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NOTICE

This report was prepared to document work sponsored by the
United States Government. Neither the United States nor its agent,
the United States Department of Energy, nor any Federal employees,
nor any of their contractors, subcontractors or their employees,
makes any warranty, express or implied, or assumes any legal lia-
bility or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product or process dis-
closed, or represents that its use would not infringe privately
owned rights.



FOREWORD

The Cogeneration Technology Alternatives Study (CTAS) was performed

by the National Aeronautics and Space Administration, Lewis Research

Center, for the Department of Energy, Division of Fossil Fuel Utili-

zation. CTAS was aimed at ;providing information which will assist the

Department of Energy in establishing research and development funding

priorities and emphasis in the area of advanced energy conversion system

technology for advanced industrial cogeneration applications. CTAS

included two Department of Energy-. sponsored/NASA-contracted studies con-

ducted in parallel by industrial teams along with analyses and evaluations

by the National Aeronautics and Space Administration's Lewis Research

Center.

This document describes the work conducted by the Energy Technology

Operation of the General Electric Company under National Aeronautics and

Space Administration contract (03-31.

The General Electric Company contractor report for the CTAS study is

contained in six volumes:

Cogeneration Technology Alternatives Study (CTAS), Gereral Electric
Company Final Report

NASA

Contract
Title DOE Number Report No.

GE Vol, 1 - Summary Report DOE/NASA/0031-80/1 CR-159765

Vol. 2 - Analytic Approach DOE/NASA/0031-80/2 CR- 159766

Vol. 3 - Industrial Process Characteristics DOE/NASA-0031-80/3 CR-159767

Vol. 4 - Energy Conversion System Characteristics DOE/NASA-0031-80/4 CR-159768

Vol. 5 - Cogeneration System Results DOE/NASA-0031-80/5 CR-159769

Val. 6 - Computer Dal:, DOE/NASA-0031-80/6 CR-159770
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Section 1

SUMMARY

Cogeneration systems in industry simultaneously generate electric

power and thermal energy. Conventional nocogeneration installations use

separate boilers or furnaces to produce the required thermal energy and

purchase electric power from a utility which rejects heat to the outside

environment. Cogeneration systems offer significant savings in fuel but

their wide spread implementation by industry has been generally limited

by economics and institutional and regulatory factors. Because of po-

tential savings to the nation, the Department of Energy, Office of Energy

Technology sponsored the Cogeneration Technology Alternatives Study (CTAS).

The National Aeronautics & Space Administration, Lewis Research Center, con-

ducted CTAS for the Department of Energy with the support of Jet Propu'-;on

Laboratory and study contracts with the General Electric Company and thvi

United Technologies Corporation.

OBJECTIVES

The objective of the CTAS is to determine if advanced technology

cogeneration systems have significant payoff over current cogeneration

systems which could result in more widespread implementation in industry

and to determine which advanced cogeneration technologies warrant major

research and development efforts.

Specifically, the objectives of CTAS are:

1. Identify and evaluate the most attractive advanced energy
conversion systems for implementation in industrialcogen-
eration systems for the 1985-2000 time period which permit
use of coal and coal-derived fuels.

2. Quantify and assess the advantages of using advanced technology
systems in industrial cogeneration..
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SCOPE

The following nine energy conversion system (ECS) types were evaluated in

CTAS:

1. Steam turbine

2. Diesel engines

3. Open-cycle gas turbines

4. Combined gas turbine/steam turbine cycles

5. Stirling engines

6. Closed-cycle gas turbines

7. Phosphoric acid fuel cells

8. Molten carbonate fuel cells

9. Thermionics

In the advanced technology systems variations in temperature, pressure

ratio, heat exchanger effectiveness and other changes to a basic cycle

were made to determine desirable parameters for many of the advanced

systems. Since coal and coal-derived fuels were emphasized, atmospheric

and pressurized fluid bed and integrated gasifiers were evaluated.

For comparison, currently available non-condensing steam turbines

with coal-fired boilers and flue gas desuifurization, gas turbines with

heat recovery steam generators burning residual and distillate petroleum

fuel and medium speed diesels burning petroleum distillate fuel were

used as a basis of comparison with the advanced technologies.

In selecting the cogeneration energy conversion system configu-

rations to be evaluated, primary emphasis was placed on system concepts

fired by coal and coal-derived fuels. Economic evaluations were based on

industrial ownership of the cogeneration system. Solutions to institu-

tional and regulatory problems which impact the use of cogeneration were

not addressed in this study.

Over fifty industrial processes and a similar number of state-of-

the-art and advanced technology cogeneration systems were matched by

..
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General Electric to evaluate their compar-stive performance. The indus-

trial processes were selected as potentially suited to cogeneration pri-

marily from the six largest energy consuming sectors in the nation. Ad-

vanced and current technology cogeneration energy conversion systems,

which could be made commercially available in the 1985 to 2000 year time

frame, were defined on a consistent basis. These processes and systems

ware matched to determine their effectivtne. ,cs in reducing Fuel require-

ments, saving petroleum, cutting the aonu^.'^ costs of sup plying energy,

reducing emissions, and improving the inuustry's return on investment.

Detailed data were gathered on 80 process plants with major emphasis

on the following industry sectors:

1. SIC20 - Food and Kindred Products

2. SIC26 - Pulp and Paper Products

3. SIC28 - Chemicals

4. SIC29 - Petroleum Refineries

5. SIC32 - Stone, Clay and Glass

6. SIC33 - Primary Metals

In addition, four processes were selected from SIC22 - Textile Mill Pro-

ducts and SIC24 - Lumber and Wood Products. The industry data includes

current fuel types, peak and average process temperature and heat require-

ments, plant operation in hours per year, waste fuel availability,

electric power requirements, projected growth rates to the year 2000,

and other factors needed in evaluating cogeneration systems. From this

data approximately fifty plants were selected on the basis of: energy

consumption, suitability for cogeneration, availability of data, diversity

of types such as temperatures, load factors, etc., and range of ratio of

process power over process heat requirements.

Based on the industrial process requirements and the ECS character-

istics, the performance and capital cost of each cogeneration system and

its annual cost, including fuel and operating costs, were compared with

nocogeneration systems as currently used. The ECS was either sized to

1-3



match the process heat requirements (heat match) and electricity either

bought or sold or sized to match the electric power (power match) in

which case an auxiliary boiler is usually required to supply the re-

maining heat needs. Cases where there was excess heat when matching

the power were excluded from the study. With the fuel variations studied

there are 51 ECS/fuel combinations and over 50 processes to be potentially

matched in both heat and power resulting in a total of approximately 5000

matches calculated. Some matches were excluded for various reasons; e.g.,

the ECS out of temperature range or excess heat produced, resulting in

approximately 3100 matches carried through the economic evaluation. Re-

sults from these matches were extrapolated to the national level to pro-

vide additional perspective on the comparison of advanced systems.

RESULTS

A comparison of the results for these specific matches lead to the

following observations on the various conversion technologies:

1. The atmospheric and pressurized fluidized bed steam turbine
systems give payoff compared to conventional boiler with
flue gas desulfurization-steam turbine systems which already
appear attractive in low and medium power over heat ratio
industrial processes.

2. Open-cycle gas turbine and combined gas turbine/steam turbine
systems are well suited to medium and high power over heat ratio
industrial processes based on the fuel prices used in CTAS.
Regenerative and steam injected gas turbines do not appear to
have as much potential as the above systems, based on GE results.
Solving low grade coal-derived fuel and NOx emission problems
should be emphasized. There is payoff in these advanced systems
for increasing firing temperature.

3. The closed-cycle gas turbine systems studied by GE have higher
capital cost and poorer performance than the more promising
technologies.

4. Combined-cycle molten carbonate fuel cell and gas turbine/steam
turbine cycles using integrated gasifier, and heat matched to
medium and high power over heat ratio industrial processes and
exporting surplus power to the utility give high fuel savings.
Because of their high capital cost, these systems may be more
suited to utility or joint utility-industry ownership.
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5. Distillate-fired fuel cells did not appear attractive because
of their poor economics due to the low effectiveness of the cycle
configurations studied by GE and the higher price of distillate
fuel.

6. The very high power over heat ratio and moderate fuel effective-
ness characteristics of diesel engines limit their industrial
cogeneration applications. Development of an open cycle heat
pump to increase use of jacket water for additional process heat
would increase their range of potential applications.

To determine the effect of the national fuel consumption acid growth

rates of the various industrial processes together with their distribution

of power to heat ratios, process steam temperatures and load factors,

each energy conversion system was assumed implemented without competition

and its national fuel, emissions, and cost of energy estimated. In this

calculation it was assumed that the total savings possible were due to

implementing the cogeneration systems in new plants added because of needed

growth in capacity or to replace old, unserviceable process boilers in the

period from 1985 to 1990. Also, only those cogeneration systems giving

an energy cost savings compared with nocogeneration were imcluded in esti-

mating the national savings. Observations on these result's are:

1. There are significant fuel, emissions, and energy cost savings
realized by pursuing development of some of the advanced tech-
nologies.

2. The greatest payoff when both fuel energy savings and economics
are considered lies in the steam turbine systems using atmospheric
and pressurized fluidized beds. In a comparison of the national
fuel and energy cost savings for heat matched cases, the atmos-
pheric fluidized bed showed an 11% increase in fuel saved and 60%
additional savings in levelized annual energy cost savings over
steam turbine systems using conventional boilers with flue gas
desulfurization whose fuel savings would be, if implemented, 0.84
quads/year and cost savings $1.9 billion%year. The same comparison
for the pressurized fluidized bed showed a 73% increase in fuel
savings and a 29°0 increase in enerq.y cost savings.

3. Open-cycle gas turbines and combined-cycles have less wide appli-
cation but offer significant savings. The advanced residual-
fired open-cycle gas turbine with heat recovery steam generator
and firing temperature of 2200 F were estimated to have a potential
national saving of 39% fuel and 27% energy cost coipared to cur-
rently available residual-fired gas turbines whosdqfuel savings

•	 would be, if implemented, 0.18 quads/year and cost savings $0.33
billions/year.

1-5
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4. Fuel and energy cost savings are several times higher when the
cogeneration systems are heat matched and surplus power exported
to the utility than when the systems are power matched.

Other important observations made during the course of performing

CTAS were;

1. Comparison of the cogeneration.systgms which are heat matched
and usually exporting power to the utility with the power
matched systems shows the systems exporting power have a much
higher energy savings, often reaching two to five times the power
match cases. In the past, with few exceptions, cogeneration sys-
tems have been matched to the industrial process so as not to
export power because of numerous load management, reliability,
regulatory, economic and institutional reasons. A concerted
effort is now underway by a number of government agencies, in-
dustries, and utilities to overcome these impediments and it
should be encouraged if the nation is to receive the fell poten-
tial of industrial cogeneration.

2. The economics of industrially owned cogeneration plants are very
sensitive to fuel and electric power costs or revenues. In-
creased price differentials between liquid fuels and coal would
make integrated gasifier fuel cell or combined-cycle systems
attractive for high power over heat industrial processes.

3. Almost 75% of the fuel consumed by industrial processes studied
in CTAS, which are representative of the national industrial
distribution, have power over heat ratios less than 0.25. As a
result energy conversion systems, such as the steam turbine
using the atmospheric or pressurized fluidized bed, which exhibit
good performance and economics when heat matched in the low power
over heat ratio range, give the largest national savings.
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Section 2

INTRODUCTION

BACKGROUND

Cogeneration is broadly defined as the simultaneous production of

electricity or shaft power and useful thermal energy. Industrial cogen-

eration in the context of this study refers specifically to the simul-

taneous production of electricity and process steam or hot water at an

individual industrial plant site, A number of studies addressing

various aspects of cogeneration as applied to industry have been made

in the last Few years. Most of these focused on the potential benefits

of the cogeneration concept. CTAS, however, was concerned exclusively

with providing technical, cost, and economic comparisons of advanced

technology systems with each other and with currently available tech-

nologies as applied to industrial processes rather than the merits of

the concept of cogeneration.

While recognizing that institutional and regulatory factors strongly

impact the feasibility of widespread implementation of cogeneration, the

CTAS did not attempt to investigate, provide solutions, or limit the tech-

nologies evaluated because of these factors. For example, cogeneration

systems which were matched to provide the required industrial process heat

and export excess power to the utilities were evaluated (although this

has usually not been the practice in the past) as well as systems matched

/to provide only the amount of power requiredby the process. Also, no

attempt was made to modify the industrial processes to make them more

suitable for cogeneration. The processes were defined to be represen-

tative of practices to be employed in the 1985 to 2000 time frame.

C
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The cogeneration concept has been applied in a limited fashion to

power plants since the turn of the century. Their principal advantage

is that they offer a significant saving in fuai' over the conventional

method of supplying the energy requirements of an industrial plant by

purchasing power from the utility and obtaining steam from an on-site

process boiler.

The saving in fuel by a cogeneration system can be seen by taking

a simple example of an industrial process requiring 20 units of power and

100 units of process steam energy. A steam turbine cogeneration system

(assuming it is perfectly matched, which is rarely the case) can provide

these energy needs with fuel effectiveness or power plus heat over input

fuel ratio of 0.85 resulting in a fuel input of 141 units. In the con-

ventional nocogeneration system the utility with an efficiency of 33%

requires 60 units of fuel to produce the 20 units of power and the pro-

cess boiler with an efficiency of 85% requires 118 units of fuel to pro-

duce the required steam making a total fuel required of 178 units. Thus

the cogeneration system has a fuel saved ratio of 37 over 178 or 21%.

In spite of this advantage of saving significant amounts of fuel,

the percentage of industrial power generated by cogeneration, rather

than being purchased from a utility, has steadily dropped until it is now

less than 5% of the total industrial power consumed. Why has this hap-

pened? The answer is primarily one of economics. The utilities with their

mix in ages and capital cost of plants, relative low cost of fuel, steadily

improving efficiency and increasing size of power plants all made it pos-

sible to offer industrial power at rates more attractive than industry

could produce it themselves in new cogeneration plants.

Now with long term prospects of fuel prices increasing more rapidly

than capital costs, the increased use of waste fuels by industry and the

need to conserve scarce fuels, the fuel savings advantage of cogenerating

will lead to its wider implementation. The CTAS was sponsored by the US

Department of Energy to obtain the input needed to establish R&D funding

priorities for advanced energy conversion systems which could be used in

industrial cogeneration applications. Many issues, technical, institutional

f

2-2



and regulatory, need to be addressed if industrial cogeneration is to

realize its full potential benefits to the nation. However, the CTAS

concentrated on one portion of these. ksue^,, namely, to determine from

a technical and economic standpoint the payoff of advanced technologies

compared to currently available equipments in increasing the implemen-

tation of cogeneration by industry.

OBJECTIVE, OVERALL SCOPE, AND METHODOLOGY

The objectives of the CTAS effort were to:

1. Identify and evaluate the most attractive advanced conversion
systems for implementation in industrial cogeneration systems
for the 1985-2000 time period which permit increased use of
coal or coal-derived fuels.

2. Quantify and assess the advantages of using advanced tech-
nology systems in industrial cogeneration.

To select the most attractive advanced cogeneration energy con-

version systems incorporating the nine technologies to be studied in the

CTAS, a large number of configurations and cycle variations were identified

and screened for detail study. The systems selected showed desirable

cogeneration characteristics and the capability of being developed

for commercialization in the 1985 to 2000 year time frame. The advanced

energy conversion system-fuel combinations selected for study are shown

in Table 2-1 and the currently available systems used as, a basis of com-

parison are shown in Table 2-2. These energy conversion systems were then

heat matched and power matched to over 50 specific industrial processes

selected primarily from the six major energy consuming industrial sectors

of food; paper and pulp; chemicals; petroleum refineries; stone, clay and

glass; and primary metals. Several processes were also included from wood

products and textiles.

On each of these matches analyses were performed to evaluate and

compare the advanced technology systems on such factors as:

• Fuel Energy Saved

• Flexibility in Fuel Use
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Table 2-1

GE-CTAS ADVANCED TECHNOLOGY COGENERATION ENERGY CONVERSION SYSTEMS MATCHED
TO FUELS

Steam Turbine

Pressurized Fluid Bed

Gas Turbine
Open Cycle-HRSG
Regenerative
Steam Injected
Combined Gas Turbine/Steam

Turbine Cycle

Liquid Fired

Integrated Gasifier
Combined Cycle

Closed Cycle-Helium Gas Turbine

Thermionic
HRSG
Steam Turbine Bottomed

Stirling

Diesels
Medium Speed
Heat Pump

Phosphoric Acid Fuel Cell Reformer

Molten Carbonate Fuel Cell

Reformer
Integrated Gasifier

HRSG

Steam Turbine Bottoming

Coal Derived Liquids
Coal	 Residual	 Distillate

AFB*	 Yes	 ---

Yes---	 ---

---	 Yes	 Yes
,._	 ._.	 Yes
...	 Yes	 ._.

... Yes ---

Yes

AFB --- ---

FGD* Yes ---
FGD Yes ---

FGD Yes Yes

--- Yes Yes
--- Yes Yes

Yes

--- -- Yes

Yes--- ---

Yes-_- -.-

* AFB - Atmospheric Fluidized Bed
FGD - Flue Gas Desulfurixation

Table 2-2

GE-CTAS STATE OF ART COGENERATION ENERGY CONVERSION MATCHED TO FUELS

Petroleum Derived

	

Coal	 Residual 	̀ Distillate

Steam Turbine	 FGD	 Yes	 ---

Gas Turbine	 ---	 Yes	 Yes

Diesel	 ---	 Yes	 Yes
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• Capital Costs

* Return on Investment and Annual Energy Cost Saved

• Emissions

* Applicability to a Number of Industries.

These matches were evaluated, both on a specific process site basis,

and on a national level where it was assumed that each ECS is applied

without competition nationwide to all new applicable industrial plants.

Because of the many different types of conversion systems studied

and myriad of possible combinations of conversion system and process

options, key features of the study were:

The use of consistent and simplified but realistic characteri-
zations of cogeneration systems

e Use of the computer to match the systems and evaluate the
characteristics of the matches.

A major effort was made to strive for conSi tency in the performance,

capital cost, emissions, and installation requirements of the many ad-

vanced cogeneration energy conversion systems. This was accomplished first

by NASA-LeRC establishing a uniform set of study groundrules for selection

and characterization of the ECS's and industrial processes, calculation of

fuel and emissions saved and analysis of economic parameters such as level-

ized annual energy cost and return on investment. These groundrules and as-

sumptions are described in Section 3. Second, in organizing the study,

as shown in Figure 2-1, GE made a small group called Cogeneration Systems

Technology responsible for establishing the configuration of all

the ECS's and obtaining consistent performance, cost and emission

characteristics for the advanced components from the GE organizations or

subcontractors developing these components. This team, using a standard

set of models for the remaining subsystems or components, then prepared

the performance, capital costs, and other characteristics of the overall

ECS's. As a result, any component or subsystem, such as fuel storage and

handling, heat recovery steam generator or steam turbine, appearing in

F,
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F-

Program	 I	 PROGRAM AND TECHNICAL MANAGEMENT
Review Board	 U Energy Technology Operation

Industrial Applications Tech.	 Cogeneration System Technology
Team Management	 Teem Management
GE Thermal Power Systems	 i!E Corporate Research and

Engineering	 Development

Cogeneration Systems Criteria and
Evaluation

Team Management
GE Energy Technology Operation

Figure 2-1. GE-CTAS Project Organization

more than one type ECS is based on the same model. This method reduces

the area of possible inconsistency to the advanced component which, in

many ECS's, is a small fraction of the . total system. The characteri-

zation of the ECS's is described in Sections 5 and 6. The functions of

obtaining consistent data on industrial processes from the industrial

A&E subcontractors was the responsibility of the Industrial Applications

Technology group and is described in Section 4. Matching of the ECS's

and processes and making the overall performance and economic evaluations

and comparisons was the responsibility of Cogeneration Systems Criteria

and Evaluation. The methodology of matching the cogeneration systems is

detailed in Section 8, the results of the perfo'V-^ ,Iance analysis in Section

9, economic analysis in Section 10, the national savings in Section 11,

and overall results and observations in Section 12.
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Section 3

ASSUMPTIONS AND APPRCACN

GROUNDRULES AND ASSUMMPTIONS

Because of the scope and complexity of the CTAS and the need for a

degree of consistency between the two parallel contractors, a number of

groundrules were specified by NASA-LeRC. In the listing show below

these groundrules are grouped as applying principally to definition of

the industrial processes; energy conversion system (ECS) performance,

capitol cost or emissions; matching the ECS to the industrial processes;

economic analysis of matches; and the national savings when cogeneration

is implemented versus nocogeneration. In establishing many of these

groundrules NASA-LeRC obtained recommendations from DOE and the con-

tractors. In addition to the common groundrules specified by NASA-LeRC,

assumptions were made by the GE contractor. These arr identified as (GE).

Industrial Process Characteristics

In defining the more than 50 industrial processes to be studied in

CTAS the following guidelines and groundrules were followed;

1. Processes be representative of the state-of-the-art which would
be installed in new plants built during the 1965 to 2000 year
time frame.

2. Represent a large national energy consumption and potential for
cogeneration (a principal criterion).

3. Emphasize industrial processes requiring process steam and hot
water. (GE)

4. Use average yearly capacity factors or operating hours and
during the operating times use average electrical load and
process heat requirements. (GE)
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Definition of Energy Conversion Systems (ECS)

During the selection and definition of the performance, capital costs,

and other characteristics of the energy conversion systems the following

groundrules were ,,ed:

1. Advanced energy conversion systems were studied which could be
commercially available in the 1985 to 2000 time frame after an
intensive R&D program.

2. Emphasize energy conversion systems fueled by coal and coal de-
rived liquids with the properties shown in Table 3-1.

3. Design and cost the ECS's to include cleanup equipment required
to meet the emission requirements shown in Table 3-2. When
uncertainty was encountered is to how the emission level specified
could be met, the deficiency was included as a required develop-
ment and a rough cost estimate included in the capital costs.

4. Assume boiler and heat recovery steam generators (HRSG) to have
a boiler feedwater temperature of 170°F. (GE)

5. Set exhaust stack temperatures at 300°F or higher if required
by pinch point requirements, except for fuel cells. (GE)

6. Assume all process and auxiliary boiler efficiencies equal 85%.
(GE)

7. All bottoming turbines; e.g., in the combined-cycle fuel cell
and thermionic are 1465  psis/1000°F turbines. (GE)

8. Do not employ supplemental firing of heat recovery steam--gen-
erators. (GE)

9. Cost commercially available components, islands and balance of
plant items common to more than one ECS using the same perfor-
mance-cost model; e.g., steam turbines, bailers, heat recovery
steam-generators, fuel storage and handling, structures, etc.
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Table 3-1

LiQUiD FUEL', yPl+.tlti.aTloPl`.

Petroleum Petroleum Coal-periled Coal-Derived
N2 Distillate 05 Residual N? Distillate 05 Residual

Sulfur, % wt. .5 .7 15 .1

Nitrogen, % wt. .06 125 .8 nominal 1.0 nominal

Hydrogen, % wt. 12.7 10.8 9.5 nominal 8.5 nominal

Ash, % wt. -- 03 .06 .26

Specific Gravity .85 .96 .95 1105

Viscosity, Centistokes 2.5 40 215 40
at 1000 F

Boiling Range, O F 430-675 $00-800 430-675 500-800
90% pts.

Cetane No. 45 40 45 40

Trace Elements, ppm wt. (order of magnitude)

Vanadium .5 30 .5 2
Sodium 8 Potassium 5	 .5 50 1 20
Calcium 51.0 5 2 5
Lead .5 5 1 5
Iron -- -• 30 30
Titanium -- -- 20 50

High (Gross) Heating
Value, Btu/lb 19,350 18,500 17,700 17,000

Table 3-2

EMISSION LIMITATION GUIDELINES

Emissions from energy conversion systems or auxiliary furnaces shall
not exceed the values shown below:

(All units In Ibs/106 Btu Neat Input)

Fuel Type

Po11u ant , 	Soll_d	 Liquid	 Gaseous(a)

NOx 	0 7	 (b)	 0,2

so x 	 1.2	 0.8	 0.2

Particulates	 0.1	 0.1	 0.1

Smoke	 20 SAE number	 20 SAE number	 20 SAE number

(a) For systems or auxiliary furnaces using LBtu gas produced on . slte from

coal, the solid fuel limitation shall apply.

(b) The NO, limitations for the various liquid fuels Is keyed to the

nitrogen content to the fuel as follows:

Liquid Fuel	 NOx

Petroleum Distillate	 0.4 lbs/106 dtu heat input

Petroleum Residual Fuel	 0.5

Coal-Oerived Distillate	 0.5

Coal-Derived Residual Fuel 	 01

3-3
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Matching of Energy Conversion Systems (ECS) to industrial Processes

When the ECS is matched to an industrial process the following

groundrules were used;

1. Batch the ECS in two ways, (1) match the power requirements of
the process, and (2) match the process heat requirements of the
process. In the power match, if additional heat is required,
an auxiliary boiler is added or, if excess process heat is pro-
duced by the ECS, the match is dropped from further consideration
(GE). In the ECS heat match, if the ECS cannot supply the process
power requirements, the needed power is purchased from the utili-
ty. If excess power is generated by the ECS, it is exported to
the utility for revenue.

2. Nocogeneration case ,assumptions:

• Place principal emphasis on a coal-fired nocogeneration pro-
cess boiler. (GE)

• Process boiler efficiency - 85%. (GE)

• Process boiler type and fuel sized as follows: (GE)

<30 x 106 Btu/yr heat output, petroleum or coal residual

30 x 106 - 100 x 106 Btu/hr heat output, coal AFB

>100 x 106 Btu/hr heat output, coal, flue gas desulfurization

• Waste or by-product fuels converted to heat at various ef-
ficiencies depending on type of waste fuel. Fossil fuel and
by-product fuel assumed to be fired in same boiler. (GE)

• Utility fuel-electric efficiency - 32% including transmission
and distribution losses.

• Process boiler emissions are: lb 106 Btu Fired
NO  sot Part.

petroleum residual-fired boiler 0.22 0.75 0.016

coal-derived residual-fired boiler 0.5 0.8 0.1

AFB coal 0.27 1.2 0.1

• Emissions due to burning 	 ste or by-product fuels are not
included. (GE)
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3. Cogeneration case assumptions:

• Approximate the process steam saturation temperature used to
determine the performance parameters of a cogeneration system
by using the peak temperature in systems consisting of a heat
recovery steam-generator to supply process steam. When the
process steam is extracted from a steam turbine, the weighted
average temperature of multiple process steam conditions is
used.

• In the fuel saved by type calculations assume that the mix of
utility fuel displaced by cogenerated power is 23% gas and oil
and 77% coal. Utility emissions are set equal to specifications
shown in Table 3-2.

• Auxiliary boiler efficiency - 85%. (GE)

• Waste or by-product fuels combustible in all systems that use
coal except for systems with coal gasifier.

• Emissions due to burning waste or by-product fuels are not
included. (GE)

• Minimum size of energy conversion system not observed when
calculating fuel energy or emissions savings. (GE)

Economic Evaluation of Energy Conversion System-Industrial Process Matches

In the economic analysis the following groundrules and values of

parameters were used: ,

1. In the calculation of return on investment (ROI) and levelized
annual energy cost (LAEC) use the detailed methodology prescribed
in NASA "Groundrules for CTAS Economic Analysis".

2. All economic calculations are made on an inflation-free basis.
(Sometimes this is called using constant dollar analysis and in
this report all results are in 1978 dollars. Escalation of par-
ticular expense or revenue above the inflation rate is included).

3. Assume all ECS plants are 100% industrially-owned.

4. Use values of specific parameters in the economic analysis as
shown in Table 3-3.

5. When the maximum practical size of a component is exceeded by
the ECS plant size requirement, site the minimum number of equal
size units which will not exceed ttie maximum size allowed for

.	 the component. (GE)
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or Coal-Derived)
Coal -Derived)

1 °a
1

0!
,o

1%
4.6% (1985-2000)
1.0% (2000-	 )

o/

0
0

Coal
Distillate Oil (Petroleum
Residual Oil (Petroleum or
Natural Gas

Purchased & Exported Power
Limestone
Dolomite

Table 3-3

ECONOMIC ANALYSIS GROUNDRULES
(All Costs are in 1978 Constant Dollars)

Factor

Annual Inflation Rate
Cost of Debt (before taxes) Above Inflation
Fraction of Debt in Capital
Cost of Preferred Equity Above Inflation
Fraction of Preferred Equity in Capital
Cost of Common Equity Above Inflation
Federal & State Income Tax Rate
Tax Depreciation Method
Tax Depreciation Life
Salvage Value
Investment Tax Credit
Local Real Estate Taxes and Insurance
Useful Life of nvestment
First Full Year of Operation
Capital Cost Escalation Rate Above Inflation

Value

0
3%
30%

0
7%

50%
Sum of Years Digits

15 Years
0
10%
3%

30 Years
1990

0

Cost of Fuels, Power & Expendables for 1985 in 1978 $'s

Coal
Distillate Oil (Petroleum
Residual Oil (Petroleum or
Natural Gas
Purchased Power
Exported Power

Limestone
Dolomite

or Coal-Derived)
Coal-Derived)

$ 1.80/106 Btu
$ 3.80/106 Btu
$ 3.10/106 Btu
$ 2.40/106 Btu
$ 0.033/kWh

0.6 x purchase
power rate

$10.00/Ton
$12.50/Ton

Escalation of Fuels & Power Above Inflation

3-6



National Savings Analysis

In estimating indicators of the nationwide fuel and emissions savings

to permit comparison of the various types of ECS's, the following ground-

rules were followed;

1. Potential cogeneration applications consist of new industrial
process plants built from 1985 to 2000 because of the need for
additional capacity or to replace old or obsolete plants. (GE)

2. In comparing ECS's on a rational level, assume each ECS is
implemented independently of all other ECS's.

3-7
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APPROACH USED AND FACTORS CONSIDERED

In the following sections the analysis used to characterize the

energy conversion systems performance and capital cost, their matching

to the industrial process and the evaluation of their matched perfor-

mance and economics will be described.

Energy Conversion System Characterization

The convention for describing process heat requirements has been the

expression of the steam flow requirement in pounds per hour and the gage

pressure at which that steam condenses. A steam turbine cogeneration

system is illustrated in Figure 3-1 to serve as an example of the method-

ology used in this study. The boiler feedwater is brought to 228 F by a

combination of makeup water at 59 F, process return water, and steam sup-

ply to the deaerator heater. For 100% fuel energy fired, of the order of

15% is accounted in stack loss and other system losses. The 85% of useful

energy results in 14% electric power produced and 71% heat to process.

The process temperature level is described by its condensing steam pres-

sure, 135 psi absolute, or conventionally 120 psi gage.

STACK d	 1465 PSIA
LOST	 10000F STEAM

i6%	 I	 i	 1 80%	 /	 I	 14% POWER

	

BOILER I	 I	
TURBINE

FUEL	 I	 D.A.
100% ^i^ ..',^ HEATER

71% HEAT TO PROCESS
AT 3500F, 136 PSIA

	

228°F	 1700E	 PROCESS RETURNS

	

FEEDWATER	 t— 590 E MAKEUP

	

VARIABLE:	 T PROCESS, EXHAUST PRESSURE

	

T!iROTTLE	 EFFICIENCY	 MW RANGE

	

1465 PSIA, 1000O F	 80%	 7.5 100

	

865 PSIA, 825 O F	 78%	 5-50

ADVANCED ART TURBINE GENERATOR NONE
STEAM BOILER ATMOSPHERIC FLUIDIZED BEDS

Figure 3-1. Steam Turbine Cogenerator
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If the steam turbine inlet conditions (Figure 3-1) were held con-

stant at 1465 psia, 1000 F and the steam was expanded to atmospheric

pressure, then a greater amount of turbine output would be achieved per

pound of steam flow. Moreover, the preponderant temperature for the

condensation of the exhaust steam would be 212 F. Now, if that same

steam were expanded to 15 psi gage, less work would be produced, and

the exhaust steam would have a predominant temperature of 250 F.

The characteristic of this steam turbine system is shown in Figure

3-2 for a non-condensing steam turbine cogeneration system with an 80%

efficient steam turbine, an 85% efficient boiler and boiler feed at 170 F.

Steam:or process heat temperature, power, and heat to process all vary as

steam turbine outlet pressure is varied. All parameters are expressed as

fractions of the fuel-fired higher heating value. For the steam turbine

STEAM TURBINE 14ON40NOENSING 1468 PSIA, 1000°F
STM141 STM-TUAW1486110WOF 7.5 MW/100 MW 1978

STEAM SOURCE	 FUEL

CONVENTIONAL BOILER	 COAL WITH FGD, RESIDUAL OIL
ATMOSPHERIC FLUID BEDS	 COAL

1,0

(POWER + HEATPFUEL HHV

0,8

x
HEAT/FUEL HMV

W

0.6
O
2
O
H
V
Q
Q

0.4

0,2	 POWER/FUEL HMV

0	 i
100	 200	 300	 400	 500	 600

PROCESS TEMPERATURE, OF

Figure 3-2. Energy Conversion System Characteristic

L
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the characteristics for power generated and for heat to process are

found to be close to linear as related to process temperature. The sum

of power generated and heat to process was 0.85 at all process tempera-

tures, and equals one minus the energy that was not made useful.

The synthesis of these cogeneration characteristics is readily un-

derstood in the context of the steam turbine cogenerator illustrated in

Figure 3-1. In Figure 3-3 the turbine and the process are shown in the

context of the effect of one pound of steam upon them. Evaluations

start with assignment of the process temperature, TPRO. The steam tables

then provide the saturation pressure for the process - that is the back

pressure on the steam turbine. The isentropic steam turbine expansion

work can then be found; when multiplied by the steam turbine efficiency of

80% the result is the turbine output expressed as Btu per pound of steam

flow. The remainder of the steam energy span of 1353 Btu per pound (from

inlet at 1491 to process return at 138) would be realized as process heat.

The data for a range of process temperatures from 212 F to 500 F were cal-

culated. These data were then correlated by a quadratic least squares

fit to the process temperature:

Btu/lb Turbine Output = 531.85 - 0.856 * TPRO - 80 * 	
PRO 2

01000,

I• STEAM 114M PSIA. 1000 P. 1491.15 HI

H1

TURBINE WORK • 'TURBINE ' HS

it ------ HX - H 1 WORK

PROCESS HEAT TO PROCESS - H X 138

1s 1 170 WATER. IM H)

T PROCESS — PSIAX — HsX

WORK - S31,SS . 0,856 . TPRO . 80 .( TPROI^
way

rR

Figure 3-3. Synthesis of Steam Turbine Cogeneration Characteristic
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Each energy conversion system has its own &.aracterizing curves and

constants and a range of power generation over which it can be applied.

These characterizations and system parameters are presented in a series

of charts for each ECS in Volume TV of the General Electric final report.

Steam Turbine ECS

Figure 3-1 shows a schemat i c of the steam turbine applied to cogen-

eration. The turbine is non-condensing since the entire exhaust steam

flow is utilized as process steam. A condensing section on a cogeneration

turbine would produce power at a lower efficiency than a utility steam

turbine and would appreciably reduce the fraction of fuel energy realized

in power and heat to process. The configuration of the process returns,

makeup water, and feedwater system are detailed in Figure 3-1. The tur-

bine costs were evaluated for a single automatic extraction non-condensing

steam turbine. This selection provides for process steam at two levels

where required, or alternatively for a feedwater heater and auxiliary

steam main for the powerhouse. Two inlet throttle conditions were con-

sidered. The highest economic pressure level of 1465 psia was designated

with the highest normal superheat of 1000 F. These conditions mandate

full demineralization of the boiler feedwater. The lower throttle con-

dition of 865 psia, 825 F was selected to avoid a large cost increment for

high alloy steel superheaters and to use the least expensive feedwater

treatment. The assigned steam turbine-generator efficiencies are within

two points of the range of efficiencies appropriate to the power range of

the units.

The span of steam turbine ratings selected and the chosen steam con-

ditions represent the envelope of economic choices as evidenced by the

industrial turbine application experience of General Electric. More ad-

vanced conditions have been available but the cost increments could not

be justified.

Figures 3-2 and 3-3 show the cogeneration characteristics for

the steam turbine system.

3-11



fi
f

Capital Cost Methodology

It is essential that there is consistency among the capital cost

estimates if economic distinctions are to be made. Three distinco data

sources were used for the basis of costs in this study. Considerable

effort was made to assure that the final cost assemblage for each energy

conversion system represented a complete power plant, including all of

the required elements of an industrial power house, and was consistent

with all the others regardless of the source of data.

A major part of the cost of most systems is in components that are

parts of many other systems. The cost of each component; e.g., a steam

turbine, was based on the same methodology regardless of which ECS it

was a part of. This method of costing helped to assure consistency be-

tween ECS's. The cost of a diesel engine or a small gas turbine, for

example, to be installed in a purchaser's building on purchaser provided

foundations and connected at purchaser's expense is just a small part of

a new "green field" industrial power house with all prerequisite services

and amenitites. For example, a diesel-generator adapted for cogeneration

costs 210 dollars per kilowatt; however, completely installed the cost is

540 dollars per kilowatt, and the entire power house installation would

cost 1000 dollars per kilowatt. The complete power house installed costs

are reported in this study.

To corroborate the level and order of these complete plant costs,

comparisons were made to more detailed evaluations of large installations

such as utility power plants. Corroboration was found in every instance.

Explicit cost evaluation requires detailed build-up to provide con-

fidence in the final estimates. Where only cost estimates are required,

there are techniques that permit extrapolation from data sources of high

confidence with good assurance that the new data is of a high level of

fidelity. These techniques are used for individual equipment and for

complete power plant systems. The concept is that the cost of an entity

does not increase linearly as its size increases. Instead the cost varies
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as the size to an exponent. For example, the appropriate exponent has

been found to be 0.6 for heat exchangers and 0.8 for steam turbine gen-

erators. At some unit size it may become necessary to add multiple

units rather than continue increased unit sizes. Some elements like

fuel cell modules and do to ac inverters and thermionic converters are

small in unit capacity and are always aggregates of numerous modules

with little cost advantage in the conversion system itself as their num-

bers increase. Economics of scale, however, still apply to other com-

ponents of the power plant costs.

For the purpose of this study data were secured at two unit ratings

for equipment cost, direct field material to install the equipment, and

direct field labor to install the equipment. These data were input to

the computer. The computer thereafter compares the equipment size re-

quired to the input data and interpolates costs along a power law fit

of the input data. When the equipment size exceeds the limit of the

input data, additional units are added to reduce the required unit size

and the same search made. This procedure continues until sizes within

the span allowed are found.

The elements that comprise a major sector or island of the energy

conversion system are presented in Table 3-4. The costs developed from

Table 3-4 only include direct costs. Cost adders above these levels are

1% for start-up, 2% for spare parts, 90% for indirect field costs, and

an additional 26% made up of 6% engineering, 15% contingency, and 5% fee.

The resulting multipliers to get total installed costs are presented in

Table 3-5 along with a set of multipliers to derive only the indirect

portion of costs. An example of the capital cost by island report is

shown in Table 3-6. Notice in the footnote of this example that the gas

turbine island equipment cost is $167/kW, its cost including installation

materials and labor is $196/kW and the complete power plant capital cost

is $445/kW.
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Table 3-4
G - TAS I^APJTA6 C01'T,

C ST ISLANDS MASTED L 5T

Maj2r Islands Ac otonts

1.0 Fuel Handling

2.0 Fuel Utilization and
Cleanup

3.0 Energy Conversion

4.0 Bottoming Cycle

5.0 Heat Sink

Major Component Accounts,

1 Gas Metering/Scrubber
2 Gas Storage
3 Gas Pressure Regulation
4 Fuel Oil Unloading
5 Fuel Oil Storage
6 Fuel Oil Transfer
7 Fuel Oil Pump and Heater Set
8 Coal Unloading
9 Coal Storage
10 Coal Preparation
it Coal Transfer
12 Limestone/Dolomite Unloading
13 limestone/Dolomite Storage
14 Limestone/Dolomite Preparation
15 Limestone/Dolomite Transfer

20 Gas -fired Boiler
21 Oil-fired Boiler
22 Coal-fired Boiler
23 Coal-fired AFB Boiler
24 Coal-fired PFB Boiler
25 Coal Gasifier
26 Liquid Waste Boiler

27 Solid Waste Boiler
28 Reformer, Shifter, and Cleanup for Fuel Cells
29 Stirling Engine Combustion and Cleanup
30 Steam Turbine-Generators, Non-condensing
31 Gas Turbine-Generators
32 Diesel Engine-Generators
33 Thermionic Boiler/Generator and Cleanup
34 Stirling Engine-Generators
35 Fuel Cells-Molten Carbonate
36 Fuel Cells-Phosphoric Acid
37 Prime Conversion Bottoming HRSG and Steam

Turbine-Generator
40 Heat Recovery Steam Generators
41 Steam Turbine-Generator, Condensing
42 Organic Vapor Boiler
43 Expansion Turbine-Generators
44 Regenerators, Vapor
-10 Cooling Towers, Wet, Induced-Draft
51 Circulating Pumps
52 Steam Condensers
53 Vapor Condensers
60 Media

61 Containment
62 Heat. Exchangers
70 Heat Exchangers'
71 Heat Recovery/Process Steam Generators

80 Master Control
81 Electric Switchgear and Transformer
82 Interconnecting Piping, Ducting, siring
83 Structures and Miscellaneous
84 Service Facilities

6,3 Heat/Energy Storage

7.0 Process Interface

8,0 Balance of Plant

i
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Table 3-6

C7'-'S CAP"74L CC5 7 STR't C%RF

total Installed "ost

6ouipment	 *	 1 + 0.01 + 0.02) * (1.26)

Material	 *	 (i + 0.01)	 * (1.26)

Direct Labor	 *	 (1 + 0.01 + 0.90) * (1.26)

indirect Cost

Equipment	 *	 0.2979

Material	 *	 0.2726

Direct Labor	 *	 1.4066

Another as pect of the methodology was the derivation of some costs

where detailed evaluations had not been done. An example would be the

residual oil-fired thermionic plant. It was determined that the dif-

ference in cost from oil-fired to coal-fired steam boilers at the same

firing rate should be appropriate for the thermionic units. These dif-

ferences were derived and were applied to the coal-fired data to derive

the costs for the oil-fired thermionic unit. The coal-fired stirling

cycle represented the reverse transition. Cost of the oil-fired unit

was known. The oil to coal cost difference was added to the oil-base

case to determine the coal-fired case.

Data Sources

Two of the energy conversion system costs were derived from the

General Electric study for ECAS (Reference 1.)	 These were the pres-

surized fluidized bed steam cycle plant and the helium closed cycle gas

turbine p lant. As indicated in the previous section, costs for the

thermioni- energy conversion systems were derived on a similar basis from

the General Electric EPRI study (Ref. 2).
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A number of energy conversion systems costs were synthesized from

the data bank used by General Electric in application engineering for

industrial power generation including cogeneration. These included all

nocogeneration boilers firing all types of fuels, both of the package

and of the field erected type, and conventional power boilers providing

steam for turbines. Also, cost of heat recovery steam generators for gas

turbines were from the same source as were industrial steam turbine costs.

The bulk of the advanced energy conversion systems costs were syn-

thesized from data on basic equipment costs. The following were added

to each system to complete the power house assemblage:

Component	 Component_ Description

80 Master Control

81 Electric-Switchgear

82 Interconnecting Piping

83 Structures-Miscellaneous

84 Service Facilities

The stirling cycle costs were produced by General Electric in collaboration

with North American Philips. The costs were then reviewed with the General

Electric locomotive Diesel Engine Department. The molten carbonate and

phosphoric acid fuel cell costs were developed by General Electric in col-

laboration with the Institute of Gas Technology. The integrated gasifier

combined-cycle costs and performance were developed from EPRI reports (Ref.

3, 4) on Coal Gasification Combined-Cycle Systems and internal GE studies.

All gas turbine cost estimates were new evaluations in 1978 dollars for

cogeneration applications, The diesel cost estimates were derived by the

DeLaval Corporation to represent growth versions of current cogeneration

diesel systems. The heat pump for the diesel used cost estimates based on

one of the more expensive air compressors that would satisfy the performance

requirements so than the cost estimates would cover modifications necessary

to handle steam.

Cost Comparisons

Since cost differences are a dominant factor in economic appraisals,

it is essential that costs developed for cogeneration systems have a high
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level of consistency. The smallest plant sizes are subject to the great-

est uncertainty for relative costs. For a comparison of relative costs

an industrial plant having 10 megawatts power demand and 137 million Btu

per hour process heat at 300 F was selected. The capital cost was evaluated

as dollars per kilowatt of electrical power produced after deletion of

the direct and indirect costs of an auxiliary boiler if one was necessary.

Table 3-7 presents the results. The order of listing generally follows

increasing cost. As expected distillate-fired units tend to be least

expensive followed by residual-fired and then coal-fired units.

Table 3-7
:APITAL COSTS FOR 10 MW POWER DEMAND AND 137 MILLION BTU PER HOUR A'' 30C F

(Auxiliary Boiler Cost Deleted)

Enerqy Conversion System

Phosphoric Acid Fuel Cell
Gas Turbine-State-of-the-Art

-Steam Injected
-Combined Cycle
-Advanced
-Regenerative

Steam Turbine-Adv. Boiler

-State-of-the-Art

Stirling Cycle

Diesel	 -Advanced
-Nest Pumped
- State -of- the - Art

Integrated Gasifier Comb, Cycle

Molten Carbonate Fuel Cell
-$team Turbine

Helium Closed-Cycle G.T.

Thermionic
-Steam Turbine

CAPITAL COST, Vk̂ W
Coal Fired Residual Djstil^ ate 

560
775	 655
665
680
695

745

1260-AFB
1540-PFB
1635-FGD	 940

1445-FGD	 845
	

345

980
995
1040
	

1040

1555-G

510

»645-AFB

5660-FGD
	

4410

3450 -Fr,D
	

» 1^Ol^

FGD - Flue Gas Oesulfurization
AFB - Atmos pheric Fluidized Bed
PFB - Pressurized Fluidized BBed
G - Gasifier
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Among distillate-fueled units the phosphor-ic acid -fuel cell and

state-of-the-art gas turbine are the least +•pensive M tQ rnatives at

10 MW rating. For residual fired units several alas turbine alternatives

are least costly, The state-of-the-art residual fired gas turbine is

less costly than the steam turbine, stirling cycle or diesel. For coal

fired units the steam turbine with atmospheric fluidized bed is least

costly followed by the stirling cycle, then the 'PFB steam cycle, the

integrated gasifier combined-cycle, and finally the state-of-the-art

steam turbine plant with flue gas desulfurization. The greatly advanced

cycles are most costly. The source of these oasts are apparent. The

molten carbonate system is complex because of the gas cleanup required

by the fuel cell. The helium closed-cycle features a two-stage AFB

furnace that heats gas over a high temperature span. The thermionic

units are inherently costly notwithstanding the assignment that they

would be manufactured into large panels in the factory in

order to reduce field erection costs.

These data at a low power level represent the highest levels of

costs that are expected. The cost data are of a nature that unit costs

decrease as size and ratings increase. The best sources of comparative

data are at power levels between 400 MW and 1000 MW for complete electric

utility plants. Such plants would tend to be more complex than cogen-

eration power plants. They would incur costs for heat rejection systems

and for low temperature-low pressure elements of their energy conversion

machinery, At the same time they tend to be more efficient. Nonetheless,

one would expect their order of costliness to be similar to that for

cogeneration plants. Hence the major issue is one of order and relative

costs, not of absolute cost level.

Several data sources were available as discussed previously. These

include the General Electric in-depth studies for ECAS and for EPRi. Values

were taken from those studies and adapted to the same basis as the CTAS°

costs. The ascending order of costs and their ratios were corroborated

for the gas turbine, steam turbine with residual boiler and AFB, PFB and

FGD, for the helium gas turbine with AFB and the thermionic-steam turbine

cycle with FGD. These data are presented in the detailed General Electric
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report, Volume IV. The corroboration that has been found indicates that

a consistency exists among the costs that are synthesized for each type

cogeneration energy conversion system in this study. The discipline of

using common components as elements for all systems, of applying a con-

sistent basis for indirect costs, and bringing each system to a common

level of completeness assures that no system has been either favored or

penalized by arbitrary assignment of costs.

Energy Conversion System - Industrial Process Patching Methodology

The evaluation and comparison of various types of cogeneration (ECS's)

is difficult because of the tremendous variations in the energy require-

ments of industrial processes as shown by Figure 3-4. Table 3-8,

which summarizes the performance characteristics of the ECS's

shows they have a very wide range of power over heat ratios, ranging from

0.2 to 2.7. Power over input fuel (efficiency) range from 0.14 to 0.41,

process heat over input fuel from 0.13 to 0.71, and power plus heat over

input fuel (fuel effectiveness) from 0.49 to 0.85, For these reasons

comparisons of the ECS's must be made based upon their performance and

costs when matched to specific industrial processes.

The possibilities considered for matching the ECS's with the pro-

cesses are shown in Figures 3-5 and 3-6. Figure 3-5 represents the case

where the ratio of power to heat of the ECS is greater than that required

by the process. The rdinate of the figure represents power and the

abscissa represents heat. The circled point at the intersection is the

power required by the process. Any point along the sloped line beginning

at the origin and moving upward and to the right represents an energy

conversion system of increasing size, The slope of the line is descript-

ive of the energy conversion system (power/heat ratio) characteristic and

is often dependent upon the temperature at which heat is required by the

process. As is readily observed, when the size of energy conversion sys-

tem is selected to match the power required by the process, the heat

output of the ECS is not sufficient to meet the process needs and an

auxiliary boiler must be used to make up the deficiency.

3-20



IT ,•.,	 :.

J ^
UJ

0'n 
_j

w

w	 w
—r Lr	 p

Q
2m1= w 

x ^^
Q

w
w

D
x CL
w QW G R= w

w a w a V (i
i • .0. 0 -c;,, O d

p

• O

O a

O /OC3O
rl

fie'
h^

^	 ^	 r

lV3H/83MOd

0
4-)

4J

a^

N

NL.
C)

o

u	 ^
Q)x
s.a,
0a.v

r ^ ^
m

	

tD	 ^
O ^

U
N •r

	

LU	 ^'

0

r ^ •r

H ^

	

Q	 ^ fr
	W 	 d1

U

i^-
ro

N
^	 N
r	 uU

0L
o.

ro
S- 0

4-J N
N a1
U

rO
C

1M
w
S-

en
•r
Lt,

3-21



Table 3-8

COGENERATION ENERGY CONY RSION SYSTEM (ECS) PERFORMANCE CHARACTERISTICS

Performance Characteristics at Process Sat.
Steam = 3500F*

ECS ower
Power Power Process .-Heat Process Heat

Current State-of-Art heat F- ue7 Fuel Fuel"

FGD STM TURB - COAL .20 .14 .71 .85

GT-HRSG - RESIDUAL .68 .29 .43 .72

DIESEL-HRSG - RESIDUAL 2.03 .36 .18 .54

Advanced .

AFB STM TURB - COAL .20 .14 .71 .85

PFB ST74 TURB - COAL .32 .21 .64 .84

INT GAS COMB CYCLE - .66 .23 .43 .71
COAL

INT GAS FUEL CELL MC -
STM TURB

STIRLING - COAL

CLOSED CYCLE GT
HELIUM - COAL

THERMIONIC-STM TURB
- COAL

GT-HRSG - RESIDUAL

COMB CYCLE GT - RESID

STM INJ GT - RESIDUAL

DIESEL - RESIDUAL

0 i c"S =L-H" PUMP -
RESIOUAL

REG EN GT - DISTILLATE

FUEL CELL - DISTILLATE

FUEL CELL MC - DIST.

.96 .38 .40 .78

.54 .26 .47 .73

.36 .18 .49 .67

.44 .26 .59 .84

.66 .31 .46 .77

1 .08 .37 .34 .72

2.70 .36 .13 .49

1.75 .37 .21 .58

.78 .33 .43 .76

.85 .33 .39 .72

2.24 .38 .17 .55

1.77 .41 .23 .65

* Performance characteristics of most ECS's varies with process steam tempera-
ture.
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REQUIREMENTS
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Figure 3-5, Matching of Energy Conversion System Output and Industrial
Process Requirements (Power/Heat of ECS Greater Than Required)

aW
S
OW

O
w	 EXCESS HEAT

PROCESS --^_____^/^.
REQUIRED	 REQUIREMENTS--^,

C.
POWER	 THIS CASE NOT

BUY	 CONSIDERED
ELECTRICITY 

`MATCH HEAT

G5`5
`NGP5P5`NC,E `ECS

CHARACTERISTICS

HEAT

Figure 3-6, Matching of Energy Conversion System Output and Industrial
Process Requirements (Power/Heat of ECS Less Than Required)
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When the size of energy conversion system is selected to meet the

heat needs of the process (no auxiliary boiler), more electric power is

produced than required by the process and the excess power must be ex-

ported to the utility.

Figure 3-6 represents the case where the ratio of power to heat of

the ECS is less than that required by the process. When the ECS is sized

to produce the heat required by the process, the power output is less

than the process needs and the deficiency must be purchased from the

utility. In the case where the ECS is sized to produce the power required

by the process, more heat is produced than can be used by the process.

Increasing the ECS size above that for matching heat in this case de-

creases the advantages of cogeneration and this was excluded from further

investigation in this study.

The case where the energy conversion system is sized to meet the

power needs of a process is referred to as aop wer match. Similarly the

case where the energy conversion system is sized to meet the heat needs

of a process is referred to as a heat match.

Fuel Energy Use and Indices of Performance

A knowledge of the methodology used in accounting for the nocogen-

eration and cogeneration fuel energy in the various ECS-process matches

shown in Figure 3-5 and 3-6 is essential to understanding the fuel saved

by cogeneration when compared to a nocogeneration system. This method-

ology is best shown by going through some example calculations for a

steam turbine and gas turbine with a heat recovery steam generator both

matched to a specific industrial process. A medium integrated chemical

plant with the following energy requirements is used in this example:

H = process steam requirements = 1054106 Btu/hr

Tp = process steam saturation temperature = 3660E

P = process power requirements = 77.2 MW or 264x10 6 Btu/hr

P/H = process power over heat ratio 	 = Tug = 0.25
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The performance of a back pressured steam turbine-generator with

	

a coal-fired boiler and flue gas desulfurization (STM-FGD) and of the 	 {

residual fired gas turbine with heat recovery steam generator (GT-HRSG) 	 3

can be characterized by specifying their ratios of delivered power over

input fuel, process heat over fuel and power plus heat over fuel. The

values of these ratios for these ECS's at the process heat steam tem-

perature, 366
0
 F, are:

3

Cogeneration ECS Type	 STM-FGD	 GT-HRSG

{

PE	 ECS power	 0.13	 0.29
FE - ECS fuel

k

H E	 _ ECS heat	 0.72	 0.42
FE - ECS fuel

PE + HE = ECS power + ECS heat	 0.85	 0.71
r	 FE	 ECS fuel

PE	 ECS power
ECS fuel	

0.18	 0.71

HE

a
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... ,hatch Performance

When the cogeneration ECS's are heat matched to this process, the

ECS fuel is:	 STM-FGD 	 GT-HRSG

FE - ECS fuel = H x FE) n 1054 x -tea = 1465x106 Btu/hr;	 1054 x —	 +^ 2486x10 6 Btu/hr
(RE/	 `

and the power :produced by the ECS is:

/	

STM-FGD	 GT-HRSG

PE = ECS power = FE x1	 = 1465x0.13 = 191x10 6 Btu/hr;	 2486xD.29	 721x106 Btu/hrF
l E)

191x106	 721x106	
211 MW--^-

6
	55.8 MW;	 ^--------6

3.413x10	 3.413x10

Notice that the steam turbine ECS with its power over heat ratio of 0.18

supplying a process requiring a power over heat ratio of 0.25 corresponds

to the case shown in Figure 3-6 and when heat matched the ECS produces

less power than required by the process and must buy power from the utility.

The gas turbine ECS with its power over heat ratio of 0.68 is greater than

that of the process and corresponds to the type match shown in Figure 3-5

and in a heat match produces more power than required by the process, so

the surplus is sold to the utility. Purchased or exported (sold) power

to the utility for the two systems is:

STM-FGD	 _	 GT-HRSG

PUTIL ' P - PE	
' 264 - 191 = 73x106 Btu/hr;	 264 - 721	 = -458x106 Btu/hr

73x106	-458x106	
-135 MW

3.413x10	 3.413x10

and assuming a utility efficiency of 0.32, the utility fuel consumed in

the case of the steam turbine cogeneration system or displaced by the gas

turbine system is:

F-"

or

or

GT-HRSG

:^	 _ -1430x106 Btu/hr

STM-FGD

F	

PUTIL	 32	 = 228x106 Btu/hr;
UTIL = nUTIL
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The total cogeneration system fuel is the total fuel required to supply

the power and heat requirements of the process plus the ECS fuel to gen-

erate exported power. In the case of the steam turbine cogeneration

system, its total fuel consumption is that of the ECS plus the utility

fuel for purchased power and that of the gas turbine system is the gas

turbine ECS fuel or:

FCC = cogeneration system fuel - FE+FUTIL

STM-FGD	 GT-HRSG

(F
UTIL ` 0 if P-PE 40)	 - 1465+228	 - 1693x10 6 Btu/hr;	 2486+0	 - 2486006 Btu/hr

A graphic presentation of the fuel consumptions, heat and power produced

and losses by these two heat matched cogeneration systems is shown by the

upper bars in Figure 3-7. The required process power and heat are shown

by the middle bar in these energy-fuel diagrams.

In these fuel calculations the nocogeneration system, consisting of

an on-site process boiler and purchased power from the utility, is sized

to furnish the required process heat and power plus the export power to

the utility. Assuming a process boiler efficiency of 0.85, its fuel con-

sumption is:
	

STM-FGD
	

GT-HRSG

Fb - nocogeneration boiler fuel - h - 1054 = 1240x10 6 Btu/hr;

	

b

	 1240x106 Btu/hr

and the utility power and fuel consumption is:

STM-FGD	 GT-HRSG

P
NUTIL ` nocogeneration utility power - P(if P-P E '0) = 264x106 Btu/hr; PE (if P-PE 4 0) - 721x10 6 Btu/hr

and the utility fuel is: 	 STM-FGD	 GT-HRSG

PNUTTL	 264	 6	 721	 6

FNUTIL	
nocogeneration utility fuel = 	

= ^ 
F 823x10 Btu/hr; —	 2253x10 Btu/hrn

NUTIL
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Total nocogeneration fuel is the sum of the process boiler and utility

fuel or:	
STM-FGD	 GT-HRSG

FNC = nocogeneration fuel = Fb+FNUTIL = 1240+823 = 2063xl( ►6 Btu/hr;	 1240+2253 = 3493x10 6 Btu/hr

The lower bars on the energy-fuel diagrams of Figure 3-7 show these

nocogeneration fuels. In making these calculations care must be taken

to be sure both the cogeneration and nocogeneration systems are sized to

produce the same power and process heat and include the utility as part

of the systems.

A parameter indicating the fraction of the nocogeneration fuel which

would be saved if the cogeneration system were implemented is called fuel

energy saved ratio (FESR) and for these two systems is:

STM-FGD	 GT-HRSG

	

Nocogen fuel - Cogen fuel FNC -FCG 2063-1693	 3493-2486
FESR	

Nocogen fuel	 = FNC = 2063	 = 0.18;	 3493	
0.29

An important aspect of the FESR is that it represents a saving in both the

generation of power and process steam but that the fuel consumption of the on-

site cogeneration plant is higher than either the fuel for the nocogeneration

process boiler or the fuel required by the utility to generate the power.

Another index of the fuel savings of cogeneration systems is called

the incremental fuel chargeable to power (IFCTP) or sometimes just fuel

chargeable to power. The IFCTP is the cogeneration ECS fuel plus auxili-

ary boiler fuel, Fab , (required in some power matches) minus the nocogen-

eration process boiler fuel divided by the power produced by the ECS, or:

STM-FGD	 GT-HRSG

IFCTP a FE +Fab-Fb " (146 5+0-1240)3413 = 486+0-1240)3413
P	 191	

4013 Btu/kWh;	 721	 = 5298 Btu/kWh
E

This incremental heat rate for the cogeneration ECS credits all of the

thermodynamic cycle benefits of cogenerating to the generation of power

and usually results in astoundingly low heat rates. Of course a similar

parameter could be calculated where all of the cycle benefits of cogen-

eration were credited to producing the process heat but the parameter s
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seldom if ever used. As we will see later in the economic analysis of

these systems, the IFCTP is of little interest to the industrial owner

of a cogeneration plant but is of importance to utility manager who is

looking at cogeneration as a means of generating low cost power. Since

the fuel energy saved ratio (FESR) is a measure of the total fuel saved

by the cogeneration system compared to the nocogeneration system when

matched to an industrial process, the FESR was used in CTAS.

Another parameter, the fuel energy saved per unit process heat,

FES , is of interest from a national point of view because the amount

of cogeneration which can be installed is limited by the amount of pro-

cess heat that is required. Values of 
FES 

for these two systems when

heat matched are: 	 STM-FGR	 GT-HRSG

C

FES . fuel energy saved	 Btu = 370 = 0.351,
	 1007 = 0.995

	

TI /	 process 	 head: — - Btu	 T-Ov	 T

and for the power matches:

CFES
r '	 TM = 0.042;	

M = 0.394

Pdwer Matched Cases

Using a similar calculation procedure to that shown above for heat

matches except that the ECS fuelis calculated by process power, P, and

ECS power over fuel ratio, FE , the energy and fuels of the power matched
cogeneration ECS and auxiliary boiler and nocoguneration process boiler

and purchased utility power can be determined. These are shown for the

steam turbine and gas turbine ECS's by the fuel-energy diagrams in Figure

3-7b. Notice that when the steam turbine is matched to supply the required

process power it produces More heat than the process requires, and assuming

there was no other need for process steam nearby, it would be rejected to

the surroundings. As a result, its FESR = 0.02 and IFCTP = 10090 Btu/kWh

are poor. These power matches which produced excess process heat were

excluded from economic evaluations in the study.
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Study of the energy-fuel diagram in Figure 3-7b for the gas turbine

ECS shows that it does not produce the required process heat because of

its high power over heat ratio of 0.68 and an auxiliary boiler must be

added to the cogeneration system. This gas turbine cogeneration system

has an FESR = 0.18 and a IFCTP - 5893 Btu/kWh.

A comparison of the power and heat matched FESR's for a single ECS

shows that they are signficantly higher for the heat matched case and

power is exported to the utility. On the other hand, the IFCTP are equal

in the heat and power match if power matches producing excess heat are

excluded.

The above calculations illustrate the false conclusions which can

be made if just the uninstalled efficiency of the ECS's or a single per-

formance index like IFCTP are used as criteria to judge the desirability

of a type of power plant for cogeneration applications. Determining the

relative advantages of the various ECS's is further complicated because

the strong effect of the relative match of ECS and process power over heat

ratio and the tremendous diversity of industrial processes.

Capital Costs and Cost Parameters

The total installed cost of the above steam turbine and gas turbine

cogeneration and corresponding nocogeneration systems was calculated using

General Electric capital cost models for all subsystems except their ad-

vanced components whose costs were estimated by organizations engaged in

their development. The capital cost of the utility plant to furnish pur-

chased power was assumed to be that of a new base loaded plant at $800 per

kW. The nocogeneration process boiler is coal-fired in these comparisons.

These capital costs are graphically depicted in Figure 3-8 in a similar

format of the energy-fuel diagrams of Figure 3-7 with the gas turbine and

steam turbine heat matched to a medium integrated chemical plant in Figure

3-8a and the power matched in Figure 3-8b.

A comparison of the capital costs of the heat matched gas turbine

and steam turbine systems shows some startling differences. Since the
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STM-FGD	 GT-HRSG

7—W-4° 1.26
	 85.9+0 = 1.47

are:

CCR-'b	
=

b

gas turbine cogeneration system produces 2.7 times as much power as

required, it not only displaces a $58.410 6 process boiler, but $169x105

of new utility plant. The steam turbine ECS, on the other hand, produces

only 0.7 of the power required and must buy the remaining power from the

utility for an added cost to the cogeneration system of $17.410 6 but

still saving costs over the nocogeneration system. So the first con-

clusion is that the cogeneration systems save capital costs over the

nocogeneration systems.

Let's look at the cost savings and some of the other capital cost

parameters for these two systems. First, the capital cost savings (CCS)

are:	
STM- FGD	 GT-H RS G

CCS - Nocogeneration - Cogeneration - 120.1-95.2 = 24.9x10 6 $;	 227.4-85.9 = 141.5x106$

The capital cost saved ratio (CCSR) is defined analogous to the fuel

energy saved ratio and is: 	STM-FGD	 GT -HRSG

Nocogeneration - Cogeneration	 120.1-95.2	 227.4-85.9	
0.62CCSR	

0Cogeneration	 120. T_ 	21;	 2^

both of which are significant savings to the nation. But most cogen-

eration plants are owned by industry and their management is ooly inter-

ested in their on-site capital costs which were expressed as the on-site

capital cost ratio (CCR) of the cogeneration plant which included the ECS

CE , and auxiliary boiler Cab , if required, over the nocogeneration system

on-site cost which is only the process boiler, C b , and for these matches

r.

Another parameter related to capital costs is the incremental capital

chargeable to power (CCTP) which, analogous to the increment. of fuel

chargeable to power, is equal to the capital cost of the on-site ECS,

CE , and auxiliary boiler, Cab , minus the nocogeneration process boiler,

C, over the power, P 	 produced by the ECS or:b	 E
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STM-FGO

GE +C
ab-Cb	 3.413(73.8+0-58.4)106

ICCTP	
P	

--^-	 b276/kW;
E	 190.5x10

GT-HRSG

3.413(85,9+0358.4)106 • $130AW

721x10

A similar analysis was carried out for the gas turbine ECS power

matched to the process and the results are shown in Figure 3»8b. Note

that in this match the ICCTP is:

ICCTP = C
E+Cab" Cb , 3.413(33.4+23.1-58.4)106 n -325/kW
^E	 264x103

The negative ICCTP results from the low cost of the gas turbine ECS and

its oil-fired auxiliary boiler compared to the nocogeneration coal-fired

process boiler. As in the case of incremental fuel chargeable to power,

these incremental capital chargeable to power are astoundingly low and are

of interest primarily to the utility who is looking at cogeneration versus

other new power plant options as an alternate method of generating power.
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Table 3-9

UED RATIOS. INCREMENTAL FUEL A

V—

Gas Turbine w/HRSG

FESR	 CCSR

Steam Turbine

Fuel Energy and Capital	 FESR	 CCSR

Cost Saved atios

Heat Match 0.18 0.21 0.29

Power Match 0.02 ---(1) 0.18

Fuel & Capital	 Charge- IFCTP ICCTP IFCTP

able to Power Btu/kWh /kW Btu/kWh

Heat Match 4013 276 5898

Power Match 10090 ---(l) 5893

Fuel & Capital Saved C FES1 (CCS) FES1

per Unit Process Heat H H H

Btu $ Btu

Btu 10T Btu/hr Btu

Heat Match 0.351 23600 0.955

Power Match 0.042 ---(1) 0.349

On-Site Fuel	 & Capital OSFR OSCCR OSFR

Cost Ratios

Heat Match 1.18 1.26 2.01

Power Match 1.63 ---(1) 1.37

0,62

0.53

ICCTP
/ kW

130

-25

CCCS1
H

$

106 Btu/hr

134,300

60,300

OSCCR

1.17

0.97

Note:
(1) Match dropped because produces excess unusable process heat.
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Economic Evaluation

In the above discussion we saw that while cogeneration saves fuel

ana capital cost, from a national standpoint compared to nocogeneration,

the onsite cogeneration plant has a higher capital cost and fuel con-

sumption than the onsite nocogeneration process boiler. When the cogen-

eration plant is to be entirely owned by industry, the economic criteria

used by industrial management in deciding between alternate methods of

satisfying their power and heat requirements include:

1. Minimum Capital Cost

2. Rate of return on investment (ROI). The rate of return (de-
crease in energy cost) on the investment (increase in capital
cost) must exceed a "hurdle rate" for that industry

3. Minimum cost of energy (levelized annual energe cost - LAEC).

Until recently, industrial management tended to weigh criteria 1 and 2

most heavily in their choice which emphasizes the short term effects.

More consideration is now being given to the longer term trends in fuel

and power availability and the resulting increasing energy costs because

the cost of energy is becoming a significant portion of industries con-

tributed value in producing a product.

In the remainder of this section economic parameters will be defined

which measure the extent the cogeneration systems meet the above criteria

for implementation by industrial owners. As in the discussion of perfor-

mance and costs, the method of analysis will be illustrated for a back

pressure steam turbine with a coal-fired boiler and FGD and a residual-

fired open cycle gas turbine cogeneration system compared with a nocogen-

eration system consisting of a coal-fired process boiler with FGD and

purchased power from a utility.

The complete groundrules used in the economic analysis of industrially

owned cogeneration plants are given in Table 3-3. Some of the key ground-

rules are shown in Table 3-10.
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Table 3-10

ECONOMIC GROUNDRULES FOR INDUSTRIALLY OWNED COGENERATION
(All Costs are 1985 Costs in 1978 Dollars)

Annual Inflation Rate	 0
Cost of Coal	 $1.80/106 Btu
Cost of Residual	 $3.10/106 Btu
Cost of Power	 $0.0330/kWh
Revenue from Power	 $0.0198/kWh
Escalation Rate of Fuel & Power (above

inflation)	 l%/yr
Income Tax Rate	 50%
Depreciation Method	 Sum of Year Digits
Depreciation Tax Life 	 15 Years
Investment Tax Credit	 10%
First Year of Operation 	 1990
Local Taxes and Insurance 	 3%
Economic Life	 30 Years

The detailed economic analysis is shown in Volume 5, Section 9 of the

CTAS Final Report. Because of the use of 0% inflation (or sometimes

called constant dollars) in this economic analysis the values of interest

during construction, fixed charge rate and levelization factor on fuel

and power have the following low values:

Interest During Construction 	 = 0.075

Fixed Charge Rate	 = 0.0706

Levelization Factor on Power and Fuel 	 = 1.1277

Return on Investment (ROI) Analysis

ROI is the discount rate which makes the summation of the difference

in discounted ( ' ) , after tax cash flows for two alternative power plants

(1) The "discounted value" or sometimes called "present worth" value of $1
received 10 years from now in 1978 dollars at an inflation rate of 701
and a cost of capital (interest rate) above inflation of 5% for a total
discount rate of (1+.07) (1+.05) - 1 = 0.124 is

Discounted Value of $1 = 	 ' 10	
0.31

(1.124)

in 1978 dollars. In this study all calculations are done in 1978 dol-
lars, which is another way of saying that the inflation rate is set
equal to zero in all calculations unless specifically noted.
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over their economic life equal their difference in capital cost. In this

study, cash flow, S
j
, is calculated for each year of operation over the

ecnonomic life, n, of the plant and is defined as:

Si = Cash Flow - Revenues - Cash Operating Expenses - Income Tax	 (1)

where the income tax is

Income Tax - Income Tax Rate (Revenues - Cash Operating Expenses
- Tax Depreciation) - Investment Tax Credit 	 (2)

The definition of ROI defined above can be expressed algebraically

as the value of ROI which satisfies the equation:

n

C	
- C
	 -	 (Sj)COGEN - (S j ) NOCOGEN	 (3)

COGEN	 NOCOGEN	
(1 + ROI)j

j=

where

CCOGEN	
= Capital cost of cogeneration system

C
NOCOGEN = Capital cost of nocogeneration system

j	 = Years of plant operation = 1, 2, 3, etc. to 30

n	 = Economic Life = 30 years

Cash flows for the nocogeneration base case, S. NOCOGEN , and alternate
^ 

cogeneration system, Si 
COGEN' 

are calculated for each of the 30 years

of operation by substituting these values into Equation (2) to obtain the

income tax and Equation 1 for the cash flow. Revenue is from the sale of

excess power (if any) to the utility and cash operating expenses include

fuel, purchased power, operating and maintenance and local taxes and in-

surance. Cost of capital is not included as an operating expense and is

included as part of the ROI (2) . Different values of trial ROI's are used

to calculate the sum of the "discounted" differential cash flows until,

(2) The ROI calculated in this report is based on zero inflation and v,,
be converted to an ROI i with inflation at any rate, i per year,
the expression

ROI i = (1+ROI)(l+i)-1
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by iteration, the value of ROI is found which makes the total discounted
differential cash flows equal the difference in capital cost. This it-
erative calculation for ROI is best done by a computer although we'll see

below a graphical approximation which is very helpful in understanding

some of the interaction of the various cost components on ROI.

The ROI's for the heat and power matched gas turbine with heat re-

covery steam generator (GT-HRSG) and coal-fired steam turbine with flue

gas desulfurization (STM-FGD) compared with a nocogen coal-fired and

residual-fired process boiler are shown in Table 3-11.

Table 3-11

RETURN ON INVESTMENT (ROI) FOR INDUSTRIALLY OWNED COGENERATION STEAM TUR-
BINE - COAL-FIRED BOILER OR RESIDUAL-FIRED GAS TURBINE WITH HRSG APPLIED

TO MEDIUM INTEGRATED CHEMICAL PLANT

Nocogeneration	 Type	 Steam Turbine Gas Turbine-HRSG
Base Case	 Match	 Coal - FGD	 Residual

Coal-Fired Process Boiler	 Heat	 45%	 0%

Power	 --	 -62

Residual-Fired Process 	 Heat	 35	 13
Boiler	 Power	 --	 24

As we will see in later discussion the primary reason that the gas

turbine-HRSG does not have a good ROI when the nocogen boiler is coal-

fired is the much higher cost of the gas turbine residual fuel compared

to that of the coal for the nocogen process boiler. When the gas turbine-

HRSG is compared to the residual-fired nocogen boiler and both systems are

using the same high priced residual, the gas turbine gives good ROI's.

Levelized Annual Energy Cost (LAEC) Analysis

t The levelized annual energy cost is defined as the minimum constant

revenue required each year over the life of the power plant to cover all

expenses, the cost of money and recovery of the initial investment. This
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calculation of LAEC is often referred to as the "utility method" cost

calculation and includes the cost of capital, recovery of investment,

income tax, depreciation, local real estate taxes, fuel and operating and

maintenance costs and the cost of purchased power or revenue from exported

power in the units of total energy system costs in 1978 dollars per year,

The LAEC is equal to:

LAEC - levelized fixed charges
	

(4)

+ levelized operating costs

- levelized revenues

The levelized fixed charges (LFC) are analogous to the annual mort-

gage payments an individual makes on his loan to purchase his house ex-

cept that factors are included to take into account the tax deductions

for interest, depreciation and investment tax credit. The levelized

fixed charges (LFC) are calculated by the equation:

LFC - C x FCR	 (5)

where

FCR = fixed charge rate

C = capital investment.

For the economic groundrules used in CTAS including zero inflation, the

fixed charge rate is 0.0706. If an inflation of 6.5% is included as well

as local taxes and inflation, the FCR is 0.167. A detailed discussion of

this low value of FCR and details of the LAEC calculation are given in

the Final CTAS Report, Volume V, Section 9.4.

Levelized Operating Expenses and Revenues

The operating expenses or revenue over the operating life of the

power plant are levelized to account for their escalation. This level-

ized cost is the average annual constant payment during the life of the 	 f

plant required to meet these escalating expenses. Levelization factor
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the ratio of the levelized expense divided by the expense in the first

year of operation and is calculated for a particular expense item by sum-

ming the present worth, using the cost of capital, of each years' expense

over the economic life of the power plant and then multiplying by the

capital recovery factor for the cost of capital and years of economic life.

The equation for the levelization factor is:

LC	 CRFm' n
LF = T_F n

where

LF = levelization factor

LC = levelized expense

Qo = expense during first year of operation

m' = after tax cost of capital = 0.0535

n = economic life of plant = 30 years

k = ^ - 1 = 0.043'

e = escalation rate of expense = 0.01

CRFMI
,n
 = capital recovery factor at m'interest for n years (3)

	

_ m'(,+m , ) n	 0. 0535(1.0535)30 
= 0.0677

	

(1^

	

(1.0535)30-1

CRF	 = k l+k 
n	

0.0437(l.0437) 30 = 0.0600
k,n	

(1+k)n-1	 (1.0437)30-1

LF	 0.0677 = 1.1277
0.0600

Because these levelization factors can be very large for even 10% total

escalation rates as shown in Figure 3-9, it is very important in comparing

(3) The capital recovery factor is the yearly equal installment payment to
repay a $1 loan at m'interest over n years.

r

(6)

3-43



0.0
9.0
8.0
7.0 —j 1`
6.0

5.0

4.0

3.0 0

2.0 J
W
5W
J

1.0

COST OF C
OR DISCOUNT

m'

PITAL
RATE

.05

lu

.15

f

R

.05 _10	 .15

ESCALATION RATE OF EXPENSE - e 

Figure 3.9. Levelization Factors for Range of Expense Escalation
Rates and Costs of Capital (Economic Life = 30 Years),
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levelized costs to understand the groundrules on inflation and the es-

calation above inflation of the expense or revenue. In CTAS the inflation

rate was set at zero and only the escalation of the expense or revenue

above the inflation rate is used to give a levelization factor of 1.128
on oil, coal, and electric power prices.

This levelized operating cost and revenue portion of the LAEC of

equation (4) is:

Levelized Expenses - local taxes and insurance	 (7)

+ operating and maintenance

+ purchased fuel

+ purchased electricity

- revenue from export power

The levelized annual energy costs for the steam turbine and gas tur-

bine heat and power matched to the medium integrated chemical plant are

shown in Table 3-12 along with a nocogeneration coal-fired boiler as well

as a residual-fired boiler. Notice the very large effect fuel and power

costs have on the total LAEC. The table also shows the levelized annual

energy cost swings ratio (LAECSR) which is'defined a:

LAECSR M 
LAEC

NOCOGEN - 
LAEC

COGEN	 ($)

L NOCOGEN

and values are shown for both the coal-fired and residual-fired nocogen

boilers.

Selection of Cogeneration Systems Based on Economic Criteria

In the introduction of this section the economic criteria used by

industrial management in deciding between alternate methods of satisfying

their process heat and power requirements were low capital cost, a return

on investment which exceeded the industry's "hurdle rate" and minimum cost

of energy.

A graphic method of portraying these economic parameters, their re-

lationships and the application of the above selection criteria is shown
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in Figure 3-10. Coa l, and oil-fired nocogeneration and coal-fired steam

turbine and residual-fired gas turbine cogeneration systems all matched

to a medium integrated chemical process are plotted at the intersection

of their LAEC and capital cost of this graph, A very important character-

istic of this graph is that the ROI is a function of the slope of the

line connecting any two power plant alternatives plotted on this graph.

This correlation was used to derive the "ROI Protractor" shown on Figure

3-10.

The first criterion in selecting a power plant to meet the energy

requirements of the industrial pre4ess is minimum capital cost and, in

this example, is represented by power plant A, a liquid-fired nocogen-

eration boiler and purchasing the required power from the utility. The

next higher capital cost alternative with a lower LAEC is cogeneration

oil-fired system B having a modest savings in LAEC at a considerable in-

crease in capital cost and giving a ROI of 24% on the increase in incre-

mental investment over system A, and other, factors being equal, would

almost always be selected over system A. The next higher capital cost

system with lower LAEC is system C, the coal-fired nocogeneration boiler

and has an ROI = 100% on the incremental investment between C and B.

System D gives a significant reduction in LAEC over C at considerable in-

crease in capital cost but yields a ROI = 45% on the incremental increase

in capital cost. System E would not be considered because its LAEC and

capital cost are higher than D's. Therefore, if other factors were equal

and the high capital cost could be obtained, system D would be selected.

If there were additional alternatives to be considered, they would be

added to the plot and the process continued until the ROI of the next

alternative is less than the "hurdle rate" established by management.

This plot is also very convenient in seeing the effect of changes in

capital, fuel or power costs. Using the data in Table 3-12, the effO..,,.t

of increasing the fuel cost 50% for system A is shown by point M, system

B by point N and system E by 0. The slope of the line connecting M and N

shows this fuel price increase reduces the ROI from 24100 to 7%. The effect

of a 50% increase in the price of power on the relative economics of systems
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A and B can be seen finding the RX = 47% of th- line X-B (system B is a

power match and purchase; no powe r ). The effect on system A and E may be

seen by connecting X-Y to give an increase in R01 from 13% to 36%. Note

in the latter case system E exports surplus power to the utility and,

since the revenue received for export power is assumed to be 0.6 times

the cost of power, system E's LAEC is reduced because of the 50% increase

in power cost.

These examples show the care which must be taken in making economic

analyses involving the use of ROI because it is based on taking the dif-

ference in capital and operating costs and as a result is very sensitive.

The graphical presentation shown here is very helpful in analyzing sensi-

tivities and selecting, based on their economics, the cogeneration system

which best meets the above industrial management criteria.
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Section 4

COMPUTER SYSTEMS ANALYSIS

INTRODUCTION

The computer system designed for CTAS was used extensively in Task II

through Task VI for the analysis of all cogeneration options addressed in

the study. The objective of this section is to describe how the computer

system was used in this study. In the discussion that follows the process

and economic data bases are described, the computer program logic and sys-

tem flow charts are described where necessary, and typical reports are

shown.

PROCESS DATA BASE

An extremely large volume of data was gathered during the process

characterization of Task II. The computer system flow chart for handling

the Task II process data is shown in Figure 4-1. Specific items (Table

4-1) needed for the systems analysis were extracted from this data and

entered into the process data base using the form shown in Table 4-2.

Creating and Updating

The computer program NEWPROC creates the data base by using questions

and answers at a timesharing terminal. Updates to the data base utilize

the same input form (Table 4-2'. :sid are processed through program CMGPROC.

This results in specific change; to specific processes. The output of

this program contains only those process descriptions updated so that the

updated processes may be verified before merging with the entire data

base. Program PROWS updates each process with a general change.
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/TSX2/
NEWPROC

SAVE
DATALL^

RPRTI	 /TSK2/
RPRT1 DATALL

/TSK2/ /TSX2/ /TSX2/ /TSX2/
RAR,1 GEN 2 . 1 DATMNT

CSGPROC
PROCMAS

v ras • s

TO TASK
/TSK2/ 3
DATAVG RPRT2 RPRT1 RPRT1

LIST

/TSK2 / OLD DATALL# OLD RPRTl
GEN 2 . 2 REPORT 2 . 1 RPRT1 SAVE DAT

RESAVE DATALL

RPRT2

LIST

2.2

t

REP=
Y

Figure 4-1. Industrial Process Data Handling - Data Base Creating,
Updating and Reporting

F
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I .,	 T

Table 4-1

CONTENTS OF CTAS PROCESS DATA BASE

SIC Code.

Process Description.

Product.

Plant Size.

Steam Requirements (maximum of 3):
return.

flow, psig, % return, temperature of

Other Heat to Process: Description, Btu/hr, temperature.

Operational Time: Hr/yr.

Large Horsepower Loads: Number, horsepower, type drive.

Waste Heat Streams (maximum of 3): Type, flow, temperature, service.

Fuel: Type and quantity (maximum of 2).

By-Product Fuel: Type and quantity.

Number of New Plants.

Process Status.

Anticipated Changes.

Plant Size in 1978 and 2000.

Economic Criteria for Investment and Hurdle Rate.

Industrial Investment Level in 1985 to 2000.

National Capacity in 1978 and 2000.

National Energy Consumed in 1978, 1985 and 2000.

Cost of Energy as Percent of Operating Cost.
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Table 4-2

CTAS DATA INPUT FORM

SIC Code

Process

Change Code

1 Description

2 Plant size

3 Plant Uhl
4 KWAVG, KWPEAK

Steam Loads	 1.
Flow,PSIG,i,Temp. 2.

	

3.	 •	 . ^•

6 Other:Type,BTU,Temp.

7 perating Hours/Yr

8 l arge HP : N , Tota 1, Type
9 Waste Heat : Type , Flow,T,Sery 1.

3.	 •	 •	 •

10 Fuels : Type , Qty 1.

2.

3.

11 Number New Plants

12 Economic Criteria
ROI

13 Capital Invest :$, X10**

4 Old or New

S National Capacity : 78,2K,UM

Process Changes

Growth ($)

National Energy:78, 85, 2K	 ,	 ,	 (BTU/HR*l0**12)
Plant Size : 78,2K,UM	 ,	 •

Cost of Electricity

V Ends this process i writes
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Reports From Process Data

Two reports are generated from the process data base. Program GEN2.1

generates a detailed report of all data stored for this process. Figure

4-2 shows a typical page from this report. This program (GEN2.1) operate,

on the entire data base or on a portion of the data base containing only

those processes recently updated.

Program GEN2.2 generates a summary report of the process data to be

used in matching the ECS performance curves in Task III. Figure 4-3 shows

one page of this summary report, The contents of this report are des-

cribed in Table 4-3. This program reads a file created by a program (BAR1)

that reads the process data base, accesses the steam tables and generates

the reduced process data file for ECS matching.

ECONOMICS DATA BASE

The Economics Data Base is developed in three steps:

1. Fuel savings evaluation

2. Capital cost estimating

3. Return on Investment (ROI) and Levelized Annual Energy Costs (LAEC)
analysis

The computer system flow chart for steps 1 and 2 is shown in Figure 4-4.

Fuel Savings Analysis

The first step in establishing the economics data base is matching

each process against each potential ECS-fuel combination (computer program

MAPANL). (Each match of a process and ECS-fuel combination is called a

case.)

ECS Characteri!^ ,tfa°;:sy TabletiW ^^

The data for each ECS is described in Table 4-4 and reported in

Figure 4-5.	 A glossary of the ECS abbreviations used in Figure 4-5 and
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/TSK2/
DATAVG

FROM TASK /CTAS/
2 TABLES

/TSK3/
MAPANL

RPRT2

LIST RPRT3	 all
matches

REPORT 3.1
FUEL ENER
SAVED

/TSK4/	 OPTIONAL

COSTANL

RPRT2

all failure
RPRT3A i excess

heat cases
dropped LIST

REPORT 4.1
TO TASK'' DETAILED
5 COSTING

Figure 4-4.	 ECS Performance and Capital Cost Data Handling - Process
and Performance Matching and Capital Costing

4-8



1	 1
I	 om Q oW

' o t!• !*Ra- oco. AO?'Q?i0t+ 0}O M mom C^oi4A OOCOO M0cr.0(rJmIMC►.+MOOl-CC,T Q',C.Crl

	

O	 hhhAhhf•hf\l+hhh^.hhhhhhhhPhhhAhnhn/^, hh.r hhf'^h/`•hnh•hAM
•	 W 'y	 I	 I,	 I	 g	 I	 t,	 1	 1	 • 1 	 I	 I	 l	 I	 I	 1/(	 i	 f	 1	 1	 1	 1	 1	 i 	 i	 i!	 I	 I	 I	 I	 I	 r	 1	 I	 1	 1	 r	 r

	

H ce ,	.CIE Ii W, %'1	 . 10 .6 	 .lO.41, .14	 0•D •G^ IS•.t^.10 "1 ^JJ 1 141 * •tI. .4,, t	 .0 .0 ^' i'-
r
., .G •C• •U f`J •:,

	

42
Q •-	 w CJ CJ N tJ ^+ 9 Q.` T ••• ••• C •J - •+ ..• -. Yr w .., .•^• .r w •.• 7

L"777777777-7777-,I              	 r .... --. hJ w

	

}!	 11	 1+	 1	 t	 t	 .1	 1	 1	 4	 1	 I	 i	 I	 1	 t	 I	 1	 1	 I	 1	 1                 	 1	 1	 I	 l	 1	 I

W ----------- w.----Y.-e-•-.--- - .--•----Y•-.-w-•- -----•+•--•---.. r-- ...

	

3̂ 	 -.• ••n .r « w w /S 6 y •- •. @ ------- - -- - ---------------------  M _

	

ft	 6CSvISrIS: IS15,131CiiC+p15Rw (S(lk"^^` 19fS1561Sr664FaYS'PhIS 'i9t*A6: 5+IS6eTTlSr +S:2RC326rt5'S	a	 ^ r Cy, 6 Y"' IS Z Y'' 6 U' , S /Sr ISI ($ /S RS: S U' + U", L'+ Il', I"1 f+7 r'►i V', 4 IJ (L If' , f L"i 6 ^ fSr 6 /S' 'Sr tS 9 s R'r T /S •Y ^.:°•

	

C• L	 Fj, A .( U • ^. L} A L"• .^ t U'' v, t w' +? •L' •,1 A r A for A 4 A .1 l . 1•J L` . A t J .. { ..^ + a , •4 •4 -C. •C ti .0 ,: :• +:	 K

	

WZ	 QSISa IS .ti S 2'TT@ CiCG IS TIS CLG CsSI^(CT'S'SC:• %a 7.' CS Ir S r31 S''S CSS• TC5 /S 66R +S •S

	

►- ► + '	 If+ it W, U', U-, t J L'• L") U , U9 L' , L"• vp U' • Ir` kr Lr U' , L'. L' • W . L-0, Y", W . I; ! t J U', t J L" U°i T Y' Y'• L' U'+ L' , W. U) U^ N U' • U', U'' V. .4 1S
L	 N N(•J (M N (•j " 4 4 (4 t ANN(•J 1 J t J(4 CV tV(V N, V(4 CJ t +i(•41 ,4 -NN---+( J(•J('J N( J C J( J of r J( J /J(J t.1	 4'J

i	 6m	 0:1	 ai '	 sU9IM) o*	 ¢
M t0 @ CCr .0 Ir + 	6	 tv n A fY,,

{r/ .0 +4 0	 M	 N tJ CJ (4	 4r
i rJ i Jti (D C+Ja CV	 Cti	 m a: @ M	 U-i

	

• •	 i 1	 •	 • •	 •	 ! •	 •	 •	 •	 • •	 •	 •	 1
i ` aQC1<1@@ IDS edOL US OMMSal @@ aI@ @@96@a+@@@W@d6i @ Cf1Ta.6 @C^@ailsla+C51a+

i	 PJ .. @ I ai	 N9	 Ln •0 i► N	 h	 ji M an1r^-- i .o	 ^ri N 1	 N R tsm (	 1	 ^+	 i	 I
S	 1	 N/ A (ir l'S	 .0	 j	 N	 /-f A' .t+ T
WN^ InnNA ' I	 c	 N tv;vM	 ^•
G @ 111;4 ,@ afa%a lba Me  uaa%sa %a 6 ,00Mis man a@@@@O@6 @@@@@@•+	 f 11	 1	 1 (	 f 	 it	 1	 ^	 1	 f If	 1	 1

r^YMO hh416 @(SO1 @CL @ •ST@.Ot+• Iff^1R •IN6Q̀ 6"f1L^ @ 6 1i K tLTISttLSSMMMMMM
I*t	 ^'@f . C• -C1 A h ST6L'^(-14`.--syo0-+.+PNw..•...-•-....-(yh0C.%TN••th6t'J/,+•(LIV

	

1	 MMryJ •+ grIsNLr.NIs Q• T Cl* N, 6N .+dn .0 .0 .C, x0I'M ^hh @•R(•C,i+PNU7t4 ( JM/fLr,.6U'•.+^Mfr,.r

	

iN'	 tiC7M^ •, Mt(iN •» r►,ffN1+Jai('I l+7v: ► u► tt^t^iMt^f H+n.^► f'rl^,/^/NnsMS'i ^, niMMMe+? r+Ymr►i^

	

•	 Y	 •	 •	 • •	 • W al@as as
• t	 •

	

w Q	 aa1@ INsps IsWo ps d ob la 6 :ai@ a1@@ @ 	Lii@
Y
 @@^ @ CZ 46 l li @ 0f00;@S6@6 4;C^

i
,
Wm fhh@@101n mob Inmal in"1C)Mo L	 RD	 h.00-C,=4! h.00 .,w" ,

i b 66 -0 ^0MrS A sm - WNO"r ,w D	 6	 •40--CJ .+.^+.+.^.Iy0?NMhIr	 Ui^^ .DY'I CSM .0NIN M0"hh0'--NN1VN	 @	 .•{riRCTtCC .0A-n ;N
wA i..fi @ 6 @ANhL9 (VCLI iN--N .-@ItPaiml^	 Iri	 CY1.OUiC-- .-C'JAMCV6C9a
.W,• r^i1 6(So6^iO6--*-@@@O@t3@@@@alaiCa@@@@6@ai61@@!a?+6m@@@ISI@@y@CSID6H	 i	 /^^•	 .I	 I !1	 I I	 I ;1 .	 11	 1	 I	 I	 ( • 1	 1	 1	 1	 1	 1	 I

M ;	 @NU', W *_?^Sm-OCLt% Wrst* ROn GWN	 @' .OIL	 to w N 0 01. M M 10 .0 M 0). .0W; f1 QiY'+ A--MC*M - 6R U1NN•OC1taM00. Lw	 0	 MM	 D.0 M. CO. 0 1MAt4 .0A-.0}
3+•1•- 0-	 I	 (^9A .pf-1CDChPTT--NfA1nA•ONMK .00^ '	 N +	 6N	 NIn15. C*1M to. R0J.•11',ItIA^!
ZQ Q-- 0 N{r^ Af10TN.- AC^f+ 1l' O-t,4NWNNNM I 1, ww	 "IS,Ci+T•+6@TTCOC?w^
4= S @ a1S @ 9@CiDCL @ 6@m%4% MM *M S @ 66ai6IMOMM OM M% ISthem %1,h MeoM's
=O=
	 i	 ^1	 11	 1	 1	 1	 1	

i	
I I	 I ^1	 (f	 ^f	 I/ ,1	 I ;I	 I'1 •s

V C.?	 'IM	 I	 (	 ^	 ^
i 	

a%	 0

(h.r Nm •f M, Q'1^c+.• w.•t^.•@ACI• h le^ln,CAtDISt TN tC^tcIR. T^nb9A.+•+,J{^1U+N ISC'lh•C(R ^e^i
U -C li	 (nWC•iK, C^f^.Ot+vCC , hCiIACL .OfJCT.DI9L*InRfvCi ? Yr.+p {n 3i-PMfi 1n 1V1^•04T('+M(Y.,-4w
•-•, W w	 .-.ahNC4-+ ^ JThl9--O n-- @PNIn+rQ .. IJ'll-+I(+ti O. 6f•J0.1 w MM 1S11^Jh^ torlrl L A I1?h(r,

	Q^ i-+	 In 41 ♦ A 11 '.0 ^R ^V (•)f In In ^/NC4 fd ('J @r:(C Vl FV t+'1 Ir, P N f (n r A K f or Rr)(r) C) •► 1M-+04
F CA	 i a	 I •	 •	 161	 •	 • • •	 •	 •	 • •	 •	 •
WCJ 0	 a+ IS 

• • •
@ is 'a a a a a M aaC^^	 66^ai(31i @6^9ai • 1@^ @C^^46M sai M %%M %S,

A"= w	 I	 I	 IC ** z• z> >zzzf.^•1f-z zzRZZ zz zzoezz zztzz: zz^zzwzzzzzj
av1'	 zZ >Z.zzzxz xzzzzazzzzzkzz^zz6zzizzzZZZzzzzzzzzz'ujjz *QeL ,- mzizrr.aZZzzzzzzzzzZZZZZZZZZZZZZ21zzzzzzmzzzzZ'
Wz' JOLL 1-^-zzizzzzzzzZZZZ2zzZZZ ,ZZZZZZZZZZZZZLizzzzztzzzzzz
VG,' W eil

ti, LLMfL >1• Z> >zZZZZ2f- ► f->Hr ►►- » ► a-8-a- > a•L•»ZzzzzzzzzzzxzZZ
> * .r •^, •z^zz>z>zzzzzzzzzzzzzzzzzz^:^zz:^s.> ►•»f►s.>1► ».>..> ►
Ixi^a ^rZa`r̀>ZZZZZZ> ► »1^»1•-> ►►•}b-'->,->P»ZZZxzx:'.ZZZZZZZZ
wiZ iaLz 'z= J.CZIZ>~z2zzzzzxzzxzZZZZZZZZ2Z » t► >s•b > f- ► s-P..	 b..W-

	

W W I	 Wt)Dt' U1 In 616ID Iy aCL60C+ L'1r161S /S9V?Ir1696S ►St 6GCDCnICp U) IAILInInIS16ASLL@Cfy RSL 6
I 1•^	 nh^^0• Cf(ERR?O•P0.nOfiOL?RRPCDODRRRRR( Rh1 l hhW 0PWoO l. Coll O• R Rc QMR

	

Q !	 RCT6' 0'.0"O•PC* 0.0'C*Cf0" Co. PO• D' RRRO• RRRP•q-C.R P Co. I+rPPPRP • C*?RPRQPRPC.

	

! O i	 --.-- A A -. !.-1 - Y.1 -• - •- - A -•-1-q •.Y - .- -M-- --. ,Y •-,-• H A-- N-----Y-,-1 •---- N
1

i 66tm6L^66666m6iC9115+@ 61SImQ. ISt6C0@66ST6W6 @ 61@6Im6/S^66QILIS@/5166
1	 at M: M:	 t'i59@6i6.0(•1C	 V; r; 06St91 9; W;	 CG 	 106.CAR0.OD6CflR 1T, 1ria^ 6U MSM 9CaS6ln6•liC+1ff190.OrP1NRR.r.r-r.rww•.rh(^i(^1R>(^!C•1[r/•07J1Tf► PR-••N

	

W=	 -r, -0 ('7 •+• C+'!OOMNIn	 w w..- -• -
N	 I	 r	 ,	 .r Y•I	 I	 i	 i	 '	 j	 ,

	

N Z	 LnCr661Lt1l19	 .. . . . . 66C9@61TCfl6MC'. (•. .. 9TCS6CillS666614i69e1'
I wZ Nom" M IS09(S is /SInO mow Av%%.OorfNRPNRVNNCDCD@C►lR1A/rC'1fRhRRP: CO: f

	

Z	 ----	 In41 Y9 CCINO0 .+ *..-n-•NNN	 Nr•^I	 .-Y .r .r ar w-nr------

i	 @1nw61	 C9C.,1C9C^I>,1rC`=CrCr-OIn-O .O U.tL4. 1 1 1 1 1	 pr^GOCOt>GGGQCIGGC?'1	 -•+N^.+0 W W W6UNMISM 66A.0V W 5r/L MOiGOF- i	 ry65,1S, 66ISS5rSS65wa
It	 ^CAtrt^.Ln4dCL(JCQtw^tsC£CiCL •^OD----Wwr&%WWWQ	 tLTC4CLCLT15666156^aUQLO 1 .0 U7 Cc ON	 04(I 1 I t1C4 t NVtV	 Wr1iN	 L) W.	 M(JWO^^^^r^ t̂ t •J1J Ili NIVd1.4	 14.

	

.0 14. 	 C L+,
,.j V) 	 r. U9 661-F• M--+CJ(VNCV 66M. M(.jCV(•4ZZZSC•9^il--CJNN t JNNNfVN(VN(N C •JC 0-

	

1	 •rJJ.-A I WW1.O ISiJCCRa •. •.^.^.6Cir ►51 ISa^^OOO t I 1 1 ^^^,^^^^^^^v^••.CJ
.,•cro	 6WN•004.4N 4•4N.0.O.0>=I JQQQwwOD (.4 OociN .OmN.OwN -OSOi 	 I 	 t r-. I f-HNZNCG w 6 -+ w•r /JNCV ( J--. -+-•+ GGGWOC^Q -, m -7'-	 7767 T6 , 7 ^L
CIDC^ PM- m ZL"o Z• S t it 11 I I I 1 ^^1	 1 1 I QQ o oLO Co o I	 1 I 1 I I 1 I I 11 1 I I

Vi	 QOCT, 1-GZ I I 1 JJt(1 C9Cy Cy C„L9 'I-'I' JWIn/StA 1 1+ W I I I C^WWW WWW WW W W WWJJ
CJ	 »HL--•r= ZSC.iL^QrJ1 c (fiN[ ••.rrty.,-...JJJ•rJJJi /iOCiLCL (Y¢CGcr=MiL=ccwCJ
W	 HHC(t I-;CJJGJ I I c9=Q=== I 1' I I I I I W W WGW W WtY Y', Ui IA CZ IS nL In L"1 Lt^G16'6 1 1'Z. I t Vl =ft-•,•,•• ►.,^J I S	 I.- I.- N 0-0K-10(r.1A (.A 101. 00 0J̀ CoIM .0 .0 •C, CO COW •0 -.0 -10 JJ0.	 Z. VIM W.- J J J WWI- I I f 1 I N Nl CJ) Vi -- «- -- W W W ^ W W W V I I I 	 I I t I 1 1 I W W CIfLL.-=HWWW MZ0- 0-f- 1-HHHF-I-H•••••••••G••.+r/-HH1-1-1-1-1-0-1-1-1-1-"n W

`.	 CNC^1iF-H(!)SZSyC ► -+( 9G^c9t5irttcAO.P000 0aMaaC aQ %.:100i7C.+ G9000aut9t WW _j@	 u
.••	 -+ Cl tHU 0 6 C9J _j 0.- M MN-0.0.ON4 V N 1r)6 cf1C [V .+Zr'•iN -- uMN-0MN-0 CON -o or'tj (A cf)•S-^O	 l	 A 0HL0JaJ •OSLIC. (r)als•••-•,NN(.dCJ ••.•-•»>,iiaGKaata••,•,m•••-S-•••^••^ .,G1-InW	 i	 --6Ui1-rLCLF-HHUI-HG(Jf-1^IY>.0.0(+a t4cS+:^c+uauf-GG.^'.C,aQ4(V(JtV333117CIY1Qi3
@a	 QQaxte)0 00QC=-M WcrLrI=ic cr1YC'CtiLrMf-i-lL.-.-.H W W W^ , W c:/	 0-HUo,'juo-H1- W W W WW W WI-NI-1-P-r1-I-f-H HHH ,_1 Wu
WLUN	

000.LI-1-0=M=ILLLY'+i:+ V00IJ(-)U", Q1"Il^^vtQ0rw :+C;000 .:+000iD0 450Qj4.91,L:.W
a 	 eJ I	 " N MaL'I.ONWO.61.•+N(IW0.OhCOO- M -e(+J11+'iv0 .0t^cof?%-+tVn/AU?Lr-Mcv .'v•-NMtrU',^1^Qr W	 .rYr- .-w--.•..w..(.JNNrJ(•JNNNNN("}N,f•9M(`)I ►.Crtin'I(`)tAAA-tAAW

4-9

	

	 UldGZNTAL PAGE IS
OF DOOR QLTALrN

tou

to

tL

U
S-
ro

UC
G
Q3

(!1
(f

ON
S..
(! 1
S
O
U

5..
G1CW

L1)

I

ct•

i

U_



i
i

Table 4-3

CONTENTS OF EXTRACT OF "ROCESS DATA BASE FOR ECS MATCHING

SIC Code

Process Number

Process Description

Process Power Requirements

Process Heat Requirements

Operational Hours Per Year

Primary Fuel

By-Product Fuel Type and Quantity*

Hot Water Requirements*

* Added directly to programs later as needed.

computer reports is shown in Table 4-5. Process temperatures that ex-

ceeded the highest allowable temperature for the ECS were deleted from

the economic data base during capital costing. All cases where the

power generated on site was lower than the minimim size for the ECS were

flagged but not deleted.

Fuel Savings Evaluation Program MAPANL. For every process a nocogeneration

base case consisting of an on-site process hoiler supplying all process heat

and a utility supplying all process power is established. For each cogen-

eration case the ECS is matched to the process in two ways: a power match

and a heat match. In the power match case, the ECS is required to generate

all process power, completely replacing the utility. The heat generated by

this match is then used to satisfy process heat requirements. If insuf-

ficient heat is generated, an auxil'I'ary boiler is added to the system. If

excess heat is generated the match is flagged and deleted during capital

costing.

In the heat match case, the ECS is required to supply all process

heat. Power generated in this match replaces utility power. If excess

4-10
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CONTENTS OF ECS CHARACTERISTICS TABLE

ECS number

Short ECS Description

Long ECS Description

Minimum Size - MW (for information only)

Maximum Size - MW (for information only)

Expected Date of Commercialization (for information only)

Fuel Options

PTR	 = Petroleum based

Coal	 = Coal based

D	 = Distillate

R	 = Residual

F	 = Coal with flue gas desulfurization (FGD)

A	 = Coal with atmospheric fluidized bed (AFB)

P	 = Coal with pressurized fluidized bed (PFB)

X	 = Plain Coal

If a "Y" appears under these options it means that fuel can be used in

that ECS. An "N" means it cannot be used.

Heat Equation

The factors A l , B 1 , and C l in the table are used in the following equation

to determine the fraction of fuel that is converted to heat:

A l + B 1 * (Temperature) + C 1 * (Temperature)2

Power Equation

The factors A2 , B29 and C Z are used in the following equation to determine

the fraction of fuel that is converted to electric: power:

A2 + B2 * (Temperature) -= C 2 * (Temperature) 2	 M

Maximum and Minimum Temperatures for Application of this ECS

Date Revised.
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power is generated, it is exported to the grid. (In this case a new equi-

valent nocogeneration case requires that the utility be evaluated as if

it were generating as much power as the ECS in this heat match case (all

process power plus all power exported).) If insufficient power is gen-

erated, the shortfall is purchased from the utility. The methodology for

this matching is shown in Figure 4-6.

Almost 7200 cases were evaluated and for each case detailed fuel

usage reports, Figure 4-7, were generated. Output includes fuel used and

power and heat generated by the ECS, process boiler fuel used, utility

fuel used or saved, net fuel savings, and fuel energy savings ratio (FESR).

FESR is the ratio of fuel energy saved by cogeneration divided by the fuel

energy used without cogeneration (all exclusive of waste fuel). Each line

represents a case consisting of an industrial process identified at the

top of the figure, an ECS shown on the left, either a power or heat match,

and the ECS fuel type. A l in the fail column indicates that the ECS

cannot supply heat at the required temperature and a 10 indicates that the

ECS is outside the size range for which the cost data is considered

accurate.

Capital Cost Estimating

The second step in establishing the economic data base is capital cost

estimating for each case that was not previously flagged for having

exceeded the temperature limits of the ECS or for having excess heat gen-

erated.

Component Cost Table. The Component Cost Table, Figure 4-8, contains all

major components used in each ECS. A component may be part of many dif-

ferent ECS's, but it occurs only once on this table. This provides a con-

sintent estimate for that component independent of ECS application. The

component cost table is described in Table 4-6.

Component Logic Table. The Component Logic Table, Table 4-7, contains

the specific components to be costed for each ECS and special logic
_ .,i
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^rzllyryŷ •i it	 4i w i 0;1► fiwOX on 44 '1:
yWQ IS ^; on w •w on • • •w w 0 On •w A

zWJ YS 00 A ^.^ ^^ A N• NA  A i0N• •^
W

Q r

•^

O
NN O O •• 0 NY f f •ON •

OeO AO h0 'OJ W OS• N 00Y• • •• M ►ftl^• w^0 00• • •A SO ONA rM •aptf^ A
W;y i^< ^Jor

W YS ii i i •i •r i_ i pi ii	 ci i	 I di No 'r
w W • w. ^. +^ .. .. .. r ..	 .. +.

C C C 1^ C M 	 a C M
1HttyW Eby	 sp

C H
ypCSS C 

1y^^
O Z ^ W S

ow
!hy ON
	 ^.S ► `i L2 Li S Li

r1 - l• +,f
V O tl

1	 1

01 1	 1 1 •^ m 1 ! 1 1p 1'1p 	1e1
a` r t ar Kir'	 na Y= rc-^ h •h o_S O_O_ eeii 1 2
» o- o ^^	 ^^ hh sL zzhh h h hh I^h AN hh h	 7CL S JJ JJ	 .^

1	 .+ 1	 e . +	 1	 1+ 1 w A •	 C 2	 C C C C C t
TZh h = Yh F != Sh F	 1- L'	 r0F.	 1^ i	 1 + +	 WWS WWS S h M F F.	 h•r w r rr

0 0 r• Aw ^ ^^ 1=	 h h wr r r
rr •r • zz ^«- ►-	 oe oof_f	 'If • w• Ow Cw hl. SL LL qN JJ J

U S r
L	 I ^ 00

L=
00 CO
L!.	 LL

N/I
mm

hh
Mw

h	 ItCC
AO 2S

O:K
SS

Si _•
f^ hh h hh hh	 /-h HA LL - hh h Hr• r M M M M• w M • h h ►-	 ►' ►' "All A	 M

-{^ NM N NN C. 0 •t t	 00 , 00 •• • •

Ir
S

s

S
r

iJ
d

b
d

roN
A
i.

Q1

LL

WIT
I

a)
L

M
LL

F •
• 11

3̂s 
r 1

Jr ^ 1
{ ^ 1
is

al.^ I
t 1s• 1
s ^

J
y 1

7 1

i 1

+ NZ
O^
oy

i ►̀=̀ i
1 sY

^i

1 F

I



eP a

o

• o

o^ m
0 o•4
od 

t?	 O
•

U XO4 vo

10
Ln

d .^ N
N

.0.4	 .
•	 GD

^s C4

CI

i•^	 N

W
a^ a

ro a
2 U
AJ	 1-4

O
C H
0

^ W

U E

go

u `l

lei
r_
to

m
+N

H
Z
4

20U
C7
2
H

H
E

w

U
H
,a

F

a
E-
2

C
Q

c
C

R
raa
E
c

knw
a

w
z
H

ap
E

E
to
1

N
U
H

O
H

H

W

D
a
H

N

W

Wa
H
w

a
O
U

• O

O ^ O

dP

a c c
s l o

000

U
Z

W a
o E-4 3
u1 >+	 U
qrN bN

u	 i a E-4

^	 wa°c^H4a
O C'1 I^zau cn
Z tsi'aw0 a W

W a H H U H^^
mwaccrxa0 E-'

W0 GCGWEEZU

0 H 4 E 0 W a a

cErl uiU
	

W AatE!)

^oaa^aaaa
H 0 U G H 0 0 0 0
awoucncomwm

ONO.-IfV ^"1
••Im4c000J0:

cac0
0V
N
V
W

r-
0

M
L

v
cn0

c.7

aUc
rc3

ro
a
4-0

0

4J
Q
rt
U

4-
0

Q^

co
X

W

06
I

d•

w

0

li

4-1^. 
	 •j; lid



Table 4-5

CONTENTS OF COMPONENT COST TABLE

Island Number:	 Groups components into specific costing areas.

Component Number: Unique number assigned to this component.

Component Name:	 For information only.

Unit of Measure: Determines basis for cost function.

1 = millions Btu/hr.

2 = Megawatts. (This code is an indicator and for

special components may be over-

ridden in COSTANL.)

Minimum and Maximum Size: In the same units as the unit of measure.

When the maximum size is exceeded, multiple

units are used. When unit is below minimum,

no special actions are taken.

Component Cost:	 Cost of major component (a function of size).

Material Cost:	 Cost of installation material as a percentage of

component cost (a function of size).

Labor Cost:	 Cost of installed labor as a percentage of component

cost (a function of size).
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CTAS COMPONENT LOGIC TABLE
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indicators to size the prime mover and heat recovery steam generators.
The contents of the component logic table are described in Table 4-8.
Some components specified for an ECS such as limestone handling are dependent

upon the fuel used in a particular application of the ECS and logic for

including them in the cost estimate is contained in program COSTANL. Fuel

handling is not listed as a component option since all systems require it.

Cost Analysis Program - COSTANL. The Component Cost Table and the Component

Logic Tables are used in program COSTANL to update the economic data base

with the total installed capital cost. A cost report generated in this

program is shown in Figure 4-9.

For each case the Component Logic Table is interrogated and each

component specified is sized and costed. Requirements that exceed the

component maximum size result in multiple units of that component. The

special logic indicators direct the program to specific equations for

sizing components, such as heat recovery steam generators and prime movers.

Fuel 'nandling systems and boilers are dependent on the fuel type as well

as flow. Auxiliary boilers are selected, as required, to be compatible

with the fuel used on site. Indirect costs are added to the total direct

costs to alve the total installed cost.

Return on Investment(ROI) and Levelized Annual Energy Costs (LAEC) Analysis

The third and last step in developing the economic data base is the

calculation of the percentage Return On Investment (ROI) and Levelized Annual

Energy Costs (LAEC). The computer system flow chart for step 3 is shown

in Figure 4-10. These calculations use data already in the economics data

base, such as the capital costs and the on-site fuel use, power generation,

power requirements and auxiliary boiler requirements.

Factors for the following items were established in groundrules.

s Cost of fuel and purchased power

• Escalation rate of fuel and purchased power



Table 4-8

CONTENTS OF THE COMPONENT LOGIC TABLE

ECS Number: Matches number on ECS characterization table

ECS Short Description: For information only

Components to be Costed: A zero indicates component is not used in ECS.

Number given is for smallest unit on component

table - larger units are selected based on

logic in COSTANL

- Limestone & Dolomite Handling

- Conventional Boiler

- AFB or PFB

- Gasifier

- Reformer

- Prime Mover (pleas prime mover logic code)

- Steam Turbine-non condensing

-- Gas Turbine

- Diesel Engine Generator

- Thermionic Generator

- Stirling Engine

- Fuel Cell.

- Steam Turbine for combined cycles

- Heat Recovery Steam Generators (plus HRSG logic code)

- Condensing Seam Turbine

- Cooling Tower

- Heat Exchanger

- Water Conditioner

4 _'.10
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• Selling price for exported power

• Depreciation method and equipment life

e Tax, rates, tax credits

u Industrial cost of capital

OperavA ng and Maintenance Costs. The operating and maintenance costs

were calculated as shown in Table 4-9. The values of L, M, N, and P are

a function of ECS and type of fuel uses: and are stored in the table shown

in Figure 4-11 along with the time for construction. In matches requiring

an auxiliary ►oiler, its 0&M must be calculated separately and added to the

O&M of the cogeneration ECS.

Tabl a 4-9

CONTENTS OF OPERATING AND MAINTENANCE TABLE

0&M Costs - L*(fuel flow)M+N*(Capital Cost)+P*(fuel flow*operating

hrs/yr)

L*(fuel flow)M	 is cost of operating labor in 106 $/yr with
fuel flow in Btu/hr.

N*(Capital Cost)	 is cost of parts f%r maintenance and major
replacements in 10 $/yr with capital cost
in 106$.

P*(fuel flow*op-	 is co 9t of limestone, dolomite, ZnO, and water
erating hrs/yr)	 in 10^ $/yr with fuel flow in l06 Btu/hr.

ROI Analysis Program (CCROI). This program evaluates the year by year

cash flow of each case. The cash flow of the no-cogeneration case is com-

pared to the cash flow of the cogenemtion case, and the discount rate (ROI)

that makes these two cases have equal present worth is determined. Due to

the groundrules (coal is no-cogeneration fuel) established in this study,

some cases yield infinite ROI's because both the cogeneration capital cost

and annual costs are less than the no-cogeneration capital cost and annual

costs. Other cases resulted in negative ROI's. These negative values were

L _^_

_J
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caused by capital costs favoring cogeneration, but with the cogeneration

annual costs exceeding the nocogeneration annual costs. 	 Levelized Annual

Energy Costs (LAEC) are not based on incremental costs or cash flows and

thus are more continuous than ROI. Levelized capital, taxes and insurance,

operating and maintenance, fuel, purchased electricity, and revenue are

the components of the total LAEC. Besides LAEC and ROI, the present worth

of the investment at a 15% interest rate, and the net payback are calcu-

lated. Figure 4-12 shows the format of the output with capital costs at

the base values. Other calculations show the sensitivity to changes in

the various factors. Figure 4-13, for example, shows the sensitivities

of economic factors to capital cost, fuel cost, and power cost in graphical

form.

Reports From Economic Analyses

Fuel Saved By Type. A summary report (5.2) shows the fuel saved by type

and the economics of the process and ECS matches. A sample page is shown

in Figure 4-14. This report accounts for fuel differences in both type

and quantity used `Ttween the rocogeneration case, and the cogeneration

case including the displacement of utility fuel that occurs due to on-site

power generation. In the cogeneration case any fuel burned on-site is

added to any utility fuel burned due to a shortfall of on-site power. The

fuel savings (nocogen-cogen heading on the report) shows what fuel was

saved (positive quantity in the column under the appropriate fuel) and how

much. The single letters F and A appearing after the cogen coal column in

Figure 4-14 indicates FGD or AFB coal systems. On other pages of the report

P indicates a PFB coal system.

National Fuel and Emissions Savings. Report 6.1, Fuel and Emissions Savings,

Figure 4-15, describes the fuel and emissions savings by type, calculates

emissions saved ratio (EMSR), capital saving, total export megawatt hours,

cost of electricity and LAEC savings on a national basis.

Input requirements for this program include the Emissions by ECS and

Fuel (Table 4-10) and a table on National Energy Use by SIC (Table 4-11).
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S S2^	 W1► Y.	 -00	 Otl0	 •OI
-K -K 	 h rs-^

i-a
0
Ca.

a
Vl

C
0
Uw

QJ
CL

Qj
no
Ln

r--
4l

Lt.

N

Cl.
C
M
N

d'
r

Ct

Q7

Q1

LL



•

p
O

•p O
H ^

.^UY.j W	 SNA e+I^rA
e K< +	 e
J w

Nest NOeri

ti
M• O^ 0-N- ► OA

S	
H	 ire

	

f i	 ON ► ► OR' '=u	^	 e t

	

♦̂  ^	 wee q e i
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Table 4-10

CONTENTS OF EMISSIONS BY ECS AND FUEL

ECS Number: For matching to appropriate ECS

ECS Description: For information only

Same as Number: Refers ECS back to other ECS with identical emissions.

NOx :	 Pounds emitted per million Btu

S02 :	 Pounds emitted per million Btu

Particulate:	 Pounds emitted per million Btu

(NOx , S02 and Particulate data for each possible fuel type for
each ECS)

Table 4-11

CONTENTS OF NATIONAL ENERGY USE

SIC Code

CTAS Process Number

Power Match	 FESR multiplier to next highest level
Heat Match	 FESR multiplier to next highest level
Energy Consumption 1985

Energy Consumption 2000

Levels: At CTAS process level next highest level is 2-digit SIC

: At 2-digit SIC next highest level is national.

The FESR is scaled by multipliers discussed in Section 10 (Volume V)
so that

FESR	 =	 FESR	 *	 Multiplier
(2-digit)	 (CTAS)	 (Process to 2- digit)

.1	 0

..



FESR	 -	 ast{	 *	 Mul ti[ ► 1 for

(National )	 (2-digit)	 (2-digi t to Ntational )

All other factors are scaled by market size

Scalar - 2-digit	 _ 
FESR(2-digit)* Market(2_-digit_

SRC S	 Market (CTAS

FESR(National) * Market(National)
Scalar-National	 FESp(2-dig t) * Market 2-digit

These scaling factors account for the fact that

1. All process in a 4-digit SIC code are not represented in CTAS.

2. All 4-digit SIC codes in a 2-digit SIC code are not represented
in CTAS.

3. All 2-digit SIC codes in the nation are not represented in CTAS.
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