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FOREWORD

Distriect heating is generally defined as the distribution of thermal
energy from a central source for residential and commercial space heating.
The central source is usually a heat-only unit or a cogeneration dual-
purpose facility that produces both electricity and thermal energy. The
most significant advantage of cogeneration power plants compared to
conventional steam-electric generating scations is the improved fuel
utilization efficiency. Figure F.l shows graphically the comparative
efficiencies of both types of plants. The overall conversion efficiency
of an electric-only plant is about 33Z. The remaining two-thirds of the

energy is rejected to the enviromment through once-through cooling
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Fig. F.1. Comparison of fuel utilization of electric-only and
cogeneration power plants,
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systems or cooling towers at about 308 to 313 K (95 to 104°F). A cogenera-
tion power plant, on the other hand, can operate at an overall efficiency
as high as 85%, but this requires some sacrifice in electric output. To
supply thermal energy at a temperature level high enough for district heat-
ing (e.g., 100°C), steam must be extracted from the power plant's turbine
before it has expanded to its full potential. Therefore, there is some
reduction in the power output of the turbine which, in turn, reduces the
quan:iéy of elecrricity generated. However, for each unit of electric
energy sacrificed, 5 to 10 units of thermal energy are available for
distriet heating.

District heating has been In existence for approximately 100 vears.
In 1877, a short underground steam pipe was installed in Lockport, New
York, te transport thermal energy from a central source to heat a group
of buildings.! However, it was not until the early part of the twentieth
century that cogeneration/district heating systems came into existence.
These systems utilized the exhaust steam from small, noncondensing steam—
electric power plants to heat buildings in nearby business districts.
After a period of rapid growth, the expansion of steam district heating
systems slowed in the late 1940s when inexpensive oil and natural gas
became available for heating purposes. At about the same time, utilities
were introducing large condensing steam-electric power plants remotely
located from urban areas. Transporting steam over such long distances
was not economical. As the smaller, older cogeneration units were retired,
sources for the steam district heating system were eliminated and the cost
of supplying steam escalated, making district heating even less attractive.
District heating technology is now being reassessed because of rapidly
escalating energy prices and the increasing dependence of the United
States on imported oil. Large hot water district heating systems have
the potential of providing consumers with space-heating energy at com-
petitive prices while substituting more plentiful domestic fuels, such as
coal and uranium, for heating needs currently supplied by oil and natural
gas,

The history of district heating in Europe is somewhat different than
that of the United States.”? Most of the development of large district

heating networks in Europe took place after World War II. This development
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has been due in large part to high energy prices and a scarcity of
alternative heating options, such as natural gas. These factors, although
new to the United States, have been strong motivation for the expansion

of district heating technology in Scandinavian and other northern

European countries. Their distriet heating technology uses hot water

as the discribution media. Hot water was chosen over steam for its
flexibility and adaptability to long-distance transport. Over the past

20 vears, technology and hardware have been developed that successfully
provide large-scale hot water district heating.

Northern States Power Company (NSP), the Department of Energy (DOE},
the Minnesota Energy Agency (MEA), the Minnesota Gas Company, the
Minneapolis Central Heating Company, the University of Minnesota, and
other local governments and private organizations are cooperatively

performing an in—depth application study to determine the feasibility of

Table F.1l. Minneapolis-S5t. Paul district heating studies

Studies Sponsor

Distribution and building systems
Studsvik district heating study (overall feasibility

study outlining 20-year development) DOE
Building conversion study (description of conversion

techniques and estimation of costs) DOE

The feasibility of district heating in St. Paul NSP

Energy sources studies
Retrofiting an existing coal plant (description of
conversion techniques and costs for High Bridge
Power Plant in St. Paul) NSP

New coal/cogeneration plant assessment (investigation
of the possibility of locating a new coal-cogenerating
unit near or in the Twin Cicies) NSP and DOE

Institutional issues
Ownership optien and barriers (identification and
evaluation of nonrechniecal issues: ownership,
financing, regulation, and marketability) DOE

Environmental
Air-qualicty modeling (prediction of the effect of
cogenaration/digcrier heating on Twin Cities air
qualitcy) DOE and EPA




hot water district heating for a large U.S. metropolitan area — namely,
Minneapolis-St. Paul, Minnesota. The program to assess distriect heating
for the Twin Cities area consists of several coordinated studies focusing
on technical, economic, environmental, and institutional issues. A list
of the various studies is given in Table F.l. The stimulus for most of the
Twin Cities work has been the Overall Feasibility Study’ done by Studsvik
Energiteknik AB, Sweden.,
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EXECUTIVE SUMMARY

Introduction

District heating (DH) from cogeneration offers & unique opportunity
to energy users by combining energy conservation, environmental enhance-
ment, and improved economics., Energy is conserved by replacing energy
produced directly from fuel with heat normally wasted from steam electric
plants. Cogeneration also permits the substitution of coal, an abundant
resource, for oil and gas which are in limited supply. Because the
energy is produced at a single source, advanced pollution control equip-
ment can reduce both emissions and water use.

The Northern States Power Company (NSP) can start a cogeneration
program by converting existing steam electric generating equipment located
next to a proposed DH system. The NSP commissioned United Engineers &
Constructors Inc. (UE&C) to prepare a preliminary design and cost
estimate for cogeneration at the High Bridge Generating Station.

Scope of the Program

The scope of the work effort consisting of approximately 3000
technical manhours over a six-month period, included:
1. review of previous work by C. T. Main, Studsvik, and Ekono,

2. an assessment of the mechanical status of the units at the High
Bridge Station,

3. development of a conversion plan for a cogeneration-DH operation,

4. consultation with the manufacturers of the turbine-generator

equipment to be converted,
5. development of control and operating plans,

6. preparation of an allocation method for estimating electricity and

heat costs (described in a separate report),

7. preparation of a preliminary design, drawings, and construction
sequence, and
xi



xii

8. estimation of capital and operating costs for cogenerated heat.

Assessment of the High Bridge Generating Station

The assessment of the units at the High Bridge plant to determine
their suitability for conversion to cogeneration required an examination
of the equipment, discussions with NSP operating and maintenance staff,
discussions with major vendors of the operating equipment, evaluation of
operating reports, and examination of the drawings and technical manuals.

This assessment determined that units 3, 5, and 6 would be recom-
mended for conversion to cogeneration. This recommendation is based on
the generally high availability of these units, the low maintenance cost
to keep this availability, and the total heat available. Unit 4 is not
recommended for conversion because of its lower availability, the cost
projected to improve its availability, and the absence of the need for

additional base load heat capacity.

Conversion Description and Construction Plan

With this conversion concept (Fig. 1), unit 3 would be converted to a
back-pressure operation by removal of a portion of the low-pressure
blading. It is not amenable to steam extraction because of the turbine
casing design. Unit 3 will supply the base heat load.

Unics 5 and 6 will be converted to condensing-tail operation by the
installation of a variable steam bypass in the external crossover piping
between the high-pressure and low-pressure casings. In the case of
units 5 and 6, the conversion to condensing tail is less expensive than
conversion to back-pressure operation. Also, condensing-tail retroficting
permits the units to be operated in the summer without loss of electrical
capacicy.

Unit 6 will be the first unit to be converted, followed by units 3
and 5. Conversion of units 5 and 6 will be scheduled to coincide with a
routine outage. Unit 3 conversion will require outage of the unit for
approximately four months while major turbine modifications are made.
Construction would be scheduled so as to have minimum interruption of

station operation.
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Plant Operation and Performance

The system has been designed to minimize the impact on electric

generating capacity for the station. The available steam capacity and

the impact of the steam extraction on the electrical capacity over the

annual cycle was evaluated. The heating load in the DH system varies

widely during the annual cycle. To satisfy the changing demand it will

be necessary to change periedically the DH heat exchanger configuration.

The proposed control plan was reviewed by and is acceptable to the

turbine manufacturers. It is designed to protect the equipment during upset

conditions, and to provide reliable DH service.

Three heat load conditions have been defined for normal operation:

For low heating demand [ambient dry bulb temperature at 282 K (48°F)
or above], unit 3 can carry the load and units 5 and 6 operate in
the electric-only mode (i.e., without any reduction of their current
electric capacity).

For intermediate heating demand [ambient dry bulb temperature between
261 and 282 K (11°F and 48°F)], unit 3 would be supplemented with heat
from elcher unit 5 or 6.

For high heating demand conditions [ambient dry bulb temperature
below 261 K (11°F)], all three units are needed to satisfy the heat
demand.

The maximum operating capability of the High Bridge Power Plant in

both the electric-only and the cogeneration modes is shown in Table 1.

Table 1. Maximum capability of the High Bridge Power Plant

Electric only Cogeneration
Unic (MW (e) ]
(Ma(e)] [MW(t)]
i o2 49 120
5 102 66 sin
o 156 109 186

Total 320 224 hidh




Capital and Operating Costs

A capital cost estimate was prepared (Table 2). The costs are
based on 1978 equipment prices and labor rates and include indirect costs
such as engineering and construction management. The NSP provided
projected major maintenance costs to keep the units at exiscing
operational status. These costs have been included in the estimate,

The operating costs for electricity and heat production were
developed using a method of cost allocation which maintains electrical
costs equal to the costs from separate electrical generation, For this
evaluation, no capacity loss or replacement energy penalty costs due to
the permanent derate of unit 3 or winter derate of units 5 and 6 were
included. The resultant heat costs are less than half those from separate
heat generation (Table 3). This allocation method should encourage

conversion to DH, but not penalize electric customers.

Table 2. Estimated costs of retroficcing the High Bridge GCenerating Station
(Units 3, 5 and 6)

Equipment Retrofit cost (%) Refurbishment cost? ($)

Structures and improvements 30,000
Boiler plant equipment 4,105,000 2,450,000

Turbine-generator units 2,880,000

Acecessory electric squipment 315,000
Total direct costs 7,330,000 2,450,000
Total indirect costs 620,000 200,000
Total direct and indirect costs 7,950,000 2,650,000
Contingency 1,050,000 350,000
Total 9,000,000 3,000,000

9consists of costs required to restore the bhoilers to a condition necessary to
extend their useful operating life beyond the normal retirement dace.
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Table 3. Annual production costs for High Bridge Generating
Statlon, units 3, 5, and 6, as functions of the electric
power capacity factors

Thermal energy

unlt cost
Eleceric power (5/c1)
Electric power unit cost
capacity factor (X) (mills/kith) Fixed Operating Total
100 12.97 0.55 0. 44 0.99
90 13.39 0.55 0.44 0.99
80 13.90 0.55 O.44 0.99
70 14,56 0.55 0.44 0.99
&0 15,44 0.55 0.43 0.98

50 16.68 0-55 0.43 0.98
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Capital and Operating Costs

A capital cost estimate was prepared (Table 2). The costs are
based on 1978 equipment prices and labor rates and include indirect costs
such as engineering and construction management. The NSP provided
projected major maintenance costs to keep the units at existing
operational status. These costs have been included in the estimate.

The operating costs for electricity and heat production were
developed using a method of cost allocation which maintains electrical
costs equal to the costs from separate electrical generation. For this
evaluation, no capacity loss or replacement energy penalty costs due to
the permanent derate of unit 3 or winter derate of units 5 and 6 were
included. The resultant heat costs are less than half those from separate
heat generation (Table 3). This allocation method should encourage

conversion to DH, but not penalize electric customers.

Table 2. Estimated costs of retrofitting the High Bridge Generating Station
(Unfits 3, 5 and 6)

Equipment Retrofit cost (§) Refurbistment cost? (%)

Structures and improvementcs 30,000
Boiler plant equipment 4,105,000 2,450,000

Turbine-generator units 2,880,000

Accessory electric equipment 315,000
Total direct costs 7.330,000 2,450,000
Total indirect costs 620,000 200,000
Total direct and indirect costs 7,950,000 2,650,000
Contingency 1,050,000 350,000
Tocal 9,000,000 3,000,000

%Consists of costs required to restore the boilers to a condition necessary te
extend their useful operating life beyond the normal retirement dace.



Table 3. Annusl production costs for High Bridge Genmerating
Station, units 3, 5, and 6, as functions of the electric
power capacity factors

Thermal energy

unltc cost
Electric power (5/GI)
Electric power unit cost
capacity facror (X) (mills/kWh) Fixed Operating Tatal
100 12.57 .55 0.44 0.99
90 13.39 0.55 0. 44 0.99
B0 13.90 0.55 0,44 0.9%9
70 14.56 0.55 0. 44 0.99
60 15.44 0.55 0.43 0.98

50 16.68 0.55 0.43 D.98
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ABSTRACT

The electrical generating turbines at the High Bridge Generating
Station were evaluated for their suitability for conversion to cogenera-
tion. This evaluation required examinations of the equipment, the
operating reports, and the technical manuals and drawings. The evalua-
tion also included discussions with the plant staff and with the major
vendors of the operating equipment.

Units 3, 5, and 6 were recommended for conversion to cogeneration —
unit 3 to be converted to back-pressure operation and units 5 and 6 to
be converted to condensing-tail operation. Unit 4 was not recommended

for conversion.
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1. INTRODUCTION

Cogeneration is the simultaneous production of electricity and heat
from a slightly modified electric generating unit. Cogeneration for
district heating (DH) offers a unique opportunity to energy users by pro-
viding a combination of energy conservation, reduced environmental impact,
and potentially improved economlcs. Energy is conserved by replacing
heat from fuel now burned for space heating with waste heat from steam
electric plants. Cogeneration also permits substitution of coal, an
abundant resource, for oil and gas which are in limited supply. Environ-
mentally, cogeneration replaces scattered low-level sources with single
sources that are amenable to advanced emission controls and use
less water.

For the Northern States Power Company (NSP) project in St. Paul,
interim solutions may be advantageous for meeting near-term heat and
electric loads, while allowing time for more detailed planning of long-
term solutions. This situation is exemplified by retrofitting existing
units that have passed their prime as electric-generation units but that

can still be used as cogeneration units.



2. BACKGROUND AND SCOPE

2.1 Background

Several feasibility studies for DH and for cogeneration have been
conducted of the Minneapolis-5t. Paul area. Because of the proximicy of
the two downtown sections, linked by industrial sites and residential
areas, the high-population and heat-density areas coincide. The popula-
tion of the cities and their suburbs exceeds one million. With the
consistently cold climate and the willingness of local governments and
utilicies to participate, the Twin Cities are potencially a prime loca-
tion for DH and cogeneration.

Studsvik (formerly A. B. Atomenergi) of Sweden recently completed a
study of the DH potential in the Minneapolis-St. Paul area.* The con-
clusions were that both DH and cogeneration are technically feasible, large
quantities of scarce fuel can be saved, and the economiecs are favorable.
An dncidental conclusion was that existing electrical generation plants
can be retrofitted to produce heat prior to the construction of new
cogeneration facilities.

A 1977 study conducted by Ekono Inc. of Finland assessed the heat-
generation capabilities of the High Bridge and Riverside plants. Those
existing NSP coal-fired electricity generating plants are within the eity
boundaries, ideally situated to supply heat to a DH system. Existing
condensing turbines at these plants could be converted to supply heat to
a hot water DH system. The study concluded that the converted units
could provide large amounts of heat; however, consideration was not given
to the mechanical condition of the units, nor to the load limits imposed
by the present boiler fuel. Also, the economics of the conversion were
not considered,

The NSP hired United Engineers & Constructors Inc. (UE&C) to prepare
a conceptual design and cost estimate for converting the High Bridge

*Pﬂtﬂr Margen, Lars-ike Cronhelm, Kjell Larsson, and Jan-Erik Mark-~
lund, DHatriet Heating/Cogeneration Applicatiom Studies for the
Minneapolie-St. Paul Area; Executive Swmmary: Overall Feasibility and
Economic Viability for a Dietrict Heating/New Cogeneration System in
Mimmeapolis-St. Faul, ORNL/TM-6830/P2, August 1979,
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plant to cogeneration and to estimate the resulting unit cost of heat
and elecericity. The High Bridge plant was chosen as the candidate
plant because it is coal fired, can produce sufficient hear, and is
close to the high thermal density St. Paul area. The NSP also hired

C. T. Main, Inc., to evaluate the feasibility of a DH system for the
downtown St. Paul area which will be served by the converted High Bridge
stacion.

Most of the heat-load demand in the Twin Cities is presently served
by natural gas. In the winter the gas supply to large customers is
interrupted, and oil is used as the replacement fuel. By shifring the
heating load to a coal-fired unit such as the High Bridge plant,
Minneapolis and St. Paul would depend less on gas and oil.

The High Bridge Generating Station is a coal-fired steam-electric
generating plant located in downtown St. Paul using the Mississippi River
for cooling. It consists of four generating units — 3, 4, 5, and 6.
Units 1 and 2 have been retired, and the turbine-generators, condensers,
and ancillary equipment have been removed. The boilers remain in place,
alchough they are not usable. Units 3 and 4 have identical 21-stage
single-case double-flow exhaust turbines with once-through condenser
cooling. Feedwater is heated in four regenerative stages. Main steam
conditions are 6 MPa (B850 psig) at 755 K (900°F) with no reheat.
Condenser-exhaust pressure is 5 kPa (1.5-in. HgA). Each unit is rated
at 50,000 kW(e) but is capable of producing 62,500 kW(e). Unit 3 was
built in 1942 and unit 4 in 1944. These units operate as peaking units,
approximately 5 d/week. The combined capacity factor for both units
during 1977 was 26.9%. The turbines were manufactured by General Electric
Company and the boilers by Babcock and Wilcox.

Unit 5 has a three-case tandem-compound double-flow exhaust turbine
with once-through condenser cooling. Feedwater is heated in five regenera-
tive stages. Steam conditions are 10 MPa (1450 psig) at 811 K (1000°F)
at the throttle with a single reheat to 811 K (1000°F). Condenser
exhaust pressure is 5 kPa (1.5-in. HgA). The turbine-generator is rated
at 90,909 kW(e) and has a maximum capability of 102,152 kW. Unit 5,
built in 1956, is used to meet peak demands and had a 1977 capacity factor
of 48.4%. The turbine-generator was manufactured by Allis-Chalmers and
the boiler by Babcock and Wilcox.



Unic & has a three-case tandem—compound double-flow exhaust turbine
with once-through condenser cooling. Feedwater is heated in six regenera-
tive stages. Steam conditions are 12.5 MPa (1800 psig) at 811 K (1000°F)
at the threottle with a single reheat to 811 K (1000°F). Condenser
exhaust pressure {s 5 kPa (1.5-in. HgA). The turbine generator is rated
ar 156,250 kW(e). Unit 6, built in 1959, supplies the base load 5 d/week.
The 1977 capacity factor was 54%. 1Unit 6 has a General Electric turbine
generator and a Babecock and Wilcox boiler.

2.2 Scope

The development of a concept for the heat source required completiom
of several tasks. Because the background work and the heat-load calecula-
tions had been done by others, UELC was required to become familiar with
this work and conduct reviews and evaluations. Also, the physical con-
dicion of the High Bridge units and their suicability for conversion were
assessed. The heat-source concept was then developed in sufficient detail
to guarantee both the feasibility of the plant retrofit and the reason-
able accuracy of the cost estimates. As part of the concept development,
UE&C prepared arrangement drawings, process and instrument diagrams,
heat-balance diagrams, and a major equipment list. To assess the con-
dition of the existing unicts and their feasibility for conversion, UE&C
inspected the station, interviewed operating and maintenance personnel,
reviewed available station operating records, and contacted the manu-
facturers of the major station equipment to obtain pertinent information.

Capital costs for the conceptual design were estimated and brief
specifications were prepared for major items of equipment and quotations
solicited from recognized vendors. Unit costs for heat and electrieity

were calculated.



3. TURBINE-CORVERSION METHODS AND CRITERIA

When converting an existing condensing turbine for cogeneration
and hot water DH, two basic arrangements are available — straight back
pressure (Fig. 3.1) and condensing tail (Fig. 3.2). Each has advantages
and disadvantages. Preference for one or the other depends upon the

particular circumstances.
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3.1 Sctraight Back Pressure

The conversion of a turbine to back-pressure cogeneration requires

the removal of several low-pressure stages, which increases the exhaust

pressure sufficiently to hear the district heating water to the desired

temperature. The existing condenser will usually be replaced with a DH

heat exchanger. The turbine will then exhaust directly into the heat

exchanger.

The back-pressure turbine operates similarly to the original con-

densing turbine except that the main throttle valves maintain the desired

exhaust pressure as a function of heating load rather than of electrical

load.

Electrical production is subordinate to and completely depends

upon the heat load. A back-pressure conversion has three main advantages:

Overall efficiency is high because all the energy contained in the
exhaust steam is either used in the DH system or returned to the cycle
in the condensate. This is independent of the thermal efficiency

of the turbine and the parameters of the main steam flow.

The capical cost of the conversion is usually less than for conversion

to a condensing-tail turbine.

In its basic form, a back-pressure conversion requires a comparatively

simple control system.

The back-pressure conversion also has somé significant disadvantages:

L,

The maximum achievable temperature of the DH water i{s limited to a
few degrees below the saturation temperature of the turbine exhaust
steam. To avoid excessive sacrifice of electrical capability, the
exhaust pressure (and therefore the water temperature) should be
kept as low as possible. Usually the maximum potential exhaust
pressure is about 137,900 Pa (20 psia), with a corresponding DH
water temperature of 378-381 K (220-225°F).

In the basic back-pressure scheme, electrical production is stricely
proportional to the heat load which establishes the amount of steam

which can be condensed and, therefore, the amount which can pass



through the turbine. For any turbine-generator of significant size,
this is undesirable since heat load and, therefore, electrical pro-
duction will be lowest in summer, when most U.S. utilicies experience
maximum eleccrical demand. When thermal load is low, electrical
production can be inecreased by several methods. Excess steam can be
exhausced to an auxiliary condenser, or the heat load can also be
increased by cooling the incoming DH water with an auxiliary heat
exchanger. Each of these modifications is undesirable because of

the added complication and cost of the conversion. Electricity pro-
duced by either of these methods will also be more expensive than

that produced with a standard condensing turbine.

3. Because some turbine stages have been removed and the turbine must
always operate at an elevated back pressure, there is a permanent loss

of electrical capacity.

3.2 Condensing Tail

Conversion of an existing condensing turbine to a condensing-tail
cogeneration turbine (Fig. 3.2) requires installation of a control valve
in an interstage steam crossover line and the addicion of an extraction
connection also in the crossover, and an extraction contrel wvalve.
(Because a minimum sceam flow to the low-pressure turbine is required to
cool the blading, it is essential that a minimum leakage through the
valve be provided.) A DH heat exchanger and control valve in the steam
extraction line complete the conversion.

There are two operating modes for a condensing-tail turbine —
electric only and cogeneration. In the electric-only mode, controls and
operation are identical to the unaltered turbine — the extraction conttrol
valve is closed, the crossover control valve is fully open, and no heat
is supplied to the DH system. When operating in the cogeneration mode,
either the electrical demand or the heat demand will take precedence
depending upon the specific control system design; however, the control
system will accommodate both demands (within the range of capabilities

of the turbine),
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The condensing-tall conversion offers several significant advantages:

1. No electrical capability is permanently lost. Any time the turbine
is not required to satisfy a heat demand, the turbiné can be operated

in the electric-only mode as if it had not been altered.

b2

Because the steam is extracted from the intermediate-pressure-to-low-
pressure crossover, no unbalanced thrust loads are introduced to the
turbine bearings (assuming a two—flow low-pressure turbine such as the
High Bridge units 5 and 6). Mechanical modifications of the turbine
are minimized.

3. Higher water temperatures are more feasible than with back-pressure
turbines, because of the higher temperature and pressure of the cross-

over steam,

4. Electricity and heat are not produced in a fixed ratio but can be
varied over a range. This variation provides more operational

flexibility to accommodate system load requirements.,
There are also disadvantages:

1. Major control modifications are required, and the new system is
complex.

2. Because most of the energy contained in any steam exhausted to the
condenser (a minimum flow for cooling the low-pressure turbine is
always required) is discarded, this system is less efficient than a
back-pressure conversion. However, the overall efficiency will
never be less than the all-electric mode for which it was originally
designed.

3. The cost of this conversion is usually considerably more than for a

back-pressure conversion due to the complex control system required.

3.3 Selection Criterias

Selection of the recommended conversion required evaluation of each

alternative with respect to a number of criteria:
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Lowest Cost, The fdeal system should have the lowest capital and
operating cost. Lower operating cost is generally more important than
lowest 1lnitial cost. In any system there is a limit bevond which the
operating costs cannot be sufficiently lowered to repay the increased
capital cost.

Reliability. The heat supply should be sufficiently reliable so that
the ucilicy management will have as much confidence in the cogeneration
system as they currently have in the electrical supply system.

Operating Flexibility. The ability to satisfy heat and electricirty

demands by using different combinations of equipment increases overall
reliability and also permits selecting the combination that results in
the lowest operating cost.

Burn Coal in Preference to 01l or Gas. Coal, an abundant domestic

resource, is less expensive than gas or oil. Federal energy policy
encourages use of coal, whenever possible, te conserve scarce oil and
Bas.

Constraints on Converting Existing Units: Both mechanical and thermo-

dynamic conscraincs must be considered. Mechanically, single-casing tur-
bines are not amenable to condensing-tail conversion. Multiple-casing
turbines may experience bearing alignment problems if converted to back-
pressure operation. Thermodynamic constraints include limitations on
entrained energy in extraction lines, extraction limitations, and the
effect of increased extraction on the pressure and flow to subsequent
stages.

Available Space. Sufficient space must exist for large heat

exchangers and other equipment. Adequate space around the new equipment
must be availabe for maintenance, Large pipes are required, and a path
must be available to route them. Use of these spaces must not block
any access, or otherwise interfere with the plant operation.

Other Considerations. 1Is the existing equipment in satisfactory

condition or will major repairs be required in addition to the modifica-
tions? Can the existing equipmenc be expected to perform reliably after
repair and/or modificarion? Does the confipguration of the existing

equipment permit the mechanical modifications (e.g., are the crossover
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lines accessible)? Are the floors strong enough or can thev be rein-
forced to support the new equipment? How can the new equipment be

brought into the building and set in place (preferably with minimal dis-
ruption of current station operation)?



4., ASSESSMENT OF HIGH BRIDGE UNITS

4.1 Dnit 3

4,1.1 General

Unit 3 was installed in 1942 and has a rated capacity of 50 MW(e)
with a power factor of 0.8; it is capable of generating 62.5 MW(e) with
maximum steam flow at a power factor of 1.0. Due to air quality regula-
tions, the unit burns a mixture of high- and low-Btu coal rather than
the high-Btu coal for which it was originally designed. The fuel change
has reduced the unit to 42 MW(e) due to insufficient steam flow from
boiler 9, 1In 1977, the unit availability was high with a heat rate of
13,071 kJ/kwh (12,389 Btu/kWh).

4.1.2 Physical condition

Turbine. 1In 1966 the steam turbine was modernized, extensively
rebuilt, and the start-up mode changed to full-arc admission; thus, the
turbine was restored to essentially new condition. In most respects the
turbine is 12 years old rather than 36. Weak points with the turbine are
the No. 1 bearing and the ocbsolete supervisory instrumentation. The bearing
is not regarded as a serious detriment by either the station operating
personnel or by the General Electric Company. The supervisory equipment
is more significant when the turbine is operated to meet demand peak
load (as it is now) than when used to supply the base load as will be
required of the retrofitted turbine. Additionally, the retrofit will
require control modifications which will eliminate some of the obazolete
equipment.

The high-pressure rotor is forged at 1283 K (1850°F) of chromium-
molybdenum-vanadium steel which was the standard material when this tur-
bine was built. General Electric Company recommends replacement of this
rotor with one produced from more modern material and manufacturing pro-
cesses (at an estimated installed cost of $800,000). Because the proposed
retrofit system for the High Bridge plant anticipates using unit 3 to
supply the base load with the result that the rotor will be subjected to

13
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less severe stresses than at present, UELC does not believe this expendi-
Lure necessary.

There is blade erosion in the low-pressure section. This is normal
wear from steam moisture. However, the back-pressure conversion recom—
mended by the manufacturer would require removal of all low-pressure
blading, thus eliminating this maintenance item.

Complete turbine inspections were made in 1971, 1974, and 1975. No
major problems were found, and the equipment condition appears to be
stable.

Cenerator. The generator has been performing satisfactorily, with
no indications of impending problems. The operating availability of the
turbine-generator was 94.1% during 1977,

Condenser. The existing condenser is in satisfactory condition;
however, the proposed conversion requires its removal.

Feedwater Heaters. The closed heaters have tube leaks which operat-

ing personnel cannot locate. However, this maintenance problem is not
serious enough to preclude consideration of unit 3 for conversion.

There is no indication of any significant deaerator problems.
Operating personnel of NSP report that the deaerator has been functioning
properly, although it has not been inspected recently,

Boiler. At present, the High Bridge station is burning a mixture
of 70% western low-sulfur coal [20.2 MJ/kg (8700 Btu/lb)] and 30% Illinois
high-sulfur coal [24.4 MJ/kg (10,500 Btu/lb)] to comply with air pollution
regulations. Because of the lower heating value of this blend compared
to 100% Illinois coal for which the boiler was designed, maximum steam-
ing rate is 50 to 57 kg/s (400,000 to 450,000 1b/h), which is about 75%
of the boiler rating.

Because a cross-tie exists between boilers 9 and 10, both can be
operated simultaneously to supply turbine 3 with its maximum 68.40 kg/s
(540,000 1b/h) of steam. When unit 4 is not operating, this simultaneocus
operation will provide a surplus of steam production which can be used
directly in a heat exchanger to provide additional DH capacity in an
emergency. As part of the retrofit, UESC recommends replacement of the
superheater outlet header which has been a frequent source of leaks.
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The Bailey combustion controls are obsolete by modern standards,
and NSP operating personnel have noted that replacement parts are dif-
ficult to obtain. This has been confirmed by Balley Meter Company. To
continue operating this unit either as it is, or to convert to cogenera-
tion, new (but not necessarily improved) controls will be required.

Boiler Feed Pumps. Boiler feed pump 31 drive motor was reported to

be shaky. A failure of this motor will idle the pump until repair parts
can be obtained. However, because of the reduced steam production of
boilers 9 and 10, this is of no concern. Only three of the remaining
four pumps are required to operate both boilers at their present maximum
production.

Miscellaneous. The NSP operating personnel have noted that the

existing precipitator will have to be upgraded to keep unit 3 in service
for another 15 years., United Engineeras & Constructors Inc., has not
developed Independent information concerning the precipitator.

Summary. Overall, unit 3 1s in satisfactory mechanical condition
and its useful life can be sufficlently extended by replacement and

upgrading of critical equipment.

4.1.3 Feasibility of conversion

Converaion of the unit 3 turbine to back-pressure cogeneration is
recommended. Only back-pressure conversion is considered because it is
simpler, less expensive, and more efficient. With single-case machines
like the unit 3 turbine, the crossover is an oddly shaped passage in the
casing. To install a control valve in this passage for condensing-tail
operation would require the design and production of a unique valve,
which would be prohibitively expensive. General Electric has agreed

that the proposed back-pressure conversion is feasible,

4,2 Unit 4

4.2,1 General

Unit 4 is a sister unit to unit 3 and, because of the fuel used,

has also been rated down to 42 MW(e). However, unit 4 suffers from several
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problems not present in unit 3 and, because of these problems, unit
availability was limited during 1977.

4.2.2 Physical condition

Turbine. The turbine was rebuilt in 1966 and, like unit 3, has
obsolete supervisory instruments and a trouble-prone No. 1 bearing.
Neither of these faults is regarded as serious.

However, there are serious problems with balance and aligonment of
the cturbine rotor. The best achievable balance onm turbine 4 still results
in 3-5 mils vibration amplitude, which is the maximum acceptable. This
is not conducive to equipment reliability. Compounding the balance prob-
lem is an alignment problem caused by nonuniform sinking of the genera-
tor foundation. This sinking began a few years ago, and the cause has
never been determined, although there is evidence that the sinking may he
associated with the recent construction of a stack. There has been no
sinking lately, but there is Insufficient Information to confidently predict
that the problem no longer exists.

The last-scage buckets have been machined off because of a failure
(presumably from erosion). Turbine 4 has a newer technology high-
pressure rotor than turbine 3; therefore, General Electric does not
recommend replacement.

Complete curbine inspections were made in 1971 and 1976. No signifi-
cant problems were found. The turbine-generator availabilicty during
1977 was 73.4%.

Generator. Both uwnit 3 and wnit 4 generators were built before or
during World War II when copper was scarce. As a result, the field wind-
ings in both are of an aluminum alloy, although copper was used for the
rotor., According to the generator manufacturer, the combination of alumi-
num and copper is not desirable. 1In fact, generator 4 did experience a
failure in 1974. The generator was repalred and no further incidents
have occurred; however, neither NSP operating petsonnel nor the local
General Electric Company representative has confidence in the unit 4
generator.

Condenser. The unit 4 condenser is reported to be in good conditiom.
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Feedwater Heaters. The unit 4 feedwater heaters are in the same

condition as those of unit 3.

Boiler. The unit 4 boiler (10) has the same outlet-header problem
as boiler 9; however, NSP operating personnel believe that the boiler-10
secondary superheater must also be replaced. No independent confirmation
was available,

Summary. Overall, the condition of unit 4 is judged to be unfavor-

abhle for conversion.

4.2.3 Feasibility of conversion

Serious turbine-generator problems and insufficient boiler capacity
(due to lower than design-Btu coal) to supply the full-load steam require-
ments of both turbines 3 and 4 prevent a recommendation to convert
unit 4. Although unit 4 will not be retrofitted, boiler 10 should be
kept in service to supplement the capacity of boiler 9.

4.3 Unit 5

4.3.1 General

Unit 5 was installed in 1956, Its rated capacity is 90,900 kW(e)
at a power factor of 0.85. During 1977, the unit availability was high,
and the hear rate was 11,127 kJ/kWh (10,537 Btu/kWh).

4.3.2 Physical condition

Turbine-Generator. Unit 5 turbine-generator appears to be in good

condition. The only concern expressed by NSP operating personnel was
about the future availability of parts and service. United Engineers &
Constructors Inc, queried Allis-Chalmers about NSP's concern and was
advised that no problems are foreseen until after the year 2000. The
turbine-generator availability for 1977 was 94.5%.

The turbine was last overhauled in the spring of 1%975. Allis-Chalmers
was unable to provide any additional information about the condition of

this equipment.
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Boiler. No boiler problems are known, although NSP has budgeted
money to modernize the boiler controls. This is independent of any con-
version recommendation. The Power Production Operating Report indicates
that during 1977, boiler 11 had an avallability of 85.0%.

Balance of Plant. All other equipment was reported to be in good
condition,

Summary. Overall, unit 5 is in good condition and has had good
availability,

4.3.3 Feasibility of conversion

Conversion of unit 5 to a condensing-tail cogeneration unit is
recommended. The type of conversion is dictated by the desired DH water
temperature, by the desire to minimize lost electrical capability during
the summer, and because bearing alignment problems are likely when large
turbines are retrofitted for back-pressure operation. Allis-Chalmers has

confirmed the feasibility of this conversion.

4.4 Unit 6

4.4.1 GCeneral

Unit & was installed in 1959. Its rated capacity is 156,250 kW at
a power factor of 0.85. During 1977, the unit availability was 92,2%
and the heat rate was 10,759 kJ/kWh (10,188 Btu/kWh).

4.4.2 Physical condition

Turbine-generator. Unit 6 turbine-generator was completely over-

hauled in the beginning of 1978 and is in good condition. Thermocouples
for detecting water leaks were installed during the overhaul. The only
problem appears to be erosion of the inlet section of the high-pressure
turbine, possibly due to exfoliation in the boiler superheater and/or
main steam leads. The generator was reported in good condition. During
1977 the unit 6 turbine-generator had an availability of 98.6%.

Boiler. The boiler and ancillary equipment were reported in good
condition. This is confirmed by the boiler availability of 93.8% in
1977 and by the local Babecock and Wilcox representative.
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Balance of Plant. All other major equipment — including condenser,

feedwater heaters, and pumps — was reported in good condition, and UE&C's
observaticns support this opinion.
Summary. Overall, unit 6 appears to be in good condition.

4.4.3 Feasibility of conversion

Conversion of unit 6 to a condensing-tail cogeneration unit is
recommended. The type of conversion is dictated by the same considera-
tions as for unit 5. General Electric Company has confirmed the feasibility

of this conversion.



5. CONCEPTS

5.1 Concepts Recommended

5.1.1 Design concept 1

1t is recommended that unit 3 be recrofitted for back-pressure
operation and that units 5 and 6 be retrofitted for condensing-tail opera-
tion. An auxiliary DH heat exchanger should be installed to take advantage
of steam available when turbine 4 is not operating.

In the recommended DH water cycle in the High Bridge station
(Fig, 5.1), the return water (cold) enters the pump suction before any
heating because this will be the point of maximum available ner positive
suction head. Pump discharge is preheated in exchanger 3, which will
replace the existing condenser. Steam for exchanger 3 is the exhaust
steam from turbine 3 (converted to back-pressure operation). The condensed
steam will be returned to the feedwater cycle(s).

Unit 3, as base load, will carry the continuous thermal demand and
as much of the variable demand as possible. Also, as base load, unit 3
will be in maximum use, and, because electrical production is direcctly
proportional to thermal load in a back-pressure turbine, loss of electrical
capability will be minimized.

Exchangers 5 and 6 will each further heat part of the DH water because
they are piped in parallel. The final temperature, which depends on the
outdoor temperature, will be controlled automatically by varying the steam
supply from the turbines.

Steam for exchanger 5 will be obtained by adding an extraction con-
nection to the crossover between the intermediate- and low-pressure
turbines. To control the pressure ratio across the intermediate-pressure
turbine and to control the steam supply to the DH heat exchanger, a
pressure-control valve will be installed in each of the crossover lines,
and a temperature-control valve will be installed in the extraction line.
The condensed steam from exchanger 5 is returned to the feedwater cycle

via the deserator.

21




22

Unit 6 is modified similarly to unit 5 and provides the steam source
for DH heat exchanger 6. In the summer, or whenever the entire heat
load can be supplied by unit 3, units 5 and 6 can be operated in the
electric-only mode to generate the same amount of electricity as before
the conversion. The condensing-tail conversion is also ideal for meet-
ing peak demands for heat, since the heat load can be varied from
essentially zero to maximum. Exchanger 3A will be supplied with steam
from boilers 9 and 10 if needed because of an outage of other heat source
equipment.

Since unit 3 provides sufficient base-load capacity, unit & will
remain for electrical generation only. The combination of unit 3
(back-pressure) and units 5 and 6 (condensing-tail) provides a system of
considerable flexibility which, under normal circumstances, can supply
the entire heat load without recourse to heat-only boilers. Installa-

tion of exchanger 3A provides an even more reliable system.

5.1.2 Design concept 2

Since profitability, and therefore feasibility, of the proposed DH
system depends upon achieving maximum penetration of the available market
(to minimize transmission and distribution costs) and upon maximizing
sales of the available heat, various ways to improve these factors were
investigated.

The design as developed and described in this report is based upon
the assumptions that the DH system will serve heating loads exclusively
and that all subscribers will modify their existing heating systems as
required to use the DH water with a varying supply temperature (Fig. 5.2).

Many buildings in the market area are heated with low-pressure
steam. Converting these buildings to the proposed hot water DH system will
necessitate a complete replacement of the existing building heating system
as well as installation of a new heat exchanger. To reduce the conversion
cost for these buildings and thereby entice the owners to subscribe, the
DH supply temperature could be kept at 422 K (300°F), throughout the

heating season which permits generation of low-pressure steam directly
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in the heat exchanger, thus eliminating the need to replace an existing
sceam heating system.

Modifying the DH system to keep the supply temperature at 422 K
(300°F) also permits serving summer, and even winter, air conditioning
loads for those customers with absorption air conditioning. This service
increases summer use with a corresponding increase in total annual heat

sales,

5.2 Additional Concept Modifications Recommended for Consideration

A review of the completed design of concept 1 identified the following
modifications that may improve the system's operation or decrease the
COSC.

1. Retrofit units 5 and 6 for condensing-tail operation and use the
Third Street plant for backup and summer load.

2. Retrofic units 5 and 6 for condensing-tail operation, and either
unit 3 or 4 for back-pressure operation. Use the Third Street plant
for backup in lieu of exchanger 3A.

3. Use the design concept as speclfied, except that DH heat exchangers
5 and 6 would each be capable of accepting 100X of the DH water
flow, These exchangers are now designed to each accept only as much
water flow as can be heated to 422 K (300°F) with che amount of
steam available to each.

4. Revise the recommended sequence of construction including the possible
use of oil-fired boilers to meet peak-load demands.

5.3 Concepts Considered

Five systems concepts were briefly considered and then rejecred:

1. Rectrofit unics 3, 4, 5, and 6 for back-pressure operation. Lost
summertime electrical capacity from units 5 and 6 was considered
unacceptable. In addition, General Electric Company later advised
that they did not consider back-pressure conversion of turbine 6 to
be feasible.
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Retrofit units 3, 4, 5, and 6 for condensing-tail operation. Because
units 3 and 4 are single-case machines, installation of the necessary
valve in the crossover is not feasible.

Retrofit units 3 and 4 for back-pressure operation, retrofit units 5
and 6 for condensing-tail operation, and install heat-only boller(s)
for peaking and backup. Boilers 9 and 10 are only capable of

75-85% of their original steam production due to use of low-Btu
coal. Therefore, there is insufficient steam to supply both units 3
and 4 at full capacity. Also, the forecast DH load through the

year 2000 cannot effectively use both units to supply the base

load.

Retrofit units 5 and 6 for condensing-tail operation and unit 3 for
back-pressure operation. Install heat-only boiler(s) for backup.
Existing bollers at the Third Street station could be used for
backup with less investment than required for new boilers.

Retrofit units 5 and 6 for condensing-tail operation and unit 3 for
back-pressure operation. Install heat exchangers at Third Street
station for backup. If turbine 4 is idle, boilers 9 and 10 would
have excess steam-generating capacity. By installing an auxiliary
exchanger at the High Bridge plant to use this excess steam if
required, backup could be provided at about the cost of installing
an exchanger at the Third Street plant. Considerable savings could
be realized in operating costs because (1) the Third Street plant
could then be closed when steam customers were switched to water
and (2) the High Bridge plant has a lower fuel cost than the Third

Street plant.



6. STATION MODIFICATIONS

6.1 Description

6.1.1 General

Units 3, 5, and 6 will be converted to cogeneration. Unit 4
turbine-generator will not be used, but boiler 10 and the feedwater
heater string will be used. Auxiliary heat exchanger 3A, supplied
with steam directly from boilers 9 and 10, will provide backup capacity.

Boilers 9 and 10 will operate in parallel to supply maximum steam
to turbine 3. Neither boiler alone can provide all of the steam required
by turbine 3 with the present lower Btu fuel. The necessary cross-
connections required to operate the boilers in parallel already exist.

Normally, boilers 9 and 10 will produce the maximum steam required
for turbine 3, with the excess available for turbine 4. If required by
equipment outages, steam [up to a maximum of 50-63 kg/s (400,000-500,000
1b/h)] can be produced to use in DH heat exchanger 3A. Drains from
exchanger 3A are returned to the boiler via the unit 4 deaerator and
high-pressure feedwater heaters. Pumps will be added to drain
exchanger 3A.

Unit 3 turbine will be converted to operate at a back pressure of
76-103 kPa (11-15 psia), and the existing condenser will be replaced with
DH heat exchanger 3. Condensate will be returned to the boller through
the existing condensate/boiler feed system, except that the low-pressure
feedwater heater will be bypassed,

Unit 5 turbine will be retrofitted for condensing-tail operation
and a new heat exchanger installed in the unit 2 area to heat the DH
water using the crossover—extraction steam. Drain pumps will be added to
return the condensed steam to the boiler feedwater cycle at the deaerator.

Unit 6 will be retrofitted similarly to unit 5 (Fig. 5.1).

The new heat exchangers and other equipment installed will require
that two operating-fleor openings along the north wall of the turbine
hall be covered with grating. Three operating-floor openings along the
south wall of the turbine hall will remain clear as requested by station

operating personnel.

27
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Drain pumps and other equipment installed in the basement of units
1 and 2 will require foundations. In all cases, 15.24-cm-thick (6-1in.)
concrete pads will be adequate.

6.1.2 Unit 3

The back-pressure modification of turbine 3 will be done by removal
of all of the low-pressure blading (stages 18-21), General Electric
Company recommends that, in lieu of machining the blades from the low-
pressure rotor, the entire low-pressure rotor be replaced with a spool
plece.

The increased pressure ratio across the 17th stage may require
replacement of the bucket-and-diaphragm combination with one designed for
the increased stress.

General Electric Company recommends that the high-pressure rotor
be replaced with a new one produced with a more modern heat treatment
(Sect. 4.1.2). This recommendation is independent of any conversiom.

The cogeneration operation will subject the rotor to less severe duty
than at present. Instead, UESC recommends a periodic boresonic inspection
(ultrasonic testing) of the existing rotor (with repaire, 1f indicated).

A turbine governor and back-pressure controller with control-
transfer package will have to be added (Sect. 8.2). Because of the
increased condenser pressure, a larger seal, steam regulator will be
required.

General Electric Company has indicated that it may be necessary to
reinforce the existing low-pressure casing, but a detailed study is
required to make a definite determinatcion.

The 75-103 kPa (11-15 psia) back pressure results in condensate at
365-374 K (197-213°F) [compared with 307 K (92°F) at the current 5 kPa
(1.5-in.-HgA) exhaust pressure]. This condensate will be too hot to cool
the hydrogen cooler, so the hydrogen cooler must be removed from the
condensate system and an alternate source of cooling water provided.

Adequate water should be available from the station service-water system.
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The existing low-pressure feedwater heater will serve no useful
purpose; therefore, it will be bypassed (and the extraction lines blanked
off and trapped).

Without the low-pressure heater in service, there will be no use
for the heater drain pumps, so they will be simply left in place, but
disconnected, and all isolation valves closed.

The existing condenser is unsuitable for use with the converted
unit, because the tube sheets and water boxes cannot withstand the
2169-kPa (300-psig) DH water pressure, and reinforcement is not practical.
Accordingly, the existing condenser must be removed and replaced with a
new heat exchanger.

The new exchanger will have a dome-type steam inlet on top of the
shell, which will be designed to mate to the existing exhaust opening.
Probably the existing condenser supports, hot-well-level controls,
conductivity-monitoring equipment, and existing hot-well pumps will be
usable with the new exchanger.

Because the turbine-exhaust steam will be condensed in the new heat
exchanger and the heat absorbed by the DH water, there will be no use
for the circulating water pumps. These can be removed or disconnected in
place, with the decision being based upon considerations of any inter-
ferences with installation of the new exchanger, usefulness in another
station, scrap value, and costs of removal and covering the remaining
floor opening.

The DH water piping consists of 76.2-em (30-in.) lines to and from
exchanger 3 and a 60.96-cm (24-in.) bypass. The inlet valve and bypass
valve are motorized with position indicators and, as such, require
installation of appropriate cable and motor starters.

Using unit 3 for DH will extend the unit's service life because it will
supply the base load. With the extended life, miscellaneocus additional
items of maintenance and/or parts replacement, which ¢ould have been
ignored, will be required. For example, new (but not necessarily improved)
boiler controls will be required, because repair parts for the existing

equipment may not be available,



6.1.3 Unic 4

Since the system proposed can use only one back-pressure turbine for
the base load and since unit 4 has not been considered for conversion
because of alignment problems, boiler 10 will be kept in service to
supplement the capacity and improve the reliability of boiler 9.

Excess steam from boilers 9 and 10 will be used in DH heat exchanger
3A, if required. The resulting condensate will be returned to the
boiler(s) through the unit 4 deaerator and high-pressure feedwater heaters.
To assure proper boller operation and steam temperature, it will prob-
ably be necessary for the condensate to enter the economizer at the same
temperature it currently does. If no extraction steam is available from
turbine 4, boiler steam must be supplied to the heaters and deaerator
through temperature and pressure control valves (Fig. 6.1). All of the
steam for exchanger 3A and the feedwater heaters is obtained from a
branch added to the boilers 9 and 10 steam-side cross-tie.

The pressures and branch configurations were selected from con-
siderations of heater performance, required line sizes, severity of
control-valve duty, and minimal size and number of safety valves required.
Each of the safety valves requires a vent to the outdoors. In most cases
these vents will be routed along column row 4 and exit through the
turbine-hall roof.

The branch connection requires a motorized shut-off valve to permit
isolation for maintenance and also requires appropriate expansion loops.
Drain pumps and level controls are required for exchanger 3A. The drain
pumps and motorized valves require motor starters.

As with unit 3, appropriate repairs should be made to all usable
equipment. Most notable is a new secondary superheater for boiler 10.

6.1.4 Unir §

—

Turbine 5 will be retrofitted to operate as a condensing-tail
cogeneration turbine. This requires installation of a pressure-control
valve in each of the two intermediate-pressure to low-pressure turbine
crossover lines, the addition of an extraction connection to the cross-
over, and major control modifications.
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To ensure a minimum steam flow to the low-pressure turbine for
cooling the blades, the control valves installed in the crossover pipes
will have undersized disks to make tight shutoff impossible. The exist-
ing ecrossover pipes have inside dimensions of 45.77 x 91.44 em
(18 x 36 in.) with 2.54-cm-thick (1-in.) walls. Suiltable oblong butter-
fly valves with pneumatic actuators and positioners are avallable from
at least two vendors. Use of this wvalve eliminates any need to adapt a
round valve to nonround pipes.

Allis-Chalmers has advised that it will be permissible to extract
all of the heating steam from only one of the crossover pipes. The pipe
on the south side has been selected. The connection will be made with
a specially fabricated elbow added to the bottom of the crossover. The
inlet section will be rectangular, approximately 45.72 x 101.6 cm
(18 x 40 in.), and the elbow termination will be round to match a 76.2 cm
(30 in.) standard pipe. The control modifications are described in
Sect. 9.1.

To protect the turbine against damage from water induction and
from damage by over speed in case of a trip, the extraction line is fitted
with a motorized tight shut-off block valve and an extraction nonreturn
valve (check valve with pneumatically assisted closing) as close as
possible to the turbine.

So that the DH water temperature can be controlled with as much
independence as possible from the electrical generation, a temperature-
control wvalve will be installed in the extraction line. This wvalve will
be actuated by the temperature of the water as it leaves the DH heat
exchanger, and the set point is automatically controlled by the ambient
temperature,

Condensate from DH heat exchanger 5 is returned to the unit 5
condensate/feedwater cycle at the deaerator with drain pumps. (Three
half-size pumps are provided.)

In accordance with ASME "Recommended Practices for the Prevention
of Water Damage to Steam Turbines Used for Electric Power Generation,"
DH heat exchanger 5 is provided with an alternate drain directly to the
unit 5 condenser. The instruments and controls for the prevention of
water induction are more fully described in Sect. 8.3.
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To protect the condensate system from contamination caused by heat-
exchanger leaks, the normal drain is provided with conductivity monitor-
ing and an automatic drain to a waste discharge, if the conductivity is
excessive.

During periods of maximum extraction for DH, condensate flow from
the condenser will be insufficient to cool the hydrogen cooler and air-
ejector condenser., To ensure an adequate flow of condensate under these
conditions, condensate will be recirculated from downstream of the air-
ejector condenser back to the main condenser. The recirculation will
be controlled automatically by a temperature-control valve. This control
permits the condensate flow through the hydrogen cooler and air-ejector
condenser to always be adequate without adversely affecting the hot-well

level N

6.1.5 Unit 6

Turbine 6 will be retrofitted for condensing-tail cogeneration
gimilar to turbine 5. The only differences are that the two crossover
pipes are round; therefore, these pipes will be firted with standard
(except for the undersized disc) round butterfly control valves, and the
new extraction connection must be added to both crossover pipes by
replacing the elbows at the exit of the intermediate-pressure turbine
with tees. The two upward-facing tee stubs will be joined with a
91.49-cm (36-in.) header which becomes the extraction pipe. The remain-
ing modifications to unit 6 will be identical to those described for
unit 5.

6.2 Arrangement

The proposed equipment arrangement (Figs. 6.2-6.4) takes into con-
sideration available space, equipment maintenance requirements, station
operating requirements, functional performance of the individual items of
equipment, and ease of construction.

The DH heat exchanger 3 is located underneath the turbine 3 exhaust

after the existing condenser is removed. This is the most convenient
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Fig. 6.2. Ceneral arrangement of the district heating equipment in the High Bridie Generating @m

Station (operating floor).
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location considering steam ducting and condensate piping. A four-pass
exchanger was chosen so that the overall length would be no greater than
the existing condenser, which assures adequate space for tube removal.

The DH heat exchangers 5, 6, and 3A are located on the operating
floor in the area of retired unite 1 and 2. The spacing permits shell
removal for maintenance as well as sufficient space to walk around them.
By being on the operating floor, maximum net positive suction head is
provided for the drain pumps located directly beneath in the basement.
Because the operating floor formerly supported two turbine generators
and provided a disassembly and laydown area, it is expected that minimal
(1f any) reinforcing will be required to support the three DH heat
exchangers.

In general, as much of the new piping as possible was kept below
the operating fleoor. This location minimizes obstructions to loads
being carried by the turbine-room crane. Even more important is ease of
supporting these new pipes, especially the large steam and water pipes.

The notable exception is the 76~ and 91-cm (30- and 36~in.)
extraction-steam piping from turbines 5 and 6 to DH heat exchangers 5
and 6. Obstructions beneath the operating floor preclude under-the-floor
routing so these pipes are positioned against the south wall of the turbine
hall above the tops of doors and below the crane. To present minimal
obstructions for the crane, these pipes will be supported by a ladder-
type frame fastened to the wall. These pipes drop beneath the floor in
the vicinity of unit 4, beyond the obstructions, and then come above
again to enter the DH heat exchangers.

Although the piping is below the operating floor, power-actuated
valves are located above the floor for visibility and ease of maintenance.
Manually operated valves are all accessible for operation, although in
some cases a hand chain may be required.

Piping is shown on Figs. 6.5-6.9. All pumps, both heat exchanger
drain pumps and the main DH-system circulating pumps, are in the base-
ment so vibration problems will be reduced. Foundation work is also
minimized, since these pumps can be placed on concrete pads dowelled to
the existing floor.
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The main steam line to heat exchanger 3A is routed over the unit 1
and 2 cireculating-pump pit at elevation 222 m (729 ft). Support is by
the turbine-hall columns, and adequate space exists northward for expan-
sion loops.

Safety wvalves on this pipe can be vented vertically up along the
south side of the pipe gallery, and, once above the turbine room crane
elevation, the vent pipe can cross into the turbine hall and exit through
the turbine-hall roof, which is the lowest roof.

The 379-m® (100,000-gal.) storage and make-up tank is located in
the unit 5 ecirculating pump kit. By locating this tank indoors, no freeze
protection is required. The chosen location is not expected to require
any preparation to support the tank. Because a bridge crane exists above
the pit, the tank can be erected in place. A rectangular tank is
required to fit the available space.



7. SYSTEM DESCRIFPTION

7.1 System Design Characteristics

Figure 7.1 illustrates the DH water system and the simplified con-
trols. The incoming DH water first enters DH heat exchanger 3 where it
is heated to an intermediate temperature of approximately 361 K (190°F).
The set point for this temperature can be adjusted by the operator by
means of a manual loading station. Low-pressure exhaust steam from unit 3,
which operates as a back-pressure turbine, is the heat source, The
control system for unit 3 automatically admits steam into the unit 3
turbine, so as to maintain the proper low-pressure steam flow into
exchanger 3.

The DH water is subsequently piped to parallel DH heat exchangers 3A,
5, and 6. At the outlet of this parallel equipment arrangement, the DH
water reaches the desired supply temperature. The set peint for this
temperature is determined by the dry-bulb temperature of the outside air
(Fig. 5.2). The outlet temperatures of exchangers JA, 5, and b are
measured separately. These temperature measurements control the amount
of steam admitted into the exchangers. Control wvalves at the inlet of
exchangers 5 and 6 admit the steam required to keep the desired water
temperature at the cutlets, The steam to exchangers 5 and 6 is extracted
from the intermediate-pressure-low-pressure crossover points of units 5
and 6, ©Steam to exchanger 3A is supplied through pressure-reducing and
control valves from boilers 9 or 10, only when cogenerating units are
not available for service.

District heating heat exchanger 3A is designed for the full DH
water flow. Heat exchangers 5 and 6 are each designed for partial DH
water flow. Together, they are capable of full DH water flow. The
motor-operated valves at the inlets permit the operator to shut off the
flow of water when any one of these exchangers is out of service. Also,
these motor-operated valves permit the operator to proportion the water-
flow to exchangers 3A, 5, and 6 when more than one is in service.

The amount of steam condensed in a DH heat exchanger is determined
by the water flow rate and the inlet-outlet temperature difference of the

water.
45
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During operation, these are identical for exchangers 3A, 5, and 6.
Thus, the ratio of DH water flowing through heaters 3A or 5 or 6 deter-
mines, during normal operation, the amount of steam condensed In each.

The differential pressure across DH heat exchangers 3A, 5, and 6
is measured. Interlocks prevent the closing of the motor-operated valves
in the water circuit of DH heat exchangers 3A, 5, and 6, 1f the pressure
drop across these exchangers reaches an unacceptably high value. This
feature prevents water hammer in case the operator inadvertently restricts
the water flow too severely. Also, a high-pressure drop across the
exchangers sounds an alarm in the control room.

Distriect heating heat exchanger 3A can be used during the summer
months, when the heating load is low, or this heat exchanger can be used
for supplemental heating when sufficient cogeneration units are not
available because of equipment outage. Because cogenerating units provide
significant fuel-cost savings, exchanger 3A is only used to supply heat
when sufficient cogeneration units are not available to satisfy an exist-
ing heat demand.

7.2 Operational Flexibility

After completion of the design and cost estimates of the system
(Fig. 7.1), it became evident that greater operating flexibility could be
obtained by changing the concept. In the original design (Fig. 7.1), it
is necessary to divide the water flow through exchangers 5 and 6, thus
requiring operation of turbines 5 and 6 in the cogeneration mode during
much of the heating season. By designing each of the DH heat exchangers
to carry 100% of the DH water flow, greater operating flexibility can be
obtained. In this operational concept it is no longer necessary to
divide the DH water flow. Therefore, flow to either exchanger 5 or 6 can
be shut off, and the turbine supplying steam to that exchanger can operate
in the electric-generation mode,
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8, INSTRUMENTATION AND CONTROL SYSTEMS

B.1 Turbine-Generator Control System for Units 5 and 6

8.1.1 Introduccion

The mode of operation of a conventional condensing turbine is such
that the turbine can be modified for condensing-tail operation.

The speed controller regulates turbine speed by varying the steam
flow. This controller is used on conventional condensing units for
start up, initial loading of the turbine, and for shut down of the unit.
The load controller is used to control the turbine over the normal load
range from approximately 20 to 100%X. Turbine loading is controlled by
the turbine throttle valve which, in case of an increased electrical
demand, admits additional steam into the turbine as required to main-
tain turbine speed and, thus, the system frequency. The load controller
allows the setting of loading rates (maximum allowable rates of change
during load increase), manual load limit set points (maximum-minimum
allowable load), interface to load-dispatch signal (communications with
central dispatching system), and load runbacks (maximum alleowable rate-
of-change during load decrease).

With conventional condensing turbines, the loading rates and limits
are determined by the electric-generation capability of the turbine-
generator. After converting a condensing turbine to condensing-tail
operation, the loading rates and limits are determimed by two factors —
electric-generation demand and steam demand for district water heating.

8.1.2 Control modes for turbine with condensing tail

To meet the different load requirements, it is possible, after con-
verting the turbine to condensing-tail operation, to operate each turbine-
generator unit in either of the control modes — electric generation only

or cogeneration.

49
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The change from one control mode to the other is done by a transfer
switch located on the turbine control panel. The motor-operated shut-
off valve which admits the steam to the DH heat exchanger is fully closed
when the turbine-generator operates in the electric generation mode
(Figs. 8.1 and 8.2). Thus, no steam is extracted for district water heat-
ing. 1In this mode, the turbine operates as a condensing turbine. Load-
ing rates and limits are determined by the electric-generation capabilities
of the turbine-generator and the capabilities of the boiler.

When a unit operates in the cogeneration mode, the electric demand
takes precedence over the heating demand. Thus, when the turbine-
generator 1s no longer able to supply an increased demand for electricity
and to simultaneously supply the steam demand for DH water heating, the
gteam to the DH heat exchanger is decreased. 1In such an event, the
water temperature at the outlet of the affected exchanger falls below
the desired value, setting off an alarm in the control room. Then the
operator can restore the temperature of the DH water by either manually
reducing the electric-load demand of the affected unit or by increasing
the loads of other units,

It is possible to design the turbine controls so that when a unit
operates in the cogeneration mode the heating demand takes precedence
over electric demand. But then the turbine control system becomes more
complex. Such a system is not justifiable in view of the simple opera-
tor actions required when the DH demand cannot be satisfied with an
existing equipment configuration.

When a unit operates in the cogeneration mode, the electric genera-
tion can be adjusted only within a limited range. This is done either
by varying the steam into the low-pressure turbine stage or by varying
the steam flow through the main steam-admission valve. These actions
change the amount of steam diverted to the low-pressure section or to
the entire turbine and, thus, to electric generation. The control zone
for the turbine is restricted when it operates in the cogeneration mode,
because of the following limitations:

® maximum exhaust flow (through the low-pressure turbine),
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® minimum exhaust flow (required for adequate cooling of the low-
pressure stages),

® maximim steam flow via the initifal stages of the turbine,

® maximum generation capability of the turbine/generator, and

®* minfmum electric generation.

These limitations establish the permissible control zone, which must be
defined by the turbine-generator manufacturer.

The low-pressure turbine exhaust temperature is monitored to ensure
that sufficient steam flow is present for adequate cooling. An alarm
in the control room informs the operator when this temperature reaches
a high limit, thereby indicating that steam flow into the low-pressure
turbine section is approaching the minimum acceptable value. The already
existing alarms for each unit indicate when electric generation is

nearing a limiting value,

B.1.3 Control system for units 5 and 6

The general arrangements of the boiler and the turbine as well as the
various steam and water cycles of High Bridge Generating Station units 5
and 6 are almost identical (Figs. 8.1 and B.2). After conversion, both
turbines will operate as cogeneration turbines with condensing tails.

The major difference is that unit 6 has one additional feedwater heater
at the low-pressure side, Because these units are almost identical, the

subsequently outlined control system applies to both High Bridge units 5
and 6,

8.1.4 Turbine control system modifications

This section outlines the control hardware requirements and major
modifications to be implemented when converting the existing condensing
turbines (High Bridge units 5 and 6) for condensing-tail operation. The
following major valves would be installed in the steam piping of the
turbine: control valve CV-2 at the inlet to the low-pressure stage of
the turbine (Figs. 8.1 and 8.2), and control valve CV-1 and nonreturn
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and shutoff valves in the extraction-steam piping to the DH heat
exchanger (Figs. 8.1 and 8.2). All these valves are controlled by the
turbine control system and must be appropriately interfaced with that
system,

The electric generation via the high-pressure and intermediate-
pressure stages can be significant when the extraction-steam flow to the
DH heat exchanger reaches high values. Under this condition, the steam
flow to the low-pressure turbine, and consequently, the flow of con-
densate through the hydrogen cooler, will be low. Thus, the temperature
of the condensate at the hydrogen-cooler ocutlet will rise. A pneumati-
cally operated temperature-control loop is added to maintain the desired
temperature. A bypass control valwve TCV-1 (Figs. 8.1 and 8.2) automatically
opens when this control loop detects a higher condensate temperature at
the outlet of the hydrogen cooler. This valve recirculates a part of
the condensate to the condenser, and thereby increases the condensate

flow through the hydrogen cooler by the proper amount.

8.1.5 Control strategy

The turbine control system is designed to maintain normal cperating
temperature and pressure conditions within the turbine, regardless of the
control mode (cogeneration or electric generation) selected.

When low-pressure steam is extracted for distriet water heating,
the steam flow to the low-pressure stages of the turbine is decreased by
an equal amount. Thus, the pressure and temperature conditions within
the intermediate-pressure and low-pressure sections of the turbine are
not altered when changing the amount of low-pressure steam extracted for
district water heating. The temperature and pressure conditions within
the intermediate-pressure and low-pressure stages only depend upon the
total steam flow through these stages.

The steam flow to the low-pressure section is allowed to decrease
only to the minimum required for adequate cooling of the low-pressure
stages. The steam flow to the DH heat exchanger is not allowed to
increase when the steam flow to the low-pressure section of the turbine

reaches the minimum allowable value.



35

8.1.6 Control system

When a turbine operates in the cogeneration mode, the control valve
CV-2 at the inlet to the low-pressure section (Figs. 8.1 and 8.2) main-
tains the pressure at the intermediate-pressure-low-pressure crossover
point at the desired value preventing a high-pressure drop across the
intermediate-pressure stage. This pressure should be proportional to
the steam flow through the intermediate-pressure turbine and independent
of the DH load. The set point for this pressure is established by the
pressure transmitter at the inlet to the intermediate-pressure section.

As the heating load increases, the control valve CV-2 in the cross-
over piping (Figs. 8.1 and 8.2) closes, until it passes only cooling
steam to the low-pressure turbine stages. This is the minimum low-
pressure—-turbine-stage flow condition and corresponds to approximately
15% of the low-pressure-turbine nominal inlet flow. Interlocks prevent
further increase of the extraction-steam flow to the DH heat exchanger
for as long as the steam flow via the low-pressure stages is at the
minimum required walue.

The control valve CV-1 in the extraction-steam pipe (Figs. B.1 and
8.2) controls the water temperature at the outlet of the DH heat exchanger.
The outside air temperature determines the set point of the DH water
temperature (Fig. 5.2). The control valve CV-1 in the extraction steam
pipe (Figs. B.l1 and 8.2) is modulated by the turbine control system as
required to maintain the desired water temperature at the ocutlet of the

DH heat exchanger.

8.1.7 Turbine protection

The turbine protective system has priority and is independent of
the normal control system. Thus, control signals from the turbine pro-
tective system take precedence over the normal control signals. The
turbine protective systems consist of the existing protective system and
additional protective features, which must be implemented when the units
are converted for cogeneration.

One new feature required is to monitor the pressure across the

IP-turbine stages, 1f the pressure differential across the IP turbine
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stages is too high, a "High Differential Pressure'" alarm sounds in the
control room. The control valve which admits extraction steam to the DH
heat exchanger CV-1 (Figs. 8.1 and 8.2) is repositioned, via inter-

locks, until proper pressure conditions are restored. Turbine protection
is provided by tripping the turbine, if this differential pressure reaches
a predetermined high/high value.

A non-return valve, located near the point of extraction, is pro-
vided for fast closure to limit turbine overspeed due to entrained energy
in the extraction steam. This valve is closed, via interlocks, in the
case of turbine trip, high/high level in the DH heat exchanger, or high/
high conductivity of the condensate from the DH heat exchanger.

An alarm sounds in the control room when the exhaust-steam tempera-
ture at the LP stage reaches an unacceptably high value. In such an
event interlocks prevent further opening of control valve CV-1 (Figs. 8.1
and 8.2). The turbine is tripped, after a predetermined time delay, if
the high LP-steam exhaust-temperature condition persists. The tempera-
ture of the LP exhaust steam is measured by redundant (3 temperature
measurements) instrumentation. This redundant arrangement prevents
unnecessary turbine trips in case of a single instrument failure. The
three redundant temperature measurements are compared with each other and
an alarm sounds in the control room when an unacceptable deviation exists.
Provisions are made for removing erroneous signals from the measurement

circuitry.

8.2 Turbine-Generator Control System for Unit 3

After converting this unit to a backpressure turbine (Fig. 6.1), the
steam flow into the turbine is determined by the DH system demand which
establishes the amount of heat to be transferred from the LP exhaust steam
to the DH water. The basic objective is to balance the steam flow
through the turbine with the steam flow required for heating the DH water.
The heating requirements are determined by the temperature difference
(inlet/outlet) and the flow rate of the DH water. The electrie genera-
tion is determined by the steam flow through the turbine which in turn
depends upon the heat to be transferred to the DH water.
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The backpressure turbine is controlled by maintaining the proper
pressure at the outlet of the turbine. There Is a danger of overloading
the 17th stage, if the backpressure drops below 76 kPa (11 psia). This
can happen if the DH load is too great. The governing control system of

the backpressure turbine operates in the following fashion:

— The speed controller is used for start-up, initial loading of the
turbine and for unit shut-down. To prevent overspeeding, the tur-

bine reverts to speed control if the electric generator is tripped.

— After synchronizing, the turbine speed is determined by the grid
frequency. The backpressure of the turbine is maintained, over the
entire load range, at a constant value. The steam flow into the
turbine is controlled, via control valve CV-1 (Fig. 6.1) as required
for balancing the heat input into DH heat exchanger 3.

The low-pressure exhaust steam flow from unit 3 is sufficient, up
to a certain DH water flow condition, to heat the water to the required
intermediate temperature. Part of the DH water is bypassed, around
exchanger 3 (Fig. 7.1), when the water flow through the exchanger reaches
the limiting flow value. Therefore, during normal operating conditions,
there exists no danger of overloading the backpressure turbine.

Before turbine 3 is started, the motor operated valve, at the inlet
to DH heat exchanger 3 (Fig. 7.1) is positioned by the operator to
restrict the flow of district heating water through exchanger 3. Under
this start-up condition, only a reduced exhaust steam flow is required
from unit 3 for heating the district water. After starct-up, the loading
of the turbine-generator is gradually increased by slowly opening the
motor-operated valve at the inlet to the DH heat exchanger. This
gradually increases the water flowing through exchanger 3, and consequently,
the exhaust steam flow required from unit 3.

Significant backpressure variations are inevitable when full water
flows, during initial turbine loading, through DH heat exchanger 3. This
is because the exhaust steam flow cannot increase in sSteps.

Turbine protection is provided for abnormal conditions. An alarm

sounds if this pressure reaches a predetermined "low" level and a turbine
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is tripped if the low pressure condition persists for a predetermined time.
The turbine is tripped automatically if the back pressure falls below a
predetermined low/low level.

The backpressure of the turbine is measured by redundant (3 pressure
measurements) instrumentation. This redundant arrangement prevents
serious turbine upsets that could result from a single instrument failure.
An alarm sounds in the control room when an unacceptable difference exists
among the three measurements. Provisions exist for removing erroneocus

signals from the measurement circuitry.

8.3 The Prevention of Water Damage to Steam Turbines

8.3.1 General

The cogenerating turbines can be severely damaged by water from
excessive heat-exchanger condensate level entering the turbine through the
extraction point. Features are provided to prevent this water damage.

For this purpose, instruments and controls are included in accordance
with ASME Standard No. TWDPS-1 "Recommended Practices for the Prevention
of Water Damage to Steam Turbines Used for Electric Power Generation,
Part 1 — Fossil Fueled Plants."

8.3.2 Control strategy

Two lines of defense prevent water from entering the turbine. Under
normal conditions, one control loop regulates the condensate level in
the DH heat exchanger. If this control loop cannot prevent the level in
the exchanger from reaching the high level, then the first line of
defense is actuated. An independent second line of defense is actuated,
if the water level in the DH heat exchanger reaches the "HI/HI" level.

8.3.3 Automatic drain system

The normal primary drain line discharges via the drain pumps and
control valve CV-3 (Fig. 8.3). An independent control system for conm-
trol valve CV-5 opens the alternate drain line to the condenser, when
the high level is reached.
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In all the control components including the valve actuator, only
pneumatic control hardware is used. This purely pneumatic control system
as the first line of defense assures that the normal control system is
completely independent of electric power. This design can additionally
protect the turbine even in case of complete loss of instrument air.

In such an event, CV-3 closes fully, and CV-5 opens fully, thereby
opening the drain line to the condenser and preventing water in the

primary drain line from backing up in the DH heat exchanger.

8.3.4 Steam-side isolation system

The second line of defense initiates the required protective actioms,
when the previously described automatic drain system cannot drain the DH
heat exchanger. These actions are initiated by the HI/HI level switch
which initiates the closing of the extraction-steam control valve CV-1
(Fig. 8.3) as well as the nonreturn valve P and the motor cperated shut-
off valve., Drain valve D-1 (and D-2 if required) is interlocked so
that it automatically opens when the shutoff valve in the extraction steam
line closes. This assures drainage of condensate from the extraction
steam line.

The steam-side Isolation system is only actuated if the normal con-
trol system and the first line of defense both fail to protect the tur-
bine adequately. Equipment actuated by the HI/HI level switch does not
reset automatically after removal of the HI/HI level condition, since
this indicates a major upset. Therefore, interlocks permit the return of
this equipment to the normal coperating condition only after operator
intervention from the control comsole, when a HI/HI level condition no
longer exists. Suitable alarms inform the operator when the second line
of defense is activated. These alarms alert the operator te investigate
and shut off the source of water.

According to ASME Standard TWDPS-1, the nonreturn valve is not con-
sidered a satisfactory shutoff walve for preventing water induction
because of possible seat and dise distortions, but it does limit turbine
overspeed. However, it can afford some protection from water induction
since it closes automatically, together with the shut off wvalve, if a
HI/HI level condition develops.
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8.3.5 District heating heat exchangers 3 and 3A

District heating heat exchanger 3 transfers the heat from the LP
exhaust steam of High Bridge Generating Station unit 3 to the DH water.
District heating heat exchanger 3 operates on the same principle as the
condenser in the present condensing turbine. Therefore, the previously
described measures for preventing water induction are not required for
exchanger 3.

District heating heat exchanger 3A is not connected to the steam
circuit of a turbine (Fig. 8.3); thus, protective measures to prevent
leaks are not required.

The level of the condensate in DH heat exchangers 3 and 3A is con-
trolled by individual pneumatically controlled automatic drain-control
valves. Each of these heaters is additionally equipped with HI and HI/HI
level switches. A HI-level condition is alarmed to the operator in the
control room. HI/HI level in exchanger 3 trips unit 3, HI/HI level in
exchanger 3A trips wvalve PCV-1 (Fig. 6.1).

8.4 Ingression of DH Water

District heating water on the tube side of each DH heat exchanger
is at higher pressure than the steam on the shell side. Serious prob-
lems can result when DH water leaks from the tube side to the shell side
of an exchanger, because the quality of the DH water does not meet the
stringent requirements set for boilers and turbines. Therefore, pro-
tective actions must immediately be taken.

In the event of a small leak only, a conductivity alarm sounds in
the control room. For more serious leaks a bypass wvalve is installed in
the outlet piping of each DH heat exchanger and is controlled by a con-
ductivity cell. Valve CV-3 (Fig. 8.3) closes and bypass valve CV-4 opens
when the conductivity cell measures HI/HI conductivity at the outlet of
a district water heater, This action prevents the flow of contaminated
condensate into the boiler, and bypasses such condensate to waste.
Simultaneously with this action a HI/HI conductivity alarm sounds in the
control room. Depending on the DH heat exchanger involved, the following
additional actions are taken:
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1. Exchanger 3: turbine unit 3 is tripped.
2. Exchanger 3A: wvalve PCV-1 (Fig. 6.1) is tripped.

3. Exchanger 5: the motor-operated shutoff valve and the power-
assisted check valve (Fig. 8.1) are closed to prévent the flow of
extraction steam into the heat exchanger. Interlocks transfer
turbine 5 so that it can only operate in the electric generation
mode.,

4. Exchanger 6: same as described for exchanger 5.

8.5 District Heating Heat Exchanger 3A

The existing feedwater system from unit 4 can be used (Fig. 6.1) when
exchanger 3A is required. Steam from boilers 9 and 10 can supply steam
to exchanger 3A. Valve PCV-1 (Fig. 6.1) first reduces the steam pressure
from 5900 kPa (850 psi) to approximately 1700 kPa (250 psi). The amount
of steam introduced into DH heat exchanger 3A is controlled by control
valve TCV-1, as required for maintaining the desired temperature of the
DH water.

In the high-pressure and intermediate-pressure heaters the feedwater
is heated to the temperature required for proper boiler operation.

Steam at 1700 kPa (250 psi) heats the feedwater flowing through the HP
heater. Control valve TCV-2 (Fig. 6.1) admits the steam required to
maintain the desired temperature of the feedwater.

Control valve PCV-3 maintains the pressure in deaerator heater —
unit 4, as required for proper operation of the deaerator. Control valves
PCV-1, PCV-2, PCV-3 and TCV-2 (Fig. 6.1) are all controlled by pneumatic
instruments mounted directly on the valve actuator as a single field-
mounted package to control a single variable. Provisions exist for
tripping valve PCV-1 from the control panel. A manual-automatic control
station on the control panel for the DH system controls valve TCV-1
(Fig. 6.1). 1t allows the operator to gradually adjust the steam flow
to DH heat exchanger 3A during startup or shutdown.
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B.6 Control Panels and Operator Console

8.6.1 General

The turbine sections of the existing control panels must be modified
to incorporate additional features required to control the extraction
steam to the district water hedter. It is assumed that there is no space
available in the existing control room for the installation of an
additional control panel from which the operation of all DH heat
exchangers could be controlled. A separate control panel, provided for
this purpose, will be located on the operating floor.

Although not included in the estimate, a digital computer-based
information system should be provided. With such a system, the performance
of the cogeneration system can be monitored from the control room. 1In
the simplest case only an operator console, with a cathode ray tube (CRT),
would be additionally required in the control room providing the operater
an interface with the DH water transmission and distribution system,
and the turbine-generators used for cogeneration.

The console of a more sophisticated computer-based system would
contain, in addition to the CRT, all control switches required for operating
the district water system. It would permit operation of the entire DH
water system and the cogeneration units from the control room. The data
gathering subsystem manipulates the input data to minimize the required
operator interactions. A separate control panel for the DH water section

is not required with such a computer-based system.

8.6.2 Modification of turbine-generator panels

The panels for units 5 and 6 must be changed to include a crossover
pressure indicator, walve position indicators for control valves CV-1
and CV-2 (Figs. 8.1 and B8.2), and open-close centrol switches for the
shutoff valve which is located in the extraction steam line. (The tur-
bine generator operates in the cogeneration mode when this shutoff valve
is open and in the electric generation mode when the valve is closed).
The panel for unit 3 must be changed to add a backpressure indicator and

to remove the interface-to-load dispatch signal and the controls for
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manually adjusting electric generation. In addition to this, the existing
control hardware for all units converted for cogeneration must be modified
by the turbine manufacturer, as required to implement the control

strategies outlined.

8.6.3 Control panel for DH water system

The DH water system control panel contains all field wiring termina-
tions, Interlocks, logic devices, and control stations needed to control
all DH heat-exchanger supply and return valves, bypass valves, steam
and drain valves, and drain pumps.

Indicators on this panel monitor appropriate pressures, temperatures
and flows. Pump status and valve-position indicator lights, as well as
recorders, are also included. An annunciator with common alarm outputs
to the central control reom alarms critical items such as high con-
ductivity of the condensate, and high condensate level. A manual-automatic
control station, alsc on this panel, allows the operator to gradually
adjust the steam flow to the heat exchangers during startup or shutdown

operations.



9. PLANT OPERATION

9.1 Introduction

The annual heat demand in the DH system varies widely (Fig. 9.1).

To satisfy this continually changing heat demand, it will be periodically
necessary to change the DH heat exchanger configuration., Tables 9.1 and
9.2 show several DH heat-exchanger configurations and ambient-air tempera-
tures which establish the limit of operation for these various configura-
tions. These tables were developed for the concepts described in

Sect. 7.2, Operational Flexibility.

The calculated limiting values (Table 9.1) are based on the assump-
tion that the minimum steam flow to the low-pressure turbine stages of
units 5 and 6 is 151 of maximum rated flow to the low-pressure turbine
stages. The limiting values (Table 9.2) are based on a 227 steam flow
to the low-pressure turbine stages. The calculated limiting values are
valid for the heating demand estimated for the year 2000.

At a meeting in Schenectady on October 4, 1978, representatives of
the General Electric Corporation indicated that 15% of rated steam flow
represents the most likely value of the minimum required low-pressure
steam flow, but they declined to establish this value more precisely
before doing an engineering analysis. In a letter dated September 7,
1978, a GE representative advised that the minimum required low-pressure
steam flow could be as high as 22% of the flow at valves wide-open.

In view of these uncertainties the two tables have been prepared.

It should be stressed that 15%, or less, represents the most probable
minimum value of the extraction steam flow to the low-pressure turbine
stages. EKONO assumed in their study a 15% value for this steam flow.

1f the minimum flow is 15%, a single cogeneration unit outage can
be tolerated (Table 9.1), even at the lowest design outside air tempera-
ture (244 K). If the minimum flow is 22¥%, no cogeneration unit outage
can be tolerated at low outside-air temperature without backup
(Table 9.1). But this time period is relatively short. Furthermore, DH
heat exchanger 3A which can be supplied by steam from either boiler

9 or 10 can provide the necessary backup if needed, for the relatively
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Table 9.1, Ambient air temperatures which establish
the operational limits for various district heating
heat-exchanger combinations (case I)

Ambient air temperature limit

Heat exchanger(s)

in service (K) {°F)

3 282.2 48

5 287.7 40

6 265.5 18

3 and 5 261.6 11

3 and 6 251.6 -7

5 and & 244, 4 =20

3, 5, and 6 244.4 (and below) -20 (and below)

Note: Minimum steam flow to the low-pressure turbine stages of
units 5 and 6 is assumed to be 15% of rated flow.

Table 9.2. Ambient air temperatures which establish
the operational limits for various district heating
heat-exchanger combinations (case II)

Heat exchanger(s) Ambient air temperature limit

in service

(K) (°F)
3 282.2 48
5 278.9 42
f 268.13 23
3 abd 5 262.8 13
3 and 6 254.4 -2
5 and 6 248.3 -13
3, 5, and 6 244.4 (and below) =20 (and below)

Note: Minimum steam flow to low-pressure turbine stages of units
5 and & is assumed to be 22% of rated flow.
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short time of an unusual equipment cutage of more than one unit at the
maximum load condition. Thus, the selected system combination provides
adequate supply reliability and flexibility. The cogeneration units can
be used in many different combinations. Different combinations are best
for each of the three (low, intermediate, and high) heating demands.

The eleetric generation of a turbine-generator must also meet cer-
tain minimum requirements when operated in the cogeneration mode
{Sect. 9.6).

9.2 Low Heating Demand

Low heating demand probably coincides with high electric demand,
when the electriec generation by the cogeneration upits must be at a
maximum, while the required steam flow for DH heating is at a minimum.
For this condition, unit 3 alone (with units 5 and 6 operating in the
electric-generacion mode) can be used.

With this equipment combination, steam is not extracted from units 5
and 6 for district water heating; the heat is supplied by unit 3
exclusively. The electriec generation by this unit depends on the steam
exhausted and thus is maximized for the existing heat demand conditions.
Unit 3 operates over the entire load range (from low to high heat demand).
Unit 3 will supply the base load when other units are required to meet
an increasing heating demand,

This equipment combination can be used when the outdeor air tempera-
ture is approximately 282.2 K (48°F) or higher. The corresponding time
period is relatively long (late spring through early autumn). It permits
scheduled maintenance of the cogeneration units. When unit 3 is out of

service for maintenance, either unit 5 or 6 can be changed to cogeneration.

9.3 Intermediate Heating Demand

The intermediate heating demand begins when the outside-air tempera-
ture is nearing 282.2 K (48°F). Below this outdoor temperature, unit 3
can no longer satlsfy the heating requirements. Either unit 5 or 6

should be changed to cogeneration.
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9.4 High Heating Demand

Depending on the cogeneration unit used (either unit 5 or 6), in
conjunction with the unit 3 back-pressure turbine, the existing combina-
tion can be operated up to a limiting outside-air temperature of 261.6 K
(11°F) or 251.6 K (-7°F) (Tables 9.1 and 9.2). At lower temperatures
the second condensing-tail cogeneration unit (unit 5 or 6) should be

changed to cogenerationm,

9.5 Off-Normal Operating Conditions

The heating demand over the eéntire year can normally be satisfied
by using cogeneration units only. Provisions have been incorporated into
the system to allow satisfying the heating demand when sufficient cogen-
eration units are not available for service.

Any of the three cogeneration units can satisfy the heating demand
if the outside air temperature is 282.2 K (48°F) or higher (Tables 9.1
and 9.2). As the outside-air temperature falls below this temperature,
two cegeneration units will be required. Only at low outside-air tempera-
ture are all three cogeneration units required. Thus, the tolerable
outage of cogeneration units increases with increasing outside-air
temperature. The time period when all three cogeneration units are
required is shoret.

Distriet heating heat-exchanger 3A allows system operation, even if
sufficient cogeneration units are not available. All cogeneration units
are required only at high heating demands, and only in the unlikely event
that the steam flow to the low pressure stages will require 22% minimum
flow (Table 9.2). Except for this special condition, other cogeneration

units can always provide the necessary backup.

9.6 Electric CGeneration

The electric generation of unit 3 cannot be adjusted by the operator.
The electric generation by this unit is determined by the steam flow via
the back-pressure turbine which in turn depends upon the heat to be trans-
Ferred to the DH water.
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When units 5 or 6 operate in the electric generation mode, the
electric peneration of these units can be adjusted over the entire load
range in the same way as before the retrofit. When unit 5 or 6 operates
in the cogeneration mode, the electric generation is also adjustable,
but only within a limicted range. This range is determined by the water
temperature desired at the outlet of the DH heat exchanger, and the
water flow through the DH heat exchanger.

The saturated-steam temperature in the shell of the DH heat exchanger,
the water flow rate and the inlet temperature of the DH water determine
the temperature at the outlet., Thus, the saturated-steam temperature
must be increased when an increased water temperature is desired. The
saturated-steam temperature is determined by the corresponding absolute
pressure in the shell of the exchanger. This pressure can only be main-
tained if the crossover pressure of the cogeneration turbine (unit 5 or
6) is sufficiently high. The crossover pressure increases proportionally
with the steam flow through the initial turbine stages. Thus, to obtain
a desired crossover pressure, sufficient steam must flow through the
initial turbine stapges. The electric generation by the initial turbine
stages is proporticnal to the steam flow through these stages. Thus, a
certain minimum electric generation is required to obtain a sufficiently
high saturated-steam temperature. This minimum required electric genera-
tion increases with Increasing DH water supply temperature.

When a turbine generator operates with the previously described
minimum electric generation and the district water flow through the DH
heat exchanger is increased, the extraction-steam flow to that exchanger
must also be increased to maintain the water temperature desired at the
outlet of the DH heat exchanger. This increased steam flow can only be
provided if the steam flow through the initial turbine stages is also
increased. This increased steam flow means that the electric generation
through the initial turbine stages must also be increased.

The preceding discussions can be summarized as follows:

® When unit 5 or 6 operates in the cogeneration mode, the electric

generation must be above a certain minimum value.
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The minimum electric generation requirement increases with increasing

DH outlet temperature.

The minimum electric generation requirement increases proportionately

with the water flow through the DH heat exchanger.

Typical walues of DH water temperatures and the required minimum
electric generation (for cogeneration unit 5) are shown in Table 9.3 for
two extreme distriet water flow conditions (nearly zero district water

flow and maximum district water fiow).

Table 9.3. Typical minimum required electric
generation (MW) when operating High Bridge
Unit 5 in the cogeneration mode

Minimum required electric
generation (MW) for

District water High Bridge Unit 5
cutlet temperature
(K, °F) Zero flow Maximum flow
356, 180 10 28
361, 190 11 35
367, 200 14 41
372, 210 18 47

383, 230 27 58




10. PLANT PERFORMANCE

10.1 Lead Duratcion Curve

The estimated system load under the climatic conditions prevailing
in the gecgraphic area of the DH system (Fig. 9.1) shows that wide

demand variations are to be expected throughout the year.

10.2 Temperature Profile

The supply temperature of the DH water is regulated in the heating
power plant as a function of the outdoor air temperature, and varies
accordingly (Fig. 7.2). The minimum supply-water temperature of
355.5 K (180°F) is required for producing domestic hot water. To meet
increasing system demand, the supply temperature is increased when the
ambient temperatures go below 277.7 K (40°F). Return-water temperature
(Fig. 7.2) is not controlled, but can be calculated from the predicted
load, water flow rate, and supply temperature.

When the ambient temperature is above 294.4 K (70°F), the heat
demand is essentially constant. Water flow rate and supply temperature
are constant, and accordingly, so will be the return temperature.

As the ambient temperature decreases below 294.4 K (70°F), the space
heating load increases and the return temperature will decrease. When the
return temperature falls to 322 K (120°F), the water flow rate is gradually
increased, while the supply and return temperatures are maintained. This
increasing flow rate permits supplying the increasing heat demand. Con-
trol of the water flow rate is independent of the supply temperature
control and is outside the scope of the UE&C design.

When the outside air temperature decreases to 277.7 K (40°F), the flow
rate is a maximum. Below this temperature, the flow rate will be constant,
and the increasing heat load will be accommodated by an increasing

temperature difference between the supply and rerurn wacer.
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10.3 Heat Balances

The heat balance diagrams for units 3, 5, and b, after their con-
version for cogeneration, are calculated for the limiting main steam
flow and extraction-steam flow conditions (Figs. 10.1-10.3). The diagrams
indicate, for each unit, the maximum heat load that can be supplied.

The heat balance diagram for unit 3 is calculated for the limiting
DH water flow value (point A, Fig. 10.4) when the low-pressure exhaust-
steam flow from unit 3 is adequate for heating the DH water to the
desired outgoing water temperature. If the district water flow rate is
increased, beyond this limiting flow value, the excess DH water must be
bypassed around DH heat exchanger 3. The intermediate water temperature
[this is the average water temperature resulting after mixing the water
which is heated in DH heat exchanger 3 to 355.5 K (180°F) and the bypassed
return water]| decreases, as the flow rate of the DH water increases,
because an increasing amount of the relatively cold return water must be
bypassed around the DH heat exchanger (points A-B, Fig. 10.4). When the
outdoor air temperature drops below 277.7 K (40°F), the flow rate of the
DH water is maintained, but the incoming temperature of the district
water increases, Because the higher return temperature of the DH water
unit 3 can heat more of the DH water, the bypass flow around exchanger 3
can be reduced accordingly. For this reason the intermediate temperature
of the DH water Inecreases (points B—C, Fig. 10.4). Due to temperature
limitations in the turbine the DH water temperature is not allowed to go
above 361.1 K (190°F).

10.4 Loss of Electriec Generation Capacity

As .a result of the recommended conversions, electrical generating
capacity of each unit will be affected. Unit 3 is currently rated at
62,5 MW(e) with a power factor of one, or 50 MW(e) with a power factor
of 0.8, when supplied with 68.04 kg/s (540,000 lb/h) of steam at the
turbine inlet. Unit 4 is identical. However, each of the two assoclated
boilers currently has a maximum steam production of only about 56.7 kg/s
(450,000 1b/h). Therefore, each unit is only able to generate 42 MW(e)

{at a power factor of 0.8).
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When both boilers supply steam to the unit 3 turbine, the full
68.04 kg/s (540,000 1b/h) steam flow will be available. With maximum DF
lnad, unit 3 is estimated to generate 49 MW(e) (with a power factor of
0.8), while providing 120 MW(t) to the DH system. Any decrease in DH
load will cause a proportional decrease in electrical generation. IUnit 3
will provide the base load to minimize the loss of electriec generation
capacity.

Unit 5 is presently rated at 91 MW(e) (power factor of 0.85). When
unit 5 is supplying a maximum DH load of approximately 138 MW(t), the
maximum electrical generation capability is estimated to be 65.8 MW(e).
When the unit operates in the electric-generation mode, the full 91 MW(e)
can be generated,.

Unit 6 is presently rated at 156 MW(e). When unit 6 is supplying
a maximum DH load of 186 MW(t), the maximum eleectrical generation capa-
bility is estimated to be 109 MW(e). When the unit operates in the
electric-generation mode, the full 156 MW(e) can be generated.

The maximum electrie peneration capacity as well as the maximum DH
capabilities of units 5 and 6 are, when operated in the cogeneration
mode, affected by the minimum-required steam flow to the low-pressure
turbine stages (Sect. 9.1). The estimated values for the maximum
electric-generation capacity and for maximum DH capacity are valid under
the conditions defined in the heat balance diagrams (Figs. 10.3 and
10.4). The heating load can be increased, above the values indicated
on the heat balance diagrams, if the required-minimum steam flow to the
low-pressure turbine stages can be reduced below the values indicated.
The maximum electric generation must then be decreased proportionately.

The total cogeneration performance of the retrofitted units
[444 MW(t)] is simply the sum of the maximum of the individual units
(Table 10.1). The capacity of heater 3A will add 100 MW when needed.



Table ID.1.

Cogenaration performance of the Wigh Bridge Gencratiog Station

Original electrical

Turbine hest rate

Loat elscrrical

Original eloctrical turbine hest rats Max. wtoas Max, simultanesus
Unit gemerating capaclty extraction Max. heat energy elec. peneration AL max, extraction  aenstating capacitvy
(kM) MI/kWh)  (Bru/kim) (kg /h) {x 10% m3/h) e {ed] (M2 /W) Mie)]
3 62,265 9,34 9340 957,235 4,095 AR, 9009 1.649 13,356
3 102,182 8,16 216l GH0, 047 4. 72 65,873 5.h16 L]
[ 156,232 7.93 k| 1,320,000 6,35 109,314 5. 635 L]




11. CONSTRUCTION PLAN

The 1985 DH load will require units 6 and 3 along with exchanger
3A to be in operation at that time. Based on the forecast load growth
of 44 MW(t)/y, any two of these three units will be able to satisfy
the peak thermal load until 1997, by which time unit 5 must also be
retrofitted and in service supplying heat.

The retrofit construction schedule for units 6, 3, and 3A (Fig. 11.1)
has been arranged so that unlt 6 will be out of service only for the
duration of its normally scheduled outage, and it will be back on line
in the electric-only mode before any other units must be shut down. To
minimize loss of generation capability, no more than one unit will be
out of service at any time.

Actual modification of turbine 6 can be scheduled independently of
the rest of the retrofit, and in fact, will be scheduled to coincide
with a scheduled outage regardless of the balance of plant progress., To
complete the turbine retrofit during the scheduled outage, it will be
necessary to prefabricate and have onsite all replacement components
such as crossover pipes and control assemblies. If the remainder of
the plant is not yet ready when the turbine is finished, it can be
brought back on line in the electric-only mode with the extraction shutoff
valve closed and blanked. Also, the DH heat-exchanger drain-return
connections, valved and plugged, to both the deasrator and condenser
must also be installed during the outage.

The balance of plant will start with the storage and make-up tank.
This will be shop subassembled and match marked. Delivery will be on
flatbed trucks through the roll-up doors in the southeast corner of the
turbine-hall basement. The sections will be unloaded with the turbine
room crane, lifted through the operating floor, traversed northward, and
then lowered into the condenser pit, The tank will then be assembled
using the circulating-pump pit crane.

Following erection of the tank, pads will be poured for the DH
circulating pumps. The pumps can be delivered similar to the tank, then

unloaded, and placed by the turbine room crane.
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SCHEDULE fWEERS) ORNL DWG 7915409

CONSTRUCTION ACTIVITY ' 23 [a[s[al7]8]o fiofuifiafusfuafisfreiz i adad21f2q224] 29 24 27 28[29[30]31[32] 33 324 35[ 314 37] 38] 39]acf % 1] w24 3[4 4[4 514 47 8|9 50]51[52]53]54]55]5h

Mobilize and Move On Site L

Erect Storage Tank 4

Replace Bofler #12 Controls )

Install D, H. Circulating Pumps A

Install Water Treating Eauipment 2

Water Piping Viec. D.H. Circ. Pumps 4

Frame and Cover (iper. Floor Openings 3 I H

Install Variable Speed MCC 3 I 1 |

Install Control Panel 3 ! ! [ |

Install Expansion Tank 2 | .-*_ ; |

Install D.H. Exchanger #6 1 IS | T I _H_ | = %

Install #6 Drain Pumps 3 | | ﬂ _a__;_“{ -

Perform #6 Turbine Modifications 7l (1 | ! HEE

Install #6 Extractfon & Drain Piping n ] =~ | | ! H |

Install D.H. Water PPS to First Valves 20 r ‘|- | [ ]_ _E_ ] [______ 'ﬁ__!

Unit #6 System Check (nt e | J_ j_ _‘1 B ] 1 E 1

Replace Boiler =10 S H, Outlet Hdr. (I ) | ) 18 | B i T

Replace Boiler #10 Sec. Super Heater 20 . | ;

Replace Hoiler #10 Controls S S N b =] [ | I | ! |

U'pgrade Boiler #10 Precip. 4 | ] ! ! i

Main Stm. Conn., Prv., Safety Valves 10 | [ | I :l

Install D.H., Exchanger #3A 1 | | I I | H | | L3N

Install #3A Drain Pumps 3 _H_ : 1 | ]

Tnstall #3A Steam & Drain Piping 20 }

Check Out #3A 1 | | HEEEEEEEE_| ]

Rebuild Turbine 3 20 [ Il | | 3

Replace RBoiler #9 S.H. Ouclet Hdr. 10 J gk — I ]

Replace Boiler #9 Controls 4 ! Jo] k. |

Upgrade Bofler #9 Precip. b | E |

Remove Exisring Condenser 1 1 |

Install D.H, Exchanger =3 3 1 1

Pipe D.H, Exchanger #3 2 ! | |

Install Insulation 15 | | | *

Check Dut Unit 3 2 | ! | | | 1

Demob{lize and Move OfFf Site 3 ; | : ; : | i m
' ] | [5] | ES [ ! =y ] ]

Fig. 11.1, Construction schedule for High Bridge units 3, 3A, and 6.
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The water-softening tank and pumps, and the chemical feed equipment
will be set in place, and then the DH water piping in the vicinity of the
pumps will be installed. With this installation complete, the two
operating floor openings along column row E will be framed and covered
with grating.

Once these openings are covered, the variable-speed DH pump-motor
control center, control panel, and accumulator tank can be placed, piped,
and wired. Simultaneously, the piping under the operating floor should
be started. This will be mostly DH water piping. District heating heat
exchanger 6 and its associated drain pumps, piping, and controls will be
installed next using the turbine room crane. The extraction-steam
piping, including all valves and supports, should now be completed and
closed. If needed, individual pipes can be flushed as soon as they are
complete.

After the piping has been cleaned and all wiring and piping com-
pleted, the instruments can be calibrated and the system will be ready
for check out. Installation of DH heat exchanger 3A and its ancillary
equipment will begin as soon as unit 6 has been returned to service and
will proceed simultaneously with the balance of the system.

Work on exchanger 3A will begin when boiler 10 is shut dowm for
overhaul. At that time, the required connection to the main steam line
will be made and installed up to the three 6R10 safety valves. This
permits boiler 10 to be returned to service before the piping to
exchanger 3A is complete. The turbine room crane will be used to lift
exchanger 3A into place.

Exchanger 3A will be complete one week after unit 6, and 11 weeks
before unit 3 is ready. To put unit 6 and exchanger 3A into service
supplying heat to the DH system before completion of unit 3, a temparary
bypass must be installed around unit 3 and the DH water piping must be
finished up to the first shutoff valve in the branches to exchangers 3
and 5.

Work on unit 3 and overhaul of boiler 9 will start as soon as
boiler 10 has been returned to service. Unit 3 will be unavailable for
approximately 20 weeks.
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The entire construction schedule for units 6, 3 and 3A will require
one year. This schedule could be compressed by increasing the size of
the construction crews and by simultaneous work on (and resulting unavail-
abilicty of) more than one unit.

Retrofit of unit 5 will be delayed until required by DH system load
growth. The procedure for unit 5, will be the same as for unit 6 and
the schedule is shown in Fig. 11.2,

A total of 40 weeks will be required to complete unit 5; however,
it needs to be out of service for only four weeks. The construction
schedule can be shortened by increasing the number of pipe fitters on the
job, but too much of an increase will result in a loss of efficiency,
and also increase the possibility of inadvertant interference with other

station operations.
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Mobilize and Move On Site

Replace Boiler #11 Controls &

Perform #5 Turbine Modificarions 4

Install D.H, Exchanger #5 1 )

Install #5 Drain Pumps 3 =

Install #5 Extraction and Drain Piping 30

Install Insulation 4

Unit #5 Steam Check Out 2

pPemobilize and Move Off Site 3

Fig. 11.2. Construction scthedule for High Bridge unit 5.



12, EQUIPMENT LIST

The major items of equipment required to retrofit the High Bridge
Generating Station include items needed for the retrofit, as well as those
items required for maintenance or repair of existing equipment which will
be retained (Tables 12.1-12.11).

Four boilers will be improved. Boilers 9 (unit 3) and 10 (unitc 4)
will have new boiler controls and a new superheater outlet header. Also
boiler 10 will need a new secondary superheater. Boilers 11 (unit 5)
and 12 (unit 6) will need new controls.

Precipitators for boilers 9 and 10 require parts for upgrading.

District heating heat exchanger 3 will be either a conventional
small condenser with four tube passes or a standard shell-and-tube heat
exchanger wicth a special nozzle to adapt to the existing turbine exhaust
connection. This DH heat exchanger will be arranged for horizontal
mounting in place of the existing unit 3 condenser. Construction will
be carbon steel shell-and-tube sheets with 20-BWG type 304 stainless
steel straight tubes [2.54 cm (1 in.)]. Waterside design pressure is
2515 kPa (350 psig). Steamside design pressure is flooded to full vacuum.

The condensing zone is designed to heat 2,047.5 kg/s (16,250,000
lb/h) of water from 339 to 361 K (150 to 190°F) with 44.36 kg/s
(352,100 1b/h) of steam at 76 kPa (11 psia) and 365.4 K (197.8°F).

The total capacity is 97 MW(t) from approximately 2,787 m? (30,000 ft?) of
effective hear transfer surface.

District heating heat exchanger 5 will be a shell-and-tube heat
exchanger with two tube passes arranged for horizontal mounting. Con-
struction will be of carbon steel shell-and-tube sheets with 20-BWG
type 304 stainless steel U-tubes [1.91 em (3/4 in.)]. Waterside design
pressure is 2515 kPa (350 psig). Steamside design pressure is 1136 kPa
(150 psig). The desuperheating and condensing zones have approximately
1486,40 m* (16,000 ft?) of effective heat-transfer surface to heat
504 kg/s (4,000,000 1b/h) of water from 361.1 K (190°F) to 419.4 K
(295°F), condensing 50.29 kg/s (399,100 1b/h) of steam at 496 kPa
(72 psia), 578B.7 K (581.6°F). Total capacity is 123 MW(t).
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Table 12.1.
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High-pressure sceam plping (including hangers)

Total Fitc
Size Weight walpght welght
—_—  Langrh
cm in, Schd kg/m 1bffc {lin fr) kg 1b kg ib
Chrome-moly steel (A-335 Gr. P-12)
60.9 24 0.375 in. 141 Q4.6 30 1287 2838 680 1500
wall
50.8 20 0.375 in. 117 18.6 50 1782 3930 227 500
wall
ad. T2 18 0.375 in. 105 70.6 240 7688 16,945 1134 2500
wall
30. 48 12 60 14 9.6 25 270 595
25.4 10 &0 &0 40.5 150 2755 6075 454 1000
15.24 &0 28 19 100 862 1900 136 300
10,16 40 22 14.6 125 g28 1825 123 275
5.08 40 272 600 &5 100
Carbon steel (A-106 Gr. B)

35.56 14 20 (1.} 5.7 400 8292 18,280 1225 2700
25.4 10 20 42 28.0 100 1270 2800 318 00
Table 12.2. High-pressure steam valves”

Size
cm in. Class Operation Body

Gate wlvub

30.48 12 900 Motor A=117-HCO

25.4 10 300 Manual A-117-WC9

10.16 & 150 Manual A-217-MWC9
Clobe valves®

10.16 & 150 Pneumatic -5

10.16 4 150 Pneumatic -C5

15.24 [ 300 Fneumatic =C5

30.48 = 50.80 12 % .20 900 Pneumatic =L£9

40.64 x 60.96 10 x ‘24 oo Paneumatic -C9

“%one of each needed.
brrm of 410 stainless steel.
“Trim of hardened stainless steel.



Table 12.3.

relief valves®

High-pressure safety-

Size Set (psig) kPa Quantity
6R10 275 2000 3
BR10O 125 963 1
608 50 446 1
%A1l with a tungsten steel spring and an A217-
WCE body.
Table 12.4. Low-pressure extraction piping”
Total Fitcr
Size Weight weight weight
Length
cm in. Schedule kg/m 1b/ft (lin ft) kg 1b kg 1b
60.9 24 0.375 in. 140.76 94.6 25 1072.76 2365 226.80 500
wall
76.2 30 0.375 in. 177.07 119 340 18352.66 40,460 3311.28 7300
wall
60.9 24 0.375 in. 140.76 94.6 25 1072.76 2365 226.80 500
wall
91.44 36 0.375 in, 212.04 142.5 460 29733.48 65,550 4536 10,000
wall
5.08 2 40 362.88 800 90.72 200

“Carbon steel (A-106 Gr. B).

68
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Table 12.5. Low-pressure extraction valves”

Size

cm in. Class Operation Quantity

Check valves (extraction non-return)

76 30 150 Pneumatic 1
91 36 150 Pneumatic

Globe valvesb
5 2 150 Prneumatic [

Butterfly valves?

76 30 150 Motor 1
91 36 150 Motor 1
76 30 150 Pneumatic 1
76 36 150 Pneumatic 1

411 class 150 with carbon steel body.
bWith stainless steel trim.

Table 12.6. Heat exchanger vent and drain piping
(including hangers)d

Size Weight Total weight Fitt weight
Length
cm din. kg/m 1b/ft (lin ft) kg 1b kg 1b
25 10 60 40.5 120 2204 4860 363 BOO
20 B 43 28.6 1600 20756 45,760 2721 6000
15 6 28 19.0 1125 9695 21,375 1451 3200
10 4 16 10.8 260 294 648 136 300
5 2 1088 2400 272 600

9A11 schedule 40.



Table 12.7.
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Heat-exchanger vent and drain piping

Size
cm in. Class Operation Quantity
Gate valves™
5 . 150 Manual b
5 2 300 Manual 3
10 & 150 Manual 6
10 & 300 Manual 3
Globe valve®
10 & 150 Pneumatic 1
Butterfly vnlvanb
15 6 150 Manual 18
15 6 300 Manuml 1
20 8 150 Manual &
20 8 300 Manual

“With carbon steel body and stainless steel trim.

With carbon-steel body, 316/disc, stainless steel

trim, fiberglass-reinforced Teflon geat, 17-4
precipitation-hardensed shaft, and a Teflon shaft seal.

b

Table 12.8.

Special valves? for heat exchanger vent

and drain piping

Size
Type cm in, Operation Body Quantity
Sliding gate” 8 3 Self- cs 2
contained
ECC disec® 10 b Pneumatic S8 2
ECC disc? 15 6 Pneumatic cs 3
ECC disc® 15 b Pneumatic 55 2
Yarway LARCY 10 x 5 4 x 2  None cs 9

211 class 150.
bStlinlanﬁ steel trim.

a
Hardened stainless steel trim.
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Table 12.9. District heating water piping (including fittings
and hangers)

Size Wall Weight Total weight Fitt weight
thicknessg ————————  Length
cm  im. (in.) kg/m 1b/ft (lin ft) kg 1b kg 1b

76.2 30 0.500 235 158 475 34043 75,050 5443 12,000
60.9 24 0.500 186 125 64 3629 8,000 1814 4,000
50.8 20 0.375 117 78.6 40 1426 3,144 544 1,200
45.7 18 0.375 105 70.6 ok 2402 3,295 453 1,000
40.64 16 0.375 93 62.6 13 2129 4,695

Table 12.10. Butterfly valves for DH water pipingﬂ

Size
cm in. Class Operation Quantity
76.2 30 300 Motor 2
76.2 30 300 Manual 4
60.9 24 300 Motor 2
60.9 24 300 Manual 2
50.80 20 300 Motor 1
50.80 20 300 Manual 2

“A11 have lug style carbon steel bodies, 316
stainless steel discs, graphite-impregnated, fiberglass-
reinforced Teflon seats, and Teflon shaft seals.

Table 12.11. Low-voltage power
cable needed for High Bridge

retroffcd
Size (AWG) Lin ft
2/0 600
4 1000
8 3900
12 1500

=

Triplexed, copper with EPA
insulation and Hypalon jacket.
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District heating heat exchanger 6 will be a shell-and-tube heat
exchanger with two tube passes arranged for horizontal mounting. Con-
struction will be of carbon steel shell and tube sheets with 20-BWG
type 304 stainless steel U-tubes [1.91 em (3/4 in.)). Waterside design
pressure is 2515 kPa (350 psig). Steamside design pressure is 1140 kPa
(150 psig). The desuperheating and condensing zones have approximately
1,858 m* (20,000 ftr2) of effective heat-transfer surface to heat
535.5 kg/s (4,250,000 1b/h) of water from 361 to 417 K (190 ro 290°F),
condensing 51.27 kg/s (406,400 1b/h) of steam at 435 kPa (63 psia),
563.2 K (553.8°F). Total capacity is 125 MW(t).

District heating heat exchanger JA will be a shell-and-tube heat
exchanger with two tube passes arranged for horizontal mounting. Con-
struction will be of carbon steel shell and tube sheets with 20-BWG
type 304 stainless steel U-tubes [2.54 em (1 in.)). Waterside design
pressure is 2515 kPa (350 psig). Steamside design pressure is 2170 kPa
(300 psig). The desuperheating, condensing, and drain cooling zones
have approximately 1115 m? (12,000 ft?) of effective heat-trransfer
surface to heat 1,039.5 kg/s (8,250,000 1b/h) of water from 355.5 K to
395 K (180 to 251°F), condensing 59.B85 kg/s (475,000 1b/h) of steam at
700 K (800°F) and approximately 689 kPa (100 psia). Total capacity is
72 Mu(t).

Drain pumps for DH heat exchanger 5 will be three nominally half-
size pumps designed for 3.47 m?/s (550 gpm) at 45.72 m (150-ft) TDH with
suction condicions of 482 kPa (70 psia), 422.2 K (300°F). These pumps
will be centerline mounted with end suction, top discharge, and radially
split case. The casings, shafts, and impellers are made of stainless
steel (11-13% chromium). The pumps will be approximately 75% efficient
at design and will require 30-hp motors.

Drain pumps for DH heat exchanger 6 will be three nominally half-
size pumps designed for 0.05 m’/s (725 gpm) at 45.72-m (300-ft) TDH with
414 kPa (60 psia) suction pressure and 414 K (285°F) fluid temperature.
These pumps will be centerline mounted with end suction, top discharge,
and radially split case. The casings, shafts, and impellers will
be made of stainless steel (11-13% chromium). The pumps will be
approximately 75% efficient at design and will require 100-hp motors.
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Drain pumps for DH heat exchanger 3A will be three nominally half-
size pumps designed for 0.04 m®/s (600 gpm) at 21.3-m (70-ftr) TDH with
483 kPa (70 psia) suction pressure and 394 K (250°F) fluid temperature,
These pumps will be centerline mounted with end suction, top discharge
and radially split case. Parts in contact with liquid will be made of
stainless steel (11-13% chromium). Pumps will be approximately 72%
efficient at design and will require a 20-hp motor.

Special items for high-pressure steam piping include one lot of
traps, nozzles, and orifices, and one lot of hangers and supports (90%
spring cans, 10% rods and brackets). Insulation will be calcium silicate
[10.16 em (4-in.) thick] applied in two layers with staggered joints and
covered with an aluminum jacket [255.48 m? (2750 £fr?)].

Special items for low-pressure extraction piping will include two
flanged expansion joints with laminated type 304 stainless steel multi-
arch bellows [76.2 em (30 in.) and 91.4 cm (36 in.)]; one lot of traps,
nozzles and orifices; and one lot of hangers and supports (30% spring
cans, 60% rods and brackets, and 10% "A" frames). Insulation will be
calcium silicate [7.16 cm (3-in.) thick] applied in two layers with
staggered seams [700 m® (7550 ft?)] and covered with an aluminum jacket.

Special items for heat-exchanger vent and drain piping include
eighteen flanged expansion joints with laminated type 304 stainless
steel multi-arch bellows [nine 15.24 em (6-in.), and nine 10.16 cm
(4=in.)]. Ome lot of traps, nozzles, and orifices are needed and one
lot of hangers and supports (30% spring cans, 70% rods and brackets).
Insulation will be calcium silicate with aluminum jacket: A 2.54—cm-
layer (1-in,) will insulate pipes up to and including 10.16 cm (4 in.);
this will total 46.45 m® (500 fr?). A 3.8-cm-layer (1-1/2-in.) will
insulate pipes 15.24 to 30.48 cm (6 to 12 in.); this will total 538.82 m?2
(5800 fr?). Control equipment will include four flow elements and one con-
trol panel (2.4 x 2.1 x .9 ft). Three kinds of instrument transmitters will
be needed: temperature (14), pressure (16), and flow (4).
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One lot of hangers and supports (40% spring cans, 60X rods and
brackets) will be required for the DH water piping. Insulation will be
5.08-cm-thick (2-in.) calcium silicate with an aluminum jacket (5200 ft?).

Turbine 3 will require a back-pressure controller package, a new
speed governor, a new l7ch-stage bucket and diaphragm set, a low-pressure-
turbine spool plece, and a new seal steam regulator.

Turbine 5 will require new intermediate-pressure-low-pressure cross-—
over pipes, two crossover control valves, and some additional controls.

Turbine 6 will require new intermediate-pressure-low-pressure
control valves, and some additional controls.

The distribution panelboard (dc) will be provided with 24-V dc power
supply for the annunciator.

There will be one motor control center (480 V) of NEMA Class-I
construction with type-B wiring, drawout type, 600-A horizental bus, 300-A
vertical bus, and braced for 42,000 A (symetrical). This motor contrel
center includes nine full-voltage, non-reversing, single-speed circuit-
breaker motor starters (three each of NEMA sizes 2, 3, and 4); eight
NEMA size-l full-voltage, reversing, single-speed clrcuit-breaker motor
starters; twenty-one NEMA size-1 full-voltage, non-reversing, circuic-
breaker contactors; five 100-A molded-case 25,000-A I.C, circult breakers;
and one 15-kVA single-phase dry-type distribution transformer. Also
needed is a distribution panel with 24 single-pole 20-A, E-frame molded-
case air circuit breakers. The panel is arranged for 120/240-V, 3-wire,
single-phase service.

Steel conduit of 1-1/2 nominal size will be required (11,500 ft}.
Also needed will be low-voltage power cable (Table 12.10), control wire
(5000 lin ft of 5 conductor #12 Awg), and instrument wire (7700 lin ft
of twisted shielded pair). Annunciators will be placed at 24 locations.

Miscellaneous instrumentation and controls needed will include six
local indicators, seven board-mounted indicators, twelve process switches,
eleven controllers, and five recorders.

Equipment insulation for DH heat exchanger 3 will be calcium sili-
cate [5.08-cm-thick (2-in.)] with an aluminum jacket [approximately
65.03 m® (700 ft?)). Insulation for DH heat exchangers 5, 6, and 3A
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will be calcium silicate [10.l6-cm-thick (4-in.)] with an aluminum jacket,

applied in two layers with staggered joints [approximately 214 m?
(2300 fr?)].

Drain pumps and miscellaneous equipment will be insulated
with approximately 56 m? (600 fr?) of [5.08-cm-thick (2-in.)] foam.



13. COST ESTIMATES

13.1 Capital Cost Estimate

This detailed estimate of the investment required to retrofit the
High Bridge Generating Station for cogeneration is based on 1978 equip-
ment prices and labor rates. No allowance has been included for escala-
tion to the estimated 1984-1985 starting date. This estimate does not
include NSP management and administrative costs, nor interest during
construction. The estimated cost for engineering assumes that the
retrofit concept is as described in this report.

Northern States Power Company operating personnel have estimated
that new controls for bollers 9 and 10 will cost approximately $800,000
installed. The NSP control system estimate includes changing from the
existing pneumatic controls to electronic controls and addicional control
capabilities. This estimate which includes only $250,000 for controls
is based on a straight replacement of the existing equipment with new
equipment for which repair parts will continue to be available into the
future.

Included in the estimate are costs incurred as a result of the con-
version, and also costs resulting from repairs or maintenance required
to extend the life of units 3, 5, and 6 (Table 13.1). A detailed cost

accounting is included on the next eight pages (ORNL DWG 79-15411 through
79-15418),

Table 13.1. Capital costs summary

Hame Conversion Maintenance
Structures and improvements $§ 30,000
Boiler plant equipment 4,105,000 §2,450,000
Turbine-generator units 2,880,000
Accessory electric equip. 315,000
Total direct cost §7,330,000 §2,450,000
Total indirect cost? 620,000 200,000
§7,950,000 52,650,000
Contingency (15% of total) 1,050,000 350,000
Toral 59,000,000 §3,000,000

Glndirnct costs include constructlon services, and
engineering and field office personnel.
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13.2 Dperating Costs

13.2.1 General

To determine the cost of producing heat and electricity at the con-
verted High Bridge Generating Station, UESC has prepared a report
titled "Allocation Method for the Separation of Electrical and Thermal

Costs — High Bridge Generating Plant Cogeneration Retrofit Study

November 1978." United Engineers & Constructors Inc. has recommended
the method of cost allocation described by P. Margen of A. B. Studsvik
of Sweden for the retrofit study of the High Bridge Statiom.

The basic assumption is that the systemwide cost of electricity will
not be significantly affected by the modifications to the High Bridge
Generating Station, as the High Bridge plant represents a small portion
of total system capacity. The Margen method alsc assumes that the cost
of electricity produced at the High Bridge plant is defined from its
historic use, and this value can be substracted from the overall cost of
operating the cogeneration station. The remaining costs (including
amortization of the retrofit costs) represent the cost of producing
thermal energy.

13.2.2 Total Annual Costs

With a fixed annual heat demand, the total annual cost of the con-
verted High Bridge Generating Station will be a function of the electrical
capacity factor (CF) (Table 13.2).

The electrical output which corresponds to a 100X CF is defined as
the total annual generation by units 3, 5, and 6 whea the steam flow to
unit-3 turbine is as required by the heat load and the steam flow to
units 5 and 6 remains constant at their corrresponding rated value [unit 5,
88.53 kg/s (702,640 1b/h); unit 6, 129.91 kg/s (1,031,000 1b/h)].

Any steam not extracted from units 5 and 6 for DH purposes is passed
through the respective LP turbines to produce electricity by condensation
only., This gives the maximum potential annual electrical generation of

the converted units, while simultaneously supplying the annual heat
load.
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Table 13.2. Total anual cost as a function of electrical
capacity factord

Annual costs ($10°/yr)

Electric power Electric Operation

capacity factor energy and
(%) (10° kWh/yr) Fuel maintenance Tutalb
100 2.460 21.37 6.68 34 .45
20 2,214 19.37 6.41 32.18
80 1,968 17.35 6.14 29.89
70 1,722 15.33 5.87 27.61
60 1.476 13.32 5.60 25.32
50 1.230 11.30 5.34 23.04

“With heat production fixed at 2.59 x 10° GJ/yr (2.45 x 1012
Btu/yr).

bEach case includes fixed costs of $6.4 % 10° per vear.

Annual generation which corresponds to the other CF values (90, 80,
70, 60, and 50%) is determined by multiplying the generation at CF = 100%
by the appropriate CF value.

13.2.3 Cost of Electricity

Tn accordance with the recommended method of cost allocation, the
electric unit cost equals the electric unit cost resulting from separate
generation (Table 13.3).

13.2.4 Cost of Heat

The cost of the thermal energy is determined by subtracting the
electrical costs from the total annual costs (Table 13.3).

These unit costs are production costs at the High Bridge Generating
Station, and do not include amortization costs of the distribution
system, or other distribution costs such as pumping power.



Table 13.3.
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Relation of unit costs to electric power
capacity factor

Thermal unit cost

[§/GT ($/10° Btu)]

Electrical
Electric power unit cost
capacity factor (%) (mills/kWh) Operating Total”
100 12.97 0.44 (0.46) 0.99 (1.04)
90 13,39 0.44 (0.46) 0.99 (1.04)
B0 13.90 0.44 (0.46) 0.99 (1.04)
70 14.56 0.44 (0.46) 0.99 (1.04)
60 15.44 0.43 (D.45) 0.98 (1.03)
50 16.68 0.43 (0.45) 0.98 (1.03)

“Includes fixed costs of $0.55 per GJ ($0.58 per 10° Bru).
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