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ABSTRACT:

Dual-purpose nuclear plants, cogenerating
electricity and steam, offer significant
economic benefits over comparable
electricity generating stations. The
design of such a nuclear facility requires
the resolution of unique technical
challenges. This paper reports on
experience gained in the detailed design of
such a dual-purpose facility with the steam
supplied to a chemical plant for process
heating.

The following topics are discussed.

Siting

- Radioactivity of Export Steam

Optimization for Load Combinations

Steam Supply Reliability

Steam Transportation

Water Chemistry

- Cost Allocation

SITING:

Technical and economical optimizations
tend to locate the nuclear cogeneratlon
facility close to the steam customer. Also
the customer is often located close to a
population center. The customer will at
least have its own population of
employees. The regulatory, technical and
personal concerns of close proximity
between nuclear plants and population
centers must be addressed. Our experience
was that the regulatory concerns resulting
from the proximity of the plant to the
population center caused safety system
additions and technical modifications to

provide added confidence in the protection
to the public health and safety, existing
in the design.

The technical and regulatory concerns
have been identified and answered in the
United States (Ref. 1 ) . The personal
concerns, which are very real to those
concerned, and hence to the success of the
project require a very good public
relations program. A preliminary
professional assessment of personal
concerns, and the probability of satisfying
those concerned is recommended as a
pre-requisite to the project.

Frequently, the steam user is a
chemical plant which could experience
accidental releases of noxious gases, smoke
or fumes. The potential of such releases
must be considered in connection with
licensing issues such as habitability of
the plant for essential maintenance or
occupancy by the minimum of essential
control room personnel.

If the atmosphere surrounding the plant
has unusual concentrations of airborne
chemical corrodents which would adversely
affect plant life, they must be considered
in plant design. Examples range from
accelerated aging due to corrosion of
exposed surfaces to the potential for
conditions with significant safety
implications such as chloride stress
corrosion of safety related stainless steel
system components.

In general the safety evaluation of the
installation must consider the synergy of
the power plant and the steam user.

RADIOACTIVITY OF THE EXPORT STEAM:

Some early applications considered
providing export steam directly from the
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FUR secondary (steam generator) side of the
plant to the staam user's facility using
sophisticated detection and control
systems. Later, regulatory concerns about
steam generator tube leaks emerged. The
result was the requirement for heat
exchangers which receive the secondary side
steam and generate steam for the steam
customer through a tertiary loop. No
secondary side steam was permitted off of
the plant site, so the heat exchangers were
located at the power plant.

Optimization of the tertiary heat
exchange process is very important.
Maximizing the benefit of the cogeneration
principle indicates maximum expansion of
the secondary side steam through the
turbine to the minimum practical
temperature, before process use. Since the
tertiary heat exchangers are sized
according to the temperature differential
between secondary and tertiary steam, the
closer the temperature approach the greater
the amount of heat exchange surface.

The thermodynamic conditions of nuclear
power plant main steam are low, so the
tertiary heat exchangers will probably be
J '»f5"5 and expensive if any significant
î ar.tity of process steam is generated.
Cii6 cr-oital cost of the exchanger(s) is a
r-..-sv üt-Jer of magnitude cost which is a
si.tn'.f icFmt factor in the economic
f ̂.asi.AMty study

inö tertiary heat exchange system is a
;. ignificant factor in power cycle
operational optimization also. The
4 '' ry heat exchange system must be

yzed for both steaJ!;," state and
transient effects For example, the system
has an inertia which 4s large enough to
affect plant load change rate

The tertiary heat exchange system
greatly reduces but does not absolutely
eliminate the possibility of radio-
activity in the process steam.

In one design the condensate from the
tertiary heat exchangers was to be
monitored continuously by a gamma radiation
monitor This monitor was to provide an
alarm when-gross gamma activity in steam
condensate reached a maximum acceptable
level. In audition, batch samples of the
process steam condensate and the treated
water, supplied as makeup to the tertiary
heat exchangers, were to be taken.

As determined from analysis of the
batch samples using- sensitive, low level

beta counting equipment, the spsciflc
activity of the condensate of the process
steam was to be compared with that of the
treated makeup water to determine if
leakage of radioactivity from the secondary
system of the nuclear plant into the
tertiary heat exchange system was
occurring. If detectable leakage was
identified, the leaking tertiary eixchanger
was to be isolated.

OPTIMIZATION OF EQUIPMENT TO MEET THE
POSSIBLE COMBINATIONS OF THERMAL AHD
ELECTRICAL LOAD DEMANDS:

The facility must be capable of
economically generating electric power
while simultaneously providing a variable
range of steam volumes, depending upon the
demand of the steam customer.

Complete flexibility for independent
variations in steam and power demand must
be accommodated. The final selection of
turbine arrangements depends somewhat upon
the degree of flexibility required. A high
base load steam and power demand may allow
the use of a single turbine for both
condensing power generation and supplying
the bulk of the process steam from an
extraction point.

If, on the other hand, sustained- low
load operation is anticipated it may prove
more economical to supply steam from the
exhaust of a-separate back pressure turbine.

The power plant is designed to meet a
rating j")int of specified electrical and
.thermal output. Electrical load following
is a familiar concept. Reduction of
electrical load reduces extraction pressuce.

If a controlled extraction turbine is
installed, there is a throttle valve to
reduce extraction pressure to customer
system pressure. Throttling reduces
efficiency. Throttling of process steam at
the design point, to permit maintenance of
the supply pressure when electrical load is
reduced, is a trade-off which must be
evaluated as the cost of the flexibility to
maintain supply pressure despite electrical
load swings

If the thermal output is large in
relation to the electrical output the cost
of throttling losses become unbearable and
the uncontrolled (unthrottled) extraction
will probably be mord attractive. In the
uncontrolled extraction, the process steam
pressure floats with electrical output.
Usually, the steam customer has a minimum
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acceptable pressure requirement. The
customer usually also has a range of flow
requirements which can follow production
cycles or the seasons of the year.

The combination of all of the steam
customer's and the electrical system
requirements define an operating regime
like that shown in Figure 1. The turbine
selection must be optimized based on the
operating regime. The turbine design is
significantly affected.

All plant systems must also be reviewed
very carefully for successful operation
over the entire operating range on both a
steady state and transient basis. Typical
power plant equipment rating practice
focuses on a single rating point. In this
type of application there can be off design
operating points that actually define the
design of components and systems. There is
a regime, corresponding to Figure 1 for
every significant balance of plant system
component.

DESIGN STRATEGIES FOR EXPORT STEAM SUPPLY
RELIABILITY:

A high degree of reliability of the
steam supply is frequently required to
protect the steam customer's production
effort.

One possibility is the installation of
quick start package boilers. Our study
experience was that the boilers represent a
major cost factor for a single reactor
installation.

If electrical and steam demand are
sufficiently large, a two unit plant
provides some opportunities to improve
reliability. One unit can be principally
designed for cogeneration and the second
unit designed for electrical generation,
but with the capability to be a backup
source of export steam.

The common practice in fossil power
plants is the manifolding of the main steam
and feedwater systems of the two units. In
this arrangement the turbine generators of
both units float on a main steam "buss".
This arrangement introduces uncommon
nuclear reactor operational considerations
which were found to be unacceptable after a
licensing review.

Without manifolding, steam reliabilit
can be improved in a two unit plant by
cross connecting the main steam and
feedwater systems to permit operation of

the cogeneration unit's turbins with either
unit's NSSS. T M s permits accommodation of
planned or forced outages with minimal
disruption to the steam customer. A
throttle station to provide process steam
from main steam can further increase
reliability and reduce the time of steam
outage during major equipment outage.

The following describes the operation
of a two unit nuclear cogeneration power
plant designed to generate about 1300 MW
while exporting about 1.8 million kg per
hour (4 million pounds per hour) of 10.5 kg
per sq cm (150 psi) steam and 180 thousand
kg per hour (400 thousand pounds per
hour) of 45.7 kg per sq cm (650 psi) steam.

During normal plant operation, the Unit
1 NSSS will supply steam to the Unit \
turbine s' he process evaporator system
(high-preüau^e evaporator heating steaa).
The Unit 1 turbine is designed to generate
electrical power and to provide extraction
steam for the process evaporator
(low-pr?«sure evaporator heating steam)
from an oxtraction in the high-pressure
turbine. The Unit 2 NSSS will supply steam
to the Unit 2 tu'.-bine to generate
electrical power. Changes in plant
electrical lead demand will normally be
accommodated by Unit 2.

The interconnection between steam
systems is to maximize plant utilization
and to provide reliable tertiary steam
supply to the chemical plant. In order to
achieve high plant efficiency and,
therefore, economical operation while
producing electrical power and supplying
heating steam to the process steam
evaporation system, it is advisable to use,
whenever possible, low-pressure evaporator
heating steam extracted from the Unit 1
high-pressure turbine. The low-pressure
turbine for Unit 1 requires that a minimum
amount of high-pressure extraction process
steam be taken at a given reactor thermal
power for generating maximum electrical
output. This restriction i3 due to a
maximum limit of steam flow that can pass
through the last stage buckets of the
low-pressure turbine (the turbine control
system will adjust turbine load
accordingly)

There are three alternate modes of
operation to enhance the reliability of the
tertiary steam supply. They are summarized
below:

MODE 1 - Unit 1 NSSS supplies
evaporator heating steam and Unit 1
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condenser receives evaporator condensate
return.

a. High-pressure evaporator heating
steam from Unit 1 main steam.

b. Low-pressure evaporator heating
steam extracted from Unit 1 turbine.

MODE 2 - Unit 1 NSSS supplies
evaporator heating steam and Unit 1
condenser receives evaporator condensate
return.

a. High-pressure evaporator heating
steam from Unit 1 main steam.

b. Low-pressure evaporator heating
steam throttled from Unit 1 main steam.

If the Unit 1 turbine-generator is
unavailable, then the deaerator can be
pegged to maintain main steair supply.

MODE 3 - Unit 2 NSSS supplies
evaporator heating steam an<3 Unit 2
condenser receives evaporator condensate
return.

a. High-pressure evaporator heating
steam from Unit 2 main steam.

b. Low-pressure evaporator heating
steam throttled from Unit 2 main steam.

If the Unit 2 turbine-generator is
unavailable, then the deaerator can be
pegged to maintain main steam supply.

HODE 4 - This mode was originally
considered but was deleted as not being
cost justified, Unit 2 NSSS supplies
evaporator heating steam and Unit 1
condenser receives evaporator condensate
return.

a. High-pressure evaporator heating
steam extracted from Unit 2 main steam.

b. Low-pressure evaporator heating
steam extracted from Unit 1 turbine.

In mode 4, the Unit 1 reactor is
shutdown and isolated and Unit 2 NSSS is
supplying steam to Unit 1 turbine through
main steam system crosstie valves. The
Unit 1 feedwater isolation valves, main
steam isolation valves, and main steam
block valves will be closed. Following, the
transfer of load from Unit 2 turbine to
Unit 1 turbine, the Unit 2 turbine and
systems will be tripped. Furthermore, al)
low point drains off the Unit 2 main steam

lines and its turbine bypass header will b«
manually switched over to the Unit 1
condenser.

The proceeding detailed plant operating
description Illustrates that possible
cross-connection configurations for the
nuclear units can provide a highly reliable
source of export steam without manifolding
the nuclear steam supply systems or
providing an expensive package boiler
installation.

The arrangements described, and
particularly the strategy for moving from
one operating mode to another, require
extensive dynamic evaluations for
hypothetical transients and more extensive
reactor safety evaluations.

UNIQUE APPROACHES TO ECONOMICAL EXPORT
STEAM TRANSPORTATION DESIGN:

Decisions have to be made regarding
above ground steam and condensate line
routing as compared to underground
placement.

Underground options include direct
burial of steam lines versus placement in a
constructed tunnel.

Underground placement of long pipe runs
in tunnels is common but expensive.
Experience is being gained with economical
high condition steam lines which are
directly buried in the ground.

RETURN WATER CHEMISTRY CONSIDERATIONS-.

The potential for organic and inorganic
contaminants has to be considered for the
tertiary side to provide appropriate
materials selection and water quality
monitoring. On the secondary side, the
various possible operating modes of the two
units, including cross-connections, have to
be considered with appropriate sizing,
valving, storage and controls.

The tertiary heat exchanger Is a major
addition to the power cycle of the plant.
The selection cf the heat exchange material
must consider ehe chemistry of the water on
both sides of the exchanger. On the power
side, water treatment is driven by the
needs of the steam generator. On the
tertiary side, the water can encounter
contaminants in the user's plant, as well
as those, usually expected from the steam
delivery and the condensate return lines.
Contaminants from the steam user's system
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can be uncommon to typical power plant
practice.

Special attention should be directed to
suspended solids (e.g. iron and copper);
dissolved solids from the tertiary side
through tube leaks; and the temperature of
the condensate returns in the secondary
cycle as it relates to water treatment
equipment limitations.

To simplify working with the steam user, a
set of steam and condensate conditions
could be agreed upon for a location on the
nuclear site boundary. It would be the
obligation of the steam supplier to provide
the specified steam conditions (temperature
and pressure) and volume to that location.
Similarly, condensate return conditions
would be the responsibility of the steam
user for return to the interface location.
Actual plant chemistry for the secondary
side, and overall control of the condensate
and feedwater for the nuclear plant would
remain with the nuclear plant.

FACILITY COST ALLOCATION BETWEEN STEAM AND
ELECTRICITY:

The steam customer usually has to share
in the costs associated with export steam
production and common facilities, but not
in those costs uniquely associated with
electricity production.

Conversely, the electrical ratepayer
cannot be called upon to subsidize the
steam user. In a jurisdiction where
electrical power is a regulated commodity,
the method of allocating costs must be
satisfactory to the rate regulators.

The satisfactory allocation of capital
and operating costs will most likely be an
arrangement in which both parties are
satisfied that the dual purpose reactor
plant is responsible for lower costs than
the conventional methods of generation of
electricity and steam. Also, each party
must be satisfied that they are paying only
their fair share of the costs.

It is recommended that the cost
allocation system be started at the very
beginning of the project so that the
satisfactory rationale -for the cost
allocation system proceeds collating the
costs. This way, the allocation can be
part of the normal project cost tracking
system, rather than a unique report
requiring extra work to prepare.

REFERENCES

1. USNRC - Docket No's. 50-329/50-330;
Safety Evaluation Midland Nuclear Plant
Units 1 and 2.

165



o

Ü

UJ

DUAL PURPOSE NUCLEAR POWER PLANT
OPERATING RANGE LIMITS

MINIMUM STEAM PRESSURE

LIMIT

PROCESS STEAM OUTPUT

FIGURE 1

/ - MAXIMUM
STEAM
REQUIREMENT

G-2/B7-at-559-l

166


