-Stable Polyethylene,

about 225"F. Although all of these media can be used for space heating, the

Form-Stable Polyethylene is typically considered for use with absorption

chillers.

Technology Status. All media are commercially available except for

Sodium Thiosulfate Pentahydrate, which is expected to be commercial in 1985,

and Form-Stable Polyethylene, which is expected to be commercial in 1990. The

leading system using Sodium Thiosulfate PentahydratL transfers heat to and

from the salt with an immiscible liquid. A way must sill be developed to

prevent emulsification of the liquids and consequent replacement of the

medium. Commercialization of Form-Stable Polyethylene awaits successful

scale-up of the pilot development unit and volume production (estimated to be

greater than 10 million pounds per year) before it can be commercialized.
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A8201013

Figure 47. THERMAL ENERGY STORAGE SYSTEMS
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Type. Thermal energy storage systems are mobile or fixed, as shown in

Table 71.

Table 71. THERMAL ENERGY STORAGE SYSTEM TYPE

PAPA-M'R: TYPE lNITS:Mobile(m)/Transportable (T) Fixed(F)

C0 M M M M

2000 M M M 00
50 1980 H H NCA M M NCA

1985 M M M M M NCA
1990 M M M M M M
2000 M M M M M M

100 1980 M M NCA M M NCA
1985 H H M H M NCA
1990 M H M M M M
2000 M M M M M M

250 1980 M M NCA H H NCA
1985 M M H F F NCA
1990 M ? M H H M
2000 ? H M H H M

500 1980 W M NCA F F NCA
1985 M M M F F NCA
1990 M M M F F M
2000 M M M F F M

1000 1980 H H NCA F F NCA
1985 M M M F F NCA
1990 M M M F F M

2000 M M M F F .1
H500 1980 M M NCA F F NCA

1985 M M M F F KCA
1990 M M M F F M
2000 M M M F F N

H2500 1980 M M NCA F F NCA
1985 M M F F SCA
1990 M M M F F M
2000 M M M F F M

25,000 1980 M NCA F F NCA
1985 H M M F F NCA
1990 H M M F F M
2000 H M M F F M

37,500 1980 F M NCA F F NCA
1985 F M M F F NCA
1990 F M M F F H
2000 F M M F F H

50,000 1980 F H NCA F F NCA
1985 F H H F F NCA
1990 F H H F F F
2000 F H F F F F

250.000 1980 F F NCA F F NCA
1985 F F F F F NCA
1990 F F v F F F
2000 F IF IF IF IF_ F

143



System Acquisition Cost. Acquisition costs are shown in Table 72. Costs

for the year 1990 are shown in Figure 48 for comparison of the media.

Table 72. THERMAL ENERGY STORAGE SYSTEM ACQUISITION COST

pAM4TE: SYSTEM ACQUISITION COST UNITS: 1980 Dollars

C4o U

>
CL C4 0

.C r S

50 1980 503 776 NCA 255 502 NCA
1985 453 698 491 255 313 NCA
1990 453 698 491 255 313 812
2000 453 698 491 255 313 812

100 1980 867 1360 NCA 485 892 NCA
1985 780 1220 842 485 558 NCA
1990 780 1220 842 485 558 1400
2000 780 1220 842 485 558 1400

250 1980 1740 2790 MCA 1130 1880 NCA
1985 1570 2510 1680 1130 1180 NCA
1990 15.70 2510 1680 1130 1180 2780
2000 1570 2510 1680 1130 1180 '2780

500 1980 2870 4730 NCA 2140 3270 \CA
1985 2580 4260 2750 2140 2040 NCA
1990 2580 4260 2750 2140 2040 4460
2000 2580 4260 2750 2140 2040 4460

1000 1980 4590 7830 NCA 4040 5600 NCA
1985 4130 7050 4330 4040 3500 NCA
1990 4130 7050 4330 4040 3500 6710
2000 4130 7050 4330 4040 3500 6710

5000 1980 10600 21900 NCA 17400 18000 NCA
1985 9540 1970o 9300 17400 11300 NCA
1990 9540 19700 9300 17.00 11300 ",95 0
2000 9540 19700 9300 17400 11300 7950

12500 1980 26500 32000 NCA 43500 45000 NCA
1985 23900 28800 23300 43500 28100 NCA
1990 23900 2880o 23300 43500 28100 19900
2000 23900 28800 23300 43500 28100 19900

25,000 1980 53000 64000 NCA 87000 90000 NCA
1985 47700 57600 46500 87000 56300 NCA
1990 47700 57600 46500 87000 56300 39800
2000 47700 57600 46500 87000 50300 39800

37,500 1980 79500 96000 NCA 131000 135000 NCA
1985 71600 86400 69800 131000 84400 NCA
1990 71600 86400 69800 131000 84400 59600
2000 71600 86400 69800 131000 84400 59600t

50,000 1980 !06000 128000 MCA 174000 180000 NCA
1985 95400 115000 93000 174000 113000 NCA
1990 95400 113000 93000 174000 113000 79500
2000 95400 115000 93000 174000 113000 79500

250,000 1980 530000 640000 MCA 870000 900000) NCt
1985 477000 576000 465000 870000 563000 NCA
1990 477000 576000 465000 870000 563000 398000
2000 477000 1576000 146 70o 6000 380
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Operation and Maintenance. Annual O&M costs are shown in Table 73.

These costs are graphed for 1q90 in Figure 4q.

Table 73. THERMAL ENERGY STORAGE OPERATION AND MAINTENANCE COST

PAR ETER: ANNUAL 0 M N COSTS UNITS: 1980 Dollars

* '44

50 1980 2.63 41.10 NrA 7.88 15.50 NCA

1985 2.37 37.00 6 3.8( 7.88 9.69 INCA
1990 2.37 37.00 63.8( 7.88 9.69 24.40

2000 2.37 37.00 63.8( 7.88 9.69 24.40
100 1980 4.98 72.10 NCA 13.10 24.20 NCA

1985 4.48 64.90 109.0( 13.10 15.10 NCA
1990 4.48 64.90 109.0 13.10 15.10 42.00
2000 4.48 64.90 109-0( 13.10 15.1! 42.00

250 1980 11.60 148.00 NCA 24.90 41.40 NCA
1985 10.40 133.00 218.0( 24.90 25.90 NCA
1990 10.40 0 218.0( 24.90 25.90 83.40

2000 10.40 133.00 218.0( 24.90 25.90 83.40
500 1980 21.70 251.00 NCA 38.90 59.50 NCA

1985 19-50 226.00 358.0{ 38.90 37.20 NCA

1990 19.50 226.00 358.00 38.90 37.20 134.00
2000 19.50 226.00 358.00 38.90 37.20 134.00

1000 1980 40.60 415.00 NCA 58.20 80.60 NCA
1985 36.50 374.00 563.0 58.20 50.40 NCA
1990 36.50 374.00 563.0 58.20 50.40 201.00
2000 36.50 374.00 563.80 58.20 50.60 201.00100 1980 174.00 170.00 NCA 97.40 20.20 NCA
1985 14.00 1640.00 C10. 97.40 15.10 NCA

1990 154.00 1040.00 1210.0 97.40 63.10 239.00
2000 154.00 1040.00 1210.00 97.40 63.10 239.01

12500 1980 380.00 1700.00 NCA 244.00 252.00 NCA
1985 342.00 1530.00 303.00 244.00 158.00 NCA
1990 342.00 1530.00 3030.00 244.00 158.00 59.00
2000 342.00 1530.00 300.00 24 .00 158.00 597.00

25,000 1980 691 3390 NCA 487 504 NCA
1985 622 3050 6050 487 315 NCA
1990 622 3050 6050 487 315 1190
2000 622 3050 6050 487 315 1190

37,500 1980 976 5090 CA 734 756 NCA
1985 878 4580 900 734 473 NCA
1990 878 4580 900 734 473 1790
2000 878 4580 9010 734 473 1790

50.000 1980 1240 6780 CA 974 1010 KCA
1985 1120 6100 12100 974 631 NCA
1990 1120 6100 12100 974 631 2390
2000 1120 6100 12100 974 631 2390

150,000 1980 4610 33900 NCA 4870 5040 MCA
1985 4150 30500 60500 4870 3150 XCA
1990 4150 305C 60500 4870 3150 11900

12000 415 30500 16050 47 15o 1190
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System Ef ficiency. All TES systems are presumed to have 957 ef ficien-

cies. This is the thermal energy output divided by the fuel required for

charging.

Annual E~nergy Required for Charging. The annual energy required for

charging the systems are shown by thermal energy capacity in Tahle 74. This

requirement is shown graphically in Figure 50.

Table 74. ANNUAL ENERGY REQUIRED FOR CHARGING THERMAL ENERGY STORAGE SYSTEMS

A? MUAL ENERGY REQUIRED

PARAMTER:FOR CHARGING UIS t

I0 W -
00000000

so ~ ~ 1980 1.2- .2O C .2O .2O
195 19E7I.2. .2O I.u20 I.9u0 NC

50 1980 1.92E07 1.92107 1.CAO 1.92E07 1.92E07 I.CA0

2990 1.92107 1.92E07 1.92E07 I.92E07 1.92E07 1.92E07

100 1980 3.84107 3.84E07 NCA 3.84107 3.84107 NCA
1985 3.84E07 3.84107 3.84107 3.84107 3.84107 NCA
1990 3.84E07 3.84E07 3.84E07 3.84E07 3.84107 3.84E07j
2000 3.84E07 3.81.107 3.84107 3.84E07 3.84107 3.84E07

250 1980 9.61E07 9.61E07 NCA 9.61107 9.61E07 NCA
1985 9.61E07 9.61107 9.61E07 9.61E07 9.61E07 NCA
1990 9.61E07 9.61E07 9.61E07 9.61E07 9.61E07 9.61107
2000 9.61E07 9.61E07 9.61E07 9.61E07 9.61107 9.61107

500 1980 1.92108 1.92108 NCA 1.92108 1.92E08 NCA
1985 1.92108 1.92E08 1.92108 1.92E08 1.92E08 NCA
1990 1.92E08 1.92108 1.92108 1.92E08 1.92E08 1.92E08
2000 1.92E08 1.92E08 1.92E08 1.92E08 1.92E08 1.92E08

1000 1980 3.84E08 3.84E08 NCA 3.84E08 3.84E08 SCA
1985 3.84E08 3.84E08 3.84E08 3.81.108 3.84E08 NCA
1990 3.84108 3.84108 3.84E08 3.84108 3.84E08 3.8-4108
2000 3.84E08 3.84E08 3.84108 3.84E08 3.84E08 3.84108

5000 1980 1.92E09 1.92109 NCA 1.92E09 1.9:E09 NCA
1985 1.92E09 1.92109 1.92109 1.92E09 1.92E09 NCA
1990 1.92109 1.92109 1.92E09 1.92109 1.92E09 1.92E09
2000 1.92E08 1.92E09 1.92109 1.92109 1.92109 1.9Z109

12500 1980 4.80109 4.80E09 NCA 4.80109 4.80E09 NCA
1985 4.80E09 4.80109 4.80E09 4.80109 4.80109 NCA
1990 4.80109 4.80109 4.80E09 4.80E09 4.80109 4.80E09
2000 4.80109 4.80109 4.80109 4.80E09 4.80109 4.80109

25.000 1980 9.61E09 9.61E09 NCA 9.61E09 9.61109 NCA
1985 9.61E09 9.61109 9.61109 9.61E09 9.61109 NCA
1990 9.6110 9.61109 9.61109 9.61E09 9.61E09 9.61109
2000 9.61109 9.61109 9.61109 9.61E09 9.61309 9.61109

37,500 1980 1.44110 1.44E10 RCA l.44E10 1.41.110 NCA
1985 1.41.110 1.1411I0 1.44E10 1.41.110 1.44110 NCA
1990 1.44110 1.44110 1.44E10 1.44110 1.44110 1.44E10
2000 1.44110 1.44E10 1.44110 1.44110 1.44110 1.1411I0

50,000 1980 1.92110 1.92110 NCA 1.92110 1.92110 NCA
1985 1.92110 1.92110 1.92E10 1.92E10 1.92110 RCA
1990 1.92110 1.92110 1.92110 1.92110 1.92110 1.92E10
2000 1.92110 1.92110 1.92110 1.92E10 1.92110 1.92110

250,000 1980 9.61110 9.61110 RCA 9.61110 9.61110 RCA
1985 9.61110 9.61110 9.61110 9.61110 9.61110 NCA
1990 9.61110 9.61110 9.61110 9.61110 9.61110 9.61EI0
2000 9.611101 9.61110 I9.61E11 9.61E11 9.6111 9.61E110
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Annual Fuel Cost. Fuel costs are presented in Table 75. These values

reflect constant 1980 dollars, and are not escalated to account for future

price increases.

Table 75. ANNUAL COST OF ENERGY FOR CHARGING THERMAL ENERGY STORAGE SYSTEMS

ANNUAL COST OF MERCY
REQUIRED FOR CAGING

PA MI_ _R__: UNITS: 1980 Dollars

S'
o 0

1985 0 0 0 157 157 NCA

10 0 0 0 157 157 0

5 00 1 9 8 0 
0 0 M C A 

8 
8 C A

1985 1 1 1

1990 0 00,1 120040 0 0 0 15 15 0
250 L980 0 0 NCA 178 146 MCA

1985 0 0 0 314 314 MCA1990 o 0 08 314 o
2000 0 0 0 314 314 0

50 1980 0 0 NCA 89 91 NCA
1985 o 0 0 157 157 MCA
1990 0 0 0 157 157 0
2000 0 0 0 157 157 0

100 1980 0 0 NCA 1780 178 NCA
1985 0 0 0 3140 3140 NCA
1990 0 0 0 3140 3140 0
2000 0 0 0 3140 3140 0

5000 1980 0 0 NCA 80 840 NCA
1985 0 0 0 3780 3780 NCA
1990 0 0 0 3780 370 0

2000 0 0 0 3780 3780 0
500 1980 0 0 NCA 8910 8910 NCA

1985 0 0 0 15700 15700 NCA
1990 0 0 0 15700 15700 0
2000 0 0 0 15700 15700 0

125000 1980 0 0 NCA 17300 22700 NCA
1985 0 0 0 31300 31300 NCA
1990 0 0 0 31300 31300 0
2000 0 0 0 31300 31300 0

25000 1980 0 0 NCA 4800 4800 NCA

1985 0 0 0 1800 1800 NCA
1990 0 0 0 1800 1700 0
2000 0 0 0 1800 1800 0

17,00 1980 0 0 MCA 8300 8300 NCA
1985 0 0 0 19000 13900 CA

1990 0 0 0 19000 113000 0
2000 0 0 0 19000 1000 0

50,000 1980 0 0 NCA 44600 44600 MCA

1985 0 0 0 786000 786000 NCA
1990 0 0 0 78600 7600 0
2000 0 0 0 78600 78600 0

37,500 1980 0 0 NCi 46800 46800 MCA
1985 0 0 0 18000 18000 NCAJ
1990 0 0 0 18000 171600

L2000 0 0 0 a 1186000 11600
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Life-Cycle Cost. Life-cycle costs are shown in Table 76 and Figure 51.

Table 76. THERMAL ENERGY STORAGE LIFE CYCLE COST

PARAMETER: LIFE-CCLE COST UIlTS: 1980 Dollars/lO
6 

Btu

aC

0 @j . W u
.C C'. a 4 40 =

50 1980 1.37 2.93 NCA 2.81 3.63 NCA

1985 1.23 2.63 2.69 4.32 4.51 NCA
1990 1.23 2.63 2.69 4.32 4.51 2.66
2000 1.23 2,63 2.69 4,32 4.51 2.6b

100 1980 1.18 2.57 NCA 2.75 3.40 NCA
1985 1.07 2.31 2.30 4.25 4.37 NCA

1990 1.07 2.31 2.30 4.25 4.37 2.29
2000 1.07 2.31 2.30 4.25 4.37 2.29

250 1980 0.96 2.11 NCA 2.67 3.14 NCA
1985 0.86 1.90 1.84 4.18 4.21 NCA

1990 0.86 1.90 1.84 4.18 4.21 1.82
2000 0.86 1.90 1.84 4.18 4.21 1.82

500 1980 0.80 1.79 NCA 2.62 2.96 NCA

1985 0.72 1.61 1.51 4.12 4.09 NCA

1990 0.72 1.61 1.51 4.12 4.09 1.46
2000 0.72 1.61 1.51 4.12 4.09 1.46

1000 1980 0.64 1.48 NCA 2.56 2.79 NCA
1985 0.58 1.33 1.19 4.07 3.99 NCA

1990 0.58 1.33 1.19 4.07 3.99 1.10
2000 0.58 1.33 1.19 4.07 3.99 1.10

5000 1980 0.31 0.83 NCA 2.45 2.47 NCA
1985 0.28 0.74 0.51 3.96 3.79 NCA
1990 0.28 0.74 0.51 3.96 3.79 0.26
2000 0.28 0.74 0.51 3.96 3.79 0.26

12500 1980 0.31 0.48 NCA 2.45 2.47 NCA
1985 0.28 0.44 0.51 3.96 3.79 NCA

1990 0.28 0.44 0.51 3.96 3.79 0.26
2000 0.28 0.44 0.51 3.96 3.79 0.26

25,000 1980 0.31 0.48 NCA 2.45 2.47 NCA

1985 0.28 0.43 0.51 3.96 3.79 NCA

1990 0.28 0.43 0.51 3.96 3.79 0.26
2000 0.28 0.43 0.51 3.96 3.79 0.26

37,500 1980 0.30 0.48 NCA 2.45 2.47 NCA
1985 0.27 0.43 0.51 3.96 3.79 NCA
1990 0.27 0.43 0.51 3.96 3.79 0.26
2000 0.27 0.43 0.51 3.96 3.79 0.26

50.000 1980 0.30 0.48 NCA 2.45 2.47 NCA
1985 0.27 0.43 0.51 3.96 3.79 NCA

1990 0.27 0.43 0.51 3.96 3.79 0.26

2000 0.27 0.43 0.51 3.96 3.79 0.26

50,000 1980 0.30 0.48 NCA 2.45 2.47 NCA

1985 0.27 0.43 0.51 3.96 3.79 NCA

1990 0.27 0.43 0.51 3.96 3.79 0.26

2000 0.27 0.43 0.51 3.96 3.79 0.26
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Volume. System volumes are presented in Table 77.

Table 77. THERMAL ENERGY STORAGE SYSTEM VOLUME

PARAMETER: VOLUME UNITS:- Cubic Feet

2C

50 1980 12 14 NCA 8 5 NCA
1985 12 14 7 8 5 NCA
1990 12 14 7 8 5 10
2000 12 14 7 8 5 10

100 1980 24 26 MCA 16 10 MCA
1985 24 26 13 16 10 NCA
1990 24 26 13 16 10 20
2000 24 26 13 16 10 20

250 1980 59 60 NCA 40 22.5 NCA
1985 59 60 33 40 22.5 NCA
1990 59 60 33 40 22.5 50
2000 59 60 33 40 22.5 50500 1980 120 110 NCA 80 45 NCA
1985 120 110 65 80 45 NCA
1990 120 110 65 80 45 99
2000 120 110 65 80 45 99

1000 1980 230 210 NCA 160 90 NCA
1985 230 210 130 160 90 \CA
1990 230 210 130 160 90 200
2000 230 210 130 160 90 200

5000 1980 1200 920 NCA 800 400 NCA
1985 1200 920 650 800 400 NCA
1990 200 920 650 800 400 990
2000 1200 920 650 800 400 990

12500 1980 2900 2100 NCA 2000 860 NCA
1985 2900 2100 1600 2000 860 NCA
1990 2900 2100 1600 2000 860 2500
2000 2900 2100 1600 2000 860 2500

25,000 1980 5700 4000 NCA 4000 1650 NCA
1985 5700 4000 3300 4000 1650 NCA
1990 5700 4000 3300 4000 1650 5000
2000 5700 4000 3300 4000 1650 5000

37,500 1980 8500 5700 MCA 6000 2400 NCA
1985 8500 5700 4900 6000 2400 NCA
1990 8500 5700 4900 6000 2400 74002000 8500 5700 4900 6000 2400 7400

50,000 1980 11000 7400 NCA 8000 3200 NCA
1985 11000 7400 6500 8000 3200 NCA
1990 11000 7400 6500 8000 3200 9900
2000 11000 7400 6500 8000 3200 9900

"50,000 1980 56000 31000 NCA 60000 14000 NCA
1965 56000 31000 33000 40000 14000 4CA
1990 56000 31000 33000 40000 14000 50000
2000 56000 I1000 "nnnI oooo
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Weight. Weights of the various systems are shown in Table 7R.

Summary. The 1990 values of the above parameters are summarized in

Table 79.

Table 78. THERMAL ENERGY STORAGE SYSTEM WEIGHT

PARAMETKIE: WEIGHT UNITS: POUNDS

MO

V 00

%fZ -c8
o 06 e4 CAb a
-C48 a a - i

50 1980 870 840 NCA 230 280 MCA
1985 870 840 580 230 280 MCA
1990 870 840 580 230 280 610
2000 870 840 380 230 280 610

100 1980 1600 1600 MCA 450 560 MCA
1985 1600 1600 1200 450 560 NCA
1990 1600 1600 1200 450 560 1200
2000 1600 1600 1200 450 560 1200

250 1980 3400 3600 NCA 1100 1400 MCA
1990 3400 3600 2900 1100 1400 3000
1990 3400 3600 2900 1100 1400 3000

2000 3400 3600 2900 1100 1400 3000
500 1980 6100 6700 NCA 2300 2700 MCA

1985 6100 6700 5800 2300 2700 MCA
1990 6100 6700 5800 2300 2700 6100
2000 6100 6700 5800 2300 2700 6100

1000 1980 11000 12000 MCA 4500 5400 NCA
S1985 11000 12000 12000 4500 5400 SCA
S1990 11000 12000 12000 4500 5400 1:000

2000 1000 12000 12000 4500 500 12000
5000 1980 39000 52000 NCA 23000 27000 NCA

1985 39000 52000 58000 23000 27000 NCA
1990 39000 52000 58000 23000 27000 61000
2000 39000 52000 58000 23000 27000 61000

12500 1980 77000 120000 MCA 57000 67000 NCA
1985 77000 120000 140000 57000 67000 MC.A
1990 77000 120000 140000 57000 67000 150000
2000 77000 120000 140000 57000 67000 150000

25,000 1980 130000 130000 MCA 110000 130000 MCA
1985 130000 130000 290000 110000 130000 NCA
1990 130000 130000 290000 110000 130000 300000
2000 130000 130000 290000 110000 130000 300000

37.500 1980 160000 300000 NCA 170000 190000 NCA
S1985 160000. 300000 430000 170000 190000 MCA

1990 160000 300000 430000 170000 190000 450000
2000 160000 300000 430000 170000 190000 450000

50,000 1980 200000 390000 MCA 230000 ,260000 MCA
1985 200000 390000 380000 230000 260000 MCA
1990 200000 390000 580000 230000 260000 610000
2000 200000 390000 580000 230000 260000 610000

1985 400000 i600000 [900000 1IO0000 L20me0 %CA
1990 400000 L600000 Z900000 L100000 1200000 I0000
12000 00000 1 600000 00 1 00
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Fuel Requirements and Capabilities. Salt phase-change media can use

solar energy or vaste heat at temperatures up to about 150*F. Olivine and

ceramic brick systems require electricity as fuel for charging. The bricks

could be used in systems designed for direct high-temperature heat storage.

Form-stable polyethylene requires heat at a temperature of about 2250F.

Charge and Discharge Times. The time required to charge calcium chloride

systems is typically 9 hours, for sodium sulfate 7 hours, for sodium thiosul-

fate 7 hours, for olivine brick R hours, for magnesite brick A hours, and for

form-stable polyethylene 13 hours. The time required to discharge calcium

chloride systems is typically 15 hours, for sodium sulfate 7 hours, for snium

thiosulfate 7 hours, for olivine brick 10 hours, for magnesite brick 14 hotirs,

and for form-stable polyethylene 6 hours.

Operation and Maintenance. Calcium chloride systems are very simple to

operate and maintain. They have no moving parts unless a fan is used to

increase the rate of heat transfer. The plastic tubes holding the salt should

not be subjected to temperatures above 1500F. The tubes should he inspected

for breaks, as lifetime is decreased when moisture enters or leaves the

salt. Additionally, the salt is corrosive, although it is compatible with

polyethylene, various plastic films, and drawn and seamed steel.

Some systems uitlizing sodium sulfate and sodium thiosulfate require

pumps or agitation for mixing the hydrate, which adds to their n&M require-

ments. These salts are also corrosive.

The olivine and magnesite systems can operate automatically based on out-

side air temperature, time-of-day, or a signal from the electric utility; they

can also be turned on manually. Moving parts in the system include a fan and

damper mechanism to control air flow.

The form-stable polyethylene system is required to operate at 2250F. Its

operation will probably be automatically integrated with an absorption air-

conditioning system.

Reliability. Systems utilizing olivine brick, magnesite brick, calcium

chloride, sodium sulfate and form-stable polyethylene have moderate

reliability (ordinal score of 4). Sodium thiosulfate systems have average

reliability (ordinal score of 3); this lower reliability is expected because

of more moving parts.

156



Environmental Constraints. All systems are expected to have minimum

potential environmental constraints (ordinal score of 5). There is a

potential for a minor noise problem when fans or pumps are used. There is

also a potential for chemical leaks in the salt-based systems; the salts are

roughly as toxic as table salt.

Locational Constraints. All thermal enrgy storage systems have moderate

locational constraints (ordinal score of 4). For the salt-based systems

electricity may be required for fan or pump operation or charging, depending

on the application. Some systems rely on passive solar gain, in which case

adequate solar insolation must he available at the site.

The olivine and magnesite brick systems require electricity service of

208 volt AC (minimum). Time-of-day electric rates are required for cost

savings.

Operational Constraints. Systems using olivine brick, magnesite brick,

calcium chloride, sodium sulfate and form-stable polyethylene have average

turndown capability (ordinal score of 3). Systems based on sodium thiosulfate

have moderate turndown capability with a moderate efficiency penalty (ordinal

score of 4).
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CONCLUJSIONS

The data presented in this report were provided to indicate the relative

attributes of each of the technologies. The data were gathered during 1991-

1982. Obviously, with developing technologies, the expected performance of

the technology changes over time as more is learned about the technology and

its performance. The key in technology development for competitive systems is

for the developers to change the performance of their technology relative to

competition. Consequently, the data provided here represent the technologies

and the expectations of development during 1981-1982. As the technologies are

developed over time, not only will the absolute values of performance change

but so will future expectations of performance improvements and so will the

relative performance of the technologies.

Recause of this, the data presented here can only represent a starting

point from which the technologies must be continuously monitored to insure

that significant changes in the relative performance of the various

technologies are incorporated into the data hase.
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