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FOREWORD

It is widely accepted that the availability of adequate worldwide
energy resources does not constitute a crucial problem in the foreseeable
future. Coal, oil and natural gas are expected to continue to be dominant
energy resources well into the next century; however, prices may increase
more rapidly than anticipated. Also, it is necessary to take into account
that all types of fossil fuels, when burned, produce pollutants and
contribute to the increase of the greenhouse effect. As it is well known,
nuclear energy is not accompanied by effects causing climate change. From
this point of view, nuclear power has a good potential for substituting
fossil fuels not only in electricity production, but also in applications
for steam and hot water supply.

An increase in the heat energy needs, underlined by the potential
increase in fossil fuel prices, particularly in oil supplies, and by the
necessity for an improvement of the environment worldwide, as signalized by
the IAEA Member States, prompted the decision to start a programme leading
to this report. This document is intended to help to identify the
experience of Member States where nuclear power plants or specialized
nuclear heat plants are employed or envisaged to be used for distribution
of steam or hot water to industrial or residential consumers.

In accordance with the Member States' call for information exchange in
the field of nuclear applications for steam and hot water supply, several
meetings were organized by the IAEA. This publication has been prepared by
consultants and reviewed at a Technical Committee Meeting in September
1990. Appreciation is expressed for their valuable contributions to all
those who participated in the preparation of this document and also to the
Member States for their generous support in providing experts to assist the
IAEA in this work.

It is hoped that this report will serve as a useful updated
information source for future case studies.



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States or
organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

This text was compiled before the unification of Germany in October 1990. Therefore the names
German Democratic Republic and Federal Republic of Germany have been retained.
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1. INTRODUCTION

The World Energy Congress (WEG) in September 1989 [1] addressed four
principal questions which can be used as a framework for assessments of
energy needs and use: the first question was whether currently available
energy resources are adequate to support the socio-economic needs of the
developing and industrialized countries; the second question, whether these
resources are available at reasonable prices to all countries needing
them. These two questions are the basis for assessing the prevailing
situation, which differs strongly in the industrialized and the developing
countries. It was concluded that the availability of an adequate energy
resource base is not a crucial problem in the foreseeable future. There
was general agreement that coal, oil and natural gas will continue to be
the dominant energy resource throughout the first half of the 21st
century. The disputable side of this coin would be the use of market
forces in establishing prices by producers, thus influencing economic
availability to all. Generally it was expected that the price of crude oil
will gradually increase.

Coming to the other two questions - whether research and development
will produce new energy supply options and more efficient energy use, and
whether the production, transport and utilization of energy sources can be
performed without excessive negative environmental impact - these problems
have appeared to be of an increasing importance to mankind. In this last
aspect, all types of fossil fuels, when burned, are producing pollutants,
i.e. oxides of sulphur and nitrogen, dust and, last but not least, CO ,

£*

thus contributing to the constant growth of the "greenhouse effect". All
of the "greenhouse gases" - CO , NO/NO , CH , etc., associated with

L* JL *r

energy production and use - are causing global world-warming. While
sulphur and nitrogen products can be scrubbed from stack gases to a certain
degree, although at considerable costs, CO cannot be removed by anyz*
proven economic technology.

Only two of today's major available energy production technologies
are not accompanied by the effects of SO , NO and CO formation:

£j X. £ ,

hydraulic and nuclear energy. The potential of hydroenergy development
worldwide is limited by the available hydroelectric resources, whereas
nuclear power has a much wider potential for implementation.



Production of environmentally clean and easily transportable
electricity by nuclear power could have already contributed much more to
electrification worldwide, should not public confidence have been shaken by
the 1979 Three Mile Island and even more by the 1986 Chernobyl accidents.
Only slowly, in several countries the support for nuclear power is now
overcoming psychological, political and other impediments restraining a
larger and faster penetration of nuclear power in substitution for fossil.

It has been shown that worldwide emissions of polluting substances
from fossil power plants (notably SO. and NO/NO ) in industrialized

£ Jt

countries decreased in the last few years from about 500 to about 420 Mt/a
[2]. This has been achieved by a combination of the substitution of fossil
power by nuclear power, increased environmental controls on fossil units
and, to a lesser degree, conservation. Considering values applicable to
individual countries, it is found that without giving up the prevailing
"living standards" through electricity consumption limitations, the amount
of sulphur and nitrogen oxides together with other toxic chemical
substances per capita decreased by 250 kg/a in France, 110 kg/a in the USA,
85 kg/a in the Federal Republic of Germany*, 61 kg/a in Japan, 51 kg/a in
the UK and 33 kg/a in the USSR [2].

l

It is clear from the above that while some progress has been made,
further increase in environmental controls and conservation, along with
clean energy forms will be required to allow expanded industrialization of
developing countries while promoting a high quality of life and a clean
environment. Of the clean energy forms, nuclear energy appears to be of
increasing importance in achieving these objectives.

Nuclear power has become a significant contributing energy source
with about 15% average annual growth achieved during the last 15 years.
The share of nuclear energy in worldwide electric energy production was
about 17% by the end of 1990. There were 424 nuclear power plants (NPPs)
in 25 countries connected to their grids. In 3 countries the nuclear share
of the electricity production exceeded 50% (France leading with more than
70%) and in 11 countries one third or more of the total electricity
produced in 1990 came from NPPs [3].

* This text was compiled before the unification of Germany in October 1990.



Although the rate of growth in nuclear power has slowed down for
reasons already mentioned, its development has, in general, retained
positive trends. Up to now, the use of nuclear energy is practically
limited to producing electricity. It is known that, in several and mainly
in the industrialized countries, about 70% of the primary energy is
consumed for the production of industrial and domestic heat. These needs
are covered mostly by using conventional fossil fuels, and to a very small
extent by burning household refuse, using biogas and other alternatives.
Nuclear energy could conceivably contribute significantly to the supply of
process steam and hot water for industrial and residential heat
application, particularly with relatively high heat needs.

In all NPPs, some amount of steam is usually bled-off from turbines
or steam generators, to cover the station's heat requirements. Only a few
of today's NPPs are delivering heat outdoors, functioning thus as
cogeneration of heat and power (CHP) units, even though all nuclear power
plants are producing heat which could be utilized for supplying outside
consumers. Experiences of countries which have already employed this
technology for supplying existing district heating systems with hot water
or supplying process steam to industry have been successful [4] . Also,
technical-economic studies performed in several countries indicate that
heat delivery from NPPs should be competitive with fossil-fuelled plants.
Compared to nuclear CHP, nuclear heating plants (NHP), which serve
exclusively for supplying steam and hot water as heat source, are at an
earlier stage of development and implementation.

In accordance with the Member States' call for information exchange
in the field of nuclear heat applications (NHA), two IAEA meetings were
organized in 1976 and 1977, followed by a Technical Committee Meeting with
a Workshop in 1983 [5], which confirmed the renewed interest in this
subject. During the period of 1985 to 1987, three IAEA Advisory Groups
were convened, reviewing the potential of low temperature nuclear heat
applications [4], nuclear power plants for district heating [6] and small
reactors for low temperature nuclear heat applications [7].

The present document is intended to provide updated information
source to Member States on nuclear applications for steam and hot water
supply, covering low and medium temperature ranges.



2. ENERGY CONSUMPTION: STATUS AND PERSPECTIVES

Energy consumption is generally increasing worldwide, though the
development is different in the industrialized countries (1C) and the
developing countries (DC). The DCs with their faster growing population
will need much faster increase in energy supplies in comparison with the
ICs where population growth is smaller and which have, in principle,
sufficient energy. The estimates of world energy consumption, percentage
used for electricity generation, and percentage supplied by nuclear energy,
as prepared by the IAEA [8] for a period from 1989 until 2005 are
introduced in Table 1. It can be concluded from this reference that:

TABLE 1. THE WORLD ENERGY CONSUMPTION AND GROWTH TRENDS [8]

ESTIMATES OF TOTAL WORLD ENERGY CONSUMPTION (EJ)a, PERCENTAGE USED FOR
ELECTRICITY GENERATION, AND PERCENTAGE SUPPLIED BY NUCLEAR ENERGY

Country Group

North America

Lat in America
western Europe

Eastern Europe
Africa
Middle East andSouth Asia
South East Asia andthe Pacific
Far East

World Total

1989
TotalEnergyConsump-tlon

85 7

22 3

54 7

85 9

13 3

22 7

12 2

55 0

352 0

X UsedforElectGener
36 7

25 9

38 5

26 2

23 2

21 3

22 5

28 2

30 4

XSupp
By
Nucl

6 8

0 3

12 2

3 1

0 8

0 1

4 5

5 1

1995b
TotalEnergyConsump-tton

9194
2627
5860
9495
1616
2627
14
14
6164

385398

X UsedforElectGener

4241
32
33
4041
3031
2829
2526
2525
3133

34
35

%
Supp
byNucl

7 1
7 1
1 1
1 1

1312
4 54 7
0 70 7
0 50 5

5 65 6

5 75 7

2000"
TotalEnergyConsump-
t Ion

95102
2931
6165
100104
1818
3032
1516
6872

416442

X UsedforElectGener

4544
3639
4243
3233
3135
2931
2626
3538

37
36

*SuppbyNucl

7 26 8
1 41 3

1212
4 85 4
0 60 6
1 02 0

6 77 0

5 96 1

2005 b
TotalEnergyConsump-t Ion

97106
3235
6267
1051 1 1
1921
33
36
1618
7279

437
473

X UsedforElectGener

5048
4148
4645
3436
3542
3338
2828
3845

4042

XSuppby
Nucl

7 1
7 0
1 3
2 0
13
13
5 67 1
0 61 1
1 83 0

0 6
7 87 9

6 36 9

States Members ofOECD
States Members orCMEA
States not Membersof eitherOrgamzat Ion

World Total

WOCA Countries

Non-WOCA Countries

World Total

161 5

85 0

105 5

352 0

234 2

117 8

352 0

37 5

25 9

23 2

30 4

33 5

24 3

30 4

8 9

3 1

0 9

5 1

6 5

2 3

5 1

170177
9295
123127

385398

254
261
132137

385398

42
42
2930
2728

3435

3738
2828

3435

9 59 2
4 54 7
1 4
1 4

5 75 7

7 O
6 9
3 33 4

5 75 7

178
191
99103
138147

416442

273286
143156

416442

45
45
31
33
3033

3738

4042
3031

37
38

109
4 95 5
1 82 2

5 96 1

7 1
7 3
3 53 8

5 96 1

181199
1O4
110
151164

437473

285300
152172

437
473

4949
3336
3439

4042

44
48
32
33

4042

10
10
5 77 2
2 22 9

6 36 9

7 5
8 1
4 1
4 9

6 36 9

a EJ = 1 exajoule = 1018 joules = 23,9 mégatonnes of oil equivalent (MTOE).
b The top and bottom figures for total energy consumption are low and high estimates, respectively.
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- the total expected growth of energy consumption is in general slowed
down, compared to previous forecasts (for example the New Delhi World
Energy Conference);

- the expected growth of the share of electricity is substantial, it
should reach during this period about 40-42%, as compared to 30,4% in
1989. The increase of the nuclear share is expected to be similar,
it should reach 6,3-6,9% as compared to 5,1% in 1989. There is a
very large difference between the ICs and the DCs. Whereas very
small nuclear shares are shown for Country Groups of Latin America,
Africa, Middle East and South Asia, South East Asia and the Pacific,
substantially higher figures are found for Western and Eastern
Europe, North Amercia as well as for the Far East.

The last conclusion is supported by the actual total energy
consumption by type of fuel during 1989 (Table 2) [8].

TABLE 2. TOTAL ENERGY CONSUMPTION (EJ) BY TYPE OF FUEL DURING 1989a [8]

Country Group

North America
Lat 1n Amer lea
western Europe
Eastern Europe
Africa
Middle East and South Asia
South East Asia and the Pacific
Far East

World Total

Solidsb
17 49
3 81
10 76
28 86
a 21
8 45
4 68

29 31

112 57

Moulds

36, 86
10 56
23 67
23 44
2 85
8 69
4 63
17 78

128 49

Cases

20 42
4 50
a 58
28 13
0 73
4 75
2 35
2 80

72 25

Hydro

5 01
3 33
4 99
2 78
0 42
0 82
0 56
! 53

20 45

Nucl ear

5 83
O 06
6 67
2 69
0 11
0 03

2 49

17 88

Geot her m

0 13
0 07
0 04
0 04
0 00

0 03
0 06

0 36

Total

85 74
22 34
54 71
85 93
13 32
22 73
12 25
54 97

351 99

States Members of OECD
States Members of CMEA
States not Members ofeither Organization

World Total

WOCA Countries
Non-WOCA Countries

World Total

32 49
28 53
51 55

112 57

59 72
52 86

112 57

71 47
23 23
33 79

128 49

99 52
28 97

128 49

31 72
28 09
12 44

72 25

43 20
29 05

72 25

11 31
2 52
6 62

20 45

16 24
4 21

2O 45

14 29
2 64
0 94

17 88

15 19
2 69

17 88

0 20

0 16

0 36

0 33
0 04

0 36

161 49
85 01
105 50

351 99

234 19
1 1 7 8 1

351 99

a Total energy consumption = consumption of primary energy plus net import (Import—Export) of secondary energy.
b Solids include commercial wood.
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The present total energy consumption worldwide as it can be seen from
Table 1, amounts to about 350 EJ. The breakdown by end use shows that
about 30% (i.e. 100 EJ) is the energy input for electricity. The remaining
250 EJ are consumed for transport, by industry, as residential heat, or for
other types of needs including losses.

In industrialized countries, the energy use usually follows similar
overall patterns, differing somewhat from one country to another in
accordance with the geography, industrial infrastructure, etc. An example
of the distribution of ultimate energy consumption in the Federal Republic
of Germany is introduced in Figure 1 [5].

TRANSPORTATION.

ELECTRICITY

PROCESS HEAT

FIG. 1. Typical distribution of ultimate energy
consumption in the Federal Republic of Germany.

5
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o tn C3 o c

POWER RANGE (MW)

FIG. 2. Cumulative frequency (%) of users and power consumed.
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Concerning the temperature ranges of the industrial heat, and taking
into account the current technology over 65% is required in the Federal
Republic of Germany at high temperatures, above 800°C, mainly to cover the
steel industry needs using coal as fuel (Figure 3). The remaining 30-35%
of industrial heat could be the potential technical market for nuclear heat
sources. Some 10-15% of this heat could be delivered as steam.

Total Process Heat 73.69 mice

I

g
Si

HUH Iron Industry
EZ StonaAEarth
KVt Qlau and Csramlc»

ËS! Pulp and Piper
•B Non-ferrous metal*
E3 Chwnical

Tnrtll»

S3 Sugir

CD Othor»

200 400 600 1000 1200 1400 1600 Process Temperature, °C

FIG. 3. Distribution of the consumption of industrial heat in temperature ranges in the Federal Republic of
Germany.

The fragmented nature of the worldwide steam market is introduced in
Figure 2 on a typical histogram, showing the cumulative demand (%) and the
number of users (%) as a function of the power range. About 50% of users
require only 1-10 MW and their integrated requirements amount to slightly
less than 10% of the total power demand. There is a steady decrease in the
number of users in the higher power ranges and about 99% of them are
included in the 1-300 MW power band which accounts for about 80% of the
total energy consumed. Individual large industrial users cover the
remaining 20% of the power market. These consumers are fairly evenly
distributed throughout the 300-900 MW power range. Apart from a few
isolated large users (900 MW), the highest power demand is in the 10-50 MW
power range and includes some 40% of all users (a few hundred). This group
consumes about 35% of the total process steam energy used. These data
illustrate that for nuclear process steam application, it seems advisable

13



to consider nuclear reactors of small power size, and to concentrate
several industrial steam users into clusters which are served by centrally
located nuclear plants.

Concerning the industrial processes where heat requirements could be
provided by nuclear energy in substitution for fossil fuels, the major uses
of process steam are for the production of: chemicals (including production
of plastics), building materials, paper products, oil (including enhanced
oil recovery and refineries) and desalination. These industries require
heat in the temperature range of 150-550°C.

14



3. REACTOR CONCEPTS FOR PROCESS STEAM/HOT WATER APPLICATIONS

There are several reactor types available throughout the world today,
and most offer at least some capability for district heating or process
steam applications. The various reactor types may be classified according
to the temperature range which is within their capabilities.

3.1. INTRODUCTION AND DEFINITION OF TEMPERATURE RANGES

For process steam/hot water applications, the temperature
capabilities of the reactor are an important consideration. The reactor
types may be classified as being in the low (T<250°C), medium (250°C < T <
550°C) or high (T> 550°C) temperature ranges, respectively. Typical
applications served within these three ranges are summarized in Table 3.

The present generation of nuclear power plants have developed to
technically proven and commercially viable energy sources with excellent
performance and environmental cleanliness. Even though the present
generation of nuclear power reactors have a satisfactory operating record,
significant development programmes are conducted in several countries with
the aim of:

- increasing safety, reliability and simplicity;
- improving the effectivenss of fuel utilization;
- reducing costs.

The main goal of most new designs is to use as much "passive safety"
as possible, and to reduce the dependence of the reactor operation on
engineered "active" systems. This effort is also being applied in reactors
designed for providing heat. Nuclear heating reactors are generally
typical representatives of the new generation of reactors with enhanced
"inherent safety characteristics" based on "passive systems". These
reactors are expected to be placed close to populated areas, so it is
obvious that the improvement of safety will be a common challenge in all
countries developing reactors for nuclear heat production.

In this section, nuclear reactor concepts proposed for heating and
process steam in the low and medium temeprature categories are identified
and their capabilities are summarized. In general, the reactors included

15



TABLE 3. APPLICATIONS OF NUCLEAR HEAT

Temperature range Application

1. Low-temperature processes:
80-200°C: District heating

Water and room heating
Desalination

100-250°C:
Low-pressure steam
0.1-1 MPa, Process
Warm Water

Boiling
Evaporation
Distillation
Organic and petrochemistry
Hot forming of plastics
Food chemistry

2. Medium-temperature processes:
250-400°C:
Heat exchanger
High-pressure steam, 3.0 MPa

Petrochemical distillation
Petrochemical refining
Organic chemistry

350-550°C: Catalytic Methane reforming
Hydrogenating petrochemistry
Reforming processes of organic
chemistry

Steam power process

3. High-temperature processes:
550-950°C: Thermal reforming of natural gas

Petrochemistry
Warm forming of metals
Annealing processes for metals
Coal gasification

Hydrogen gasification of coal
Steam gasification of coal

16



have been well described in other readily available documents which are
identified by reference. For this reason, detailed technical descriptions
have not been included, except in the case of certain specialized concepts.

The scope of this report is limited to district heating and process
steam applications, and further consideration will not be given to reactor
types in the high temperature range (T > 550°C) except for some specific
applications (Section 6). The following sections respectively address
nuclear heating plants (NHP) dedicated to district heating reactor systems,
heat generating reactor systems serving mostly the low temperature range
and steam generating reactor systems capable of serving the medium
temperature range.

There are in principle two main sources of low-temperature nuclear
heat, i.e. the specialized nuclear heating plants (NHP) and the nuclear
power plants where heat is cogenerated with electric power (CHP).

3.2. NUCLEAR HEATING PLANTS

Nuclear heating plants have been discussed in some previous IAEA
publications. These NHPs are under different stages of development in some
IAEA Member States.

3.2.1. General characteristics

The main characteristics of district heating reactors are:

- small power range with lower core heat rating, and when based on
water reactor concepts, much lower working temperatures and pressures
as compared to typical PWRs;

- inherent safety characteristics and passive safety features are
incorporated into the reactor core physics and heat removal systems,
so that under operating, transient or postulated accident conditions,
uncontrolled fission and/or core melting should not occurj

- as far as practical, safety systems functioning on the natural laws
of physics are incorporated in the designs, to control reactor
operation, .i.e. without having to activate engineered safety systems
dependent on other energy sources;

17



- with the aim to be able to site these reactors in close vicinity to
populated areas, mostly double containment and three-circuit heat
exchanging systems are incorporated in the designs to enhance safety;

- most reactor concepts of the NHP are representatives of the new
generation, often qualified as S-C-S reactors (Simple, Cheap and
Safe). With less engineered and more passive safety systems, savings
in investment as well as in operating costs are expected.

Most of these characteristics have already been discussed during
previous IAEA meetings and information can therefore be found in relevant
IAEA TECDOCs.

Enhanced safety characteristics and passive safety systems constitute
major desirable aspects of nuclear heating plants. They include:

- a large negative temperature coefficient of reactivity which
counteracts uncontrolled reactivity additions or anticipated
transients without scram;

- shutdown heat removal by natural convection and/or conduction;

- low operating pressure;

- design features leading to less susceptibility to loss of coolant;

- containment of radioactivity at high temperatures;

- long periods of time before corrective action is required.

Reactors that are specially designed for district heating
applications are distinguished by their product form, which is hot water
rather than steam. Table 4 provides an overview of reactor types which are
currently under development [7]. The list is not complete.

Three types of these reactors are at an advanced stage of
development, the Canadian SLOWPOKE reactor (SDR) which went in first
operation at Whiteshell Laboratories in Manitoba, July 1987, the heating
reactor in China (HR-5), first operation started November 1989, and the
Soviet nuclear heating plant (AST-500) of which type three units are
presently under construction in the towns of Gorky and Voronezh, since
1982, 1983 and 1985 respectively.
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TABLE 4. SUMMARY OF NUCLEAR HEATING PLANTS

Country/
Organization

Canada/
AECL

China/
INET

Switzerland/
EIE
BBC
SI»
Sweden/
ASEA

France/
Technicatom

Germany/
KWU
HRB
Tech. Univ.
Essen
USSR/
OKBM

Name

SDR
SES-10
HR-5
HS-200

SHE
GHfi
Geyser
SECURE
SECURE
THERMOS

GAS

KWU-200
GHR

HERE
AST-500

AST-200

Type of
reactor

LWR
LWR
LWR
PWR

BWR
GCR
PWR
BWR
PWR
PWR

PWR

BWR
GCR

PWR
PWR

PWR

Reactor
power
tMW(th)]

2
10
5
200

10
10
10
200
400
100
950

200
10
300
500
200

Reactor
pressure
[MPa]

0.17
0.17
1.17
2.0

1.5
1.5
0.45
0.8
2.0
1.3

1.5
1.5
1.5
2.0

2.0

Circu-
lation*

NC
HC
NC
NC

NC
FC
NC
FC
FC
FC

FC

NC
FC
FC
NC
NC

Primary
circuit
outlet/
inlet
temp.[°C]

93/68
95/75
186/146
133/200

198/185

190/155

198/158

165/115
208/131
206/135

Heating
circuit
outlet/
inlet
temp.[°C]

85/55
85/55
90/60
120/60

120/60
120/60
120/60
100/70
150/70
130/80
268-steam

120/70
135/70
140/70
150/70
130/60

Present Status

in operation since 1987
(demonstration unit)
detailed design stage
in operation since 1985
(demonstration unit)
conceptual design

conceptual study
conceptual study
conceptual study
conceptual design
conceptual design
conceptual design
design based on
prototype in operation
at Cadarache
conceptual design
conceptual design
conceptual study
Three units under
construction
conceptual study

* Note: NC - natural circulation
FC - forced circulation



3.2.2. The SLOWPOKE Energy System

The SLOWPOKE Energy System developed by Atomic Energy of Canada
Limited ÂECL, is a heat source specifically designed to satisfy the needs
of local heating systems in building complexes, institutions and municipal
district heating systems. The arrangement of SES-10 is similar to the
2 MW(th) SLOWPOKE Demonstration Reactor (SDR), which has been in operation
since 1987.

The SES-10 is a simple nuclear heat source designed to supply 10 MW
of thermal energy as water at 85°C. This amount of energy is sufficient to
heat 150 000 square metres of floor area or approximately 1500 individual
apartments. As shown in Figure 4, it is a pool-type reactor designed to
operate at atmospheric pressure, thus eliminating the need for a pressure
vessel. Consequently, loss-of-coolant caused by depressurization is
impossible. This is an inherent safety characteristic.

U D

FIG. 4. Schematic diagram of the SLOWPOKE energy system.
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The reactor core and the primary heat exchangers are in the pool
contained inside a steel-lined concrete vault. Double containment of the
pool water prevents loss-of-coolant caused by leakage.

Pool water serves as the moderator, heat transfer medium and
shielding. Primary heat transport from the core is by natural circulation
of the pool water through plate-type heat exchangers located in the pool.
Natural circulation ensures core cooling without the need to rely on the
reliability of pumps or the integrity of electrical supply for pump motors.

The secondary circuit delivers heat to the distribution system by way
of the secondary heat exchangers. Thermal power is then measured in the
secondary circuit for the purpose of metering and calibrating the
instrumentation in the primary circuit.

Absorbers under computer control are used for load following.
Periodic adjustments of these absorbers compensate for fuel burnup. The
rate of removal of absorbers is limited by the speeds of their electric
motors. Use of a fully redundant control system reduces the probability of
unwanted shutdown.

Should a loss of secondary flow occur, such as by a power
interruption to the pumps, the large pool volume delays core temperature
rise. Consequently, thermal transients extend over many hours. This
factor, combined with unique design features that limit reactivity change
rates to very low values, eliminates the need for fast-acting shutdown
systems that are essential for pressurized power reactors.

A liquid absorber release system will shut the reactor down over a
period of five minutes. Gadolinium nitrate solution flows into the pool by
gravity alone through two temperature actuated valves.

Pool water is continously pumped through ion exchange columns to
maintain water chemistry and control corrosion. Ion exchange columns can
also remove fission products from defective fuel and gadolinium nitrate,
should the liquid absorber shutdown system have been triggered.

The reactor pool is covered by an insulated lid enclosing a gas space
over the pool. The air and water vapour are continuously circulated
through a purification system and hydrogen recombiner.
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The goal of the SES-10 design Energy System is to fully automate all
essential systems, thus allowing the unit to be operated for extended
periods of time without an operator in the reactor building. Essential
instruments would be monitored at one or more remote locations and a
licensed operator would always be on call.

The design pays particular attention to partitioning the various
systems into separate modules to facilitate off-site manufacturing and
testing. Use of factory-fabricated modules contributes to the short
construction time of one year, that is proposed for the commercial units.

The inherent safety characteristics of the SES-10 design include a
negative fuel temperature reactivity coefficient and negative coolant
temperature and void reactivity coefficients, all of which alleviate power
transients following loss-of-regulation.

In addition, primary heat transport is by a natural circulating
system requiring no external power source to maintain coolant flow through
the core during operation or shutdown.

The engineered systems include:

- a robust fuel, based on the proven CANDU fuel element design, with
enrichment of 2 to 3%,

- a double containment pool with no penetrations,
- a large pool volume to mitigate the consequences of any transients,
- natural circulation primary heat transport system,
- slow reactivity addition rates,
- a fully redundant control system,
- separate and diverse shutdown systems dedicated to safety, and
- a cooling system to remove fission product decay heat during shutdown.

The SDR facility, for which key design parameters are given in
Table 5, has been in operation since 1987 July 15.

The design of SES-10 is well advanced and completed to a stage that
licensing submissions can be prepared for the Canadian regulatory body,
Atomic Energy Control Board (AECB). Presently discussions are proceeding
with the AECB on the licensing approach to be used for this particular
application, and also the licensing submissions are being made.
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TABLE 5. KEY DESIGN PARAMETERS FOR THE SLOWPOKE DEMONSTRATION REACTOR

CORE (Square cross-section)

Thermal Power
Length and Width
Height
Mass of Uranium
Enrichment
Number of Fuel Bundles
Number of Element s /Bundle

POOL
Diameter
Water depth
Water volume
Cover gas volume

2 MW(th)
284 mm
495 mm
100 kg
4.9%
4
49

4300 mm
9040 mm
131 300 1
15 400 1

FUEL ELEMENTS (U02

Length
Diameter
Mass of Uranium
Maximum Fuel Temp.
Maximum Heat Flux
Average Heat Flux
Average Burnup

BUILDING
Length
Width
Height
Volume

, Zr clad)

487 mm
13.1 mm
0.51 kg
1350°C
105 W.cm"2
50 W.cm"2
15 MW.d.kg"1

13.7 m
11.5 m
10.4 m
1640 m3

The first proposed commercial application of the SLOWPOKE Energy
System in Canada was under evaluation in 1989 by the University of
Saskatchewan, to heat the University campus buildings. An assessment of
the engineering and economic feasibility of using the SES-10 has been
completed and shown to be suitable for this application. The next stage is
the environmental assessment which the University and AECL will undertake
once the design and licensing issues being considered are finalized [17].

The environmental assessment will include discussions with interested
groups and individuals. A decision on whether to install the commercial
SES-10 at this location will be made after the results of the environmental
assessment have been evaluated.

Other potential applications for using the SES to supply heat to
local heating systems are under discussion with Hungary and the Czech and
Slovak Federal Republic.

Although the technological demonstration made in the SDR is
important, it is recognized that another crucial element is the public and
regulatory acceptance of small nuclear systems in urban areas. This is
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very much a social challenge. SLOWPOKE Energy Systems is expected to bring
nuclear technology close to the public, not as remote megaprojects, but as
small energy systems located close to the people they serve. This implies
that not only must the safety and environmental issue be thoroughly
reviewed by technical experts but they must also be expressed in a
transparency manner that can be understood by individual members of the
general public with limited or no technical knowledge.

Canada's nuclear plant approval process involves the AECB and the
Federal and Provincial Environmental Assessment Review Offices. The AECB,
as the official government regulatory agency, has the primary
responsibility for the assessment of the safety of the reactor facility
from the technical point of view.

The approach being taken for nuclear licensing for the first Canadian
commercial SES-10 is based on the concept of "Early-Licensing" which was
originally developed for the nuclear power industry in Canada [18]. In
this way, the safety principles and licensing criteria are developed early
in the project life-cycle to the extent that all basic design issues that
impact on safety are resolved prior to the construction licence being
issued. Subsequent installations will then only need to address those
site-related issues that impact on the safety of the facility at a
particular location [16].

The environmental review process addresses the question of the impact
of the project from an ecological and social perspective. It is intended
that a complete environmental assessment review process, including formal
public hearings, will be undertaken for the first installation. Although
this will impact on the project schedule, the social acceptability of the
technology is of sufficient importance to warrant a thorough review.
Public endorsement of the concept of nuclear heating is considered
essential if the technology is to contribute significantly to the country's
long-term energy needs. This requires a thorough review and explanation of
the balance between the benefits to be gained from nuclear heating and the
real risks relative to other heat sources.

Economics

A SLOWPOKE Energy System requires a substantially lower capital
investment than a typical nuclear electric power station such as the HWR,
PWR and BWR.

24



Low capital cost, coupled with the relatively low cost of nuclear
fuel and minimal operator attention should result in a competitive cost of
heat from the SES-10. The actual cost for a specific application depends
on the load factor as shown in Figure 5. At an 80% load factor, the cost
of energy is estimated at Can. $.024/kW.h or approximately US $.02/kW.h.
The SLOWPOKE cost estimate includes capital (repaid over 30 years), fuel
(including handling and storage of spent fuel), operations and
maintenance. In this figure, the SLOWPOKE cost estimate is compared to the
cost of heavy fuel oil, the fuel component alone.

Cost of
Heat Energy

(1990 «/(cVVft)

High price path

Average prfce path

Range of the
cost of heat
energy from
heavy fuel on

SES heat cost
at 60S Load
Factor
SES heat cost
at 8055 Load
Factor

1990 1995 2000 2005

Year

FIG. 5. Comparison of the total cost of heat energy from SES-10 with the fuel component cost of a heavy fuel
oil fired boiler.

No allowance is made for the capital and operations expense of the
fuel oil system. This comparison favours fuel oil only slightly, as the
SES-10 would be used in a base load manner and fuels such as heavy fuel oil
will be necessary for peaking purposes.

Calculations show that the cost of heat from systems greater than
6 MW(th) should be competitive with oil fired systems even with oil prices
as low as Canadian $55 per barrel. An attractive market segment, even with
depressed oil prices, is remote communities where oil is the primary fuel
and transportation costs dominate the pricing structure.
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3.2.3. Nuclear Heating Reactor HE-5

The Nuclear Heating Reactor HR-5, developed by the Institute of
Nuclear Energy Technology (INET) in the People's Republic of China, is a
5 MW(th) heat source which is in operation since November 1989.

Construction of this reactor started in March 1986. At the same
time, a technical and economic analysis of the Harbin nuclear heating
plant has been carried out. In 1988, the conceptual designs of the
Changchun and Harbin nuclear heating plants have been carried out,
jointly by INET and the Siemens/KWU group of the Federal Republic of
Germany. The construction of the 5 MW(th) Test Heating Reactor (HR-5)
was completed in May 1989, and operation started in November 1989.

FIG. 6. The nuclear heating reactor HR-5.
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The structure of the HR-5 is presented in Fig. 6. Heat is
generated in the reactor core and removed by cooling water with natural
circulation. The coolant outlet temperature is 186°C and the pressure is
1.17 MPa. An integrated arrangement is adopted for the primary cooling
system. The reactor core consists of 16 fuel assemblies.

The chimney tube is located above the core. Four main heat
exchangers are installed in the annular gap between the pressure vessel
and the chimney.

In order to ensure safety of the heat distribution system, a
secondary loop (intermediate loop) is included. The heat generated in
the reactor is transported to the intermediate loop through 4 main heat
exchangers, and then, through 2 intermediate heat exchangers and a steam
generator, the heat is transported to the heat distribution system. Part
of the heat is used to generate saturated steam with low pressure, for
some laboratories.

Regarding the main safety features of the HR-5, the reactor is
working with low temperature, low pressure and low power density. Because
of the low pressure and low temperature, the break probability of the
primary system components is very low. In addition, the seriousness of the
consequences of a possible leakage is much lower than for ordinary PWRs.
The power density of the reactor is about 1/3 of a PWR. Consequently, the
central temperature as well as the average temperature of a nuclear fuel
element is much lower than of a PWR. This means that the failure
probability of nuclear fuel rods will be low, and radioactivity in the
loops should be smaller.

Integrated arrangment is adopted to decrease the possibility of a
LOCA occurring. All main components of the primary loop are contained in
the pressure vessel. There is no big size penetration through the pressure
vessel, and all penetrations (only small size) are located on the top of
the vessel. Consequently, there is no possibility of a LOCA with break of
big size pipes. The size of the pressure vessel is big, and there is a
large amount of water in it. This water can be used for core cooling long
enough for allowing sufficient time to take adequate measures, even if all
cooling systems of the reactor have failed.
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Double pressure containment. Outside of the main pressure vessel,
there is a second pressure containment vessel. The design pressure of this
second containment is the same as for the pressure vessel. At the
cylindrical part, the gap between the pressure vessel and the containment
is very small. So, the water in the pressure vessel can cover the core,
even if the pressure vessel has been broken. Consequently, the core is
effectively protected from LOCA.

Heat transport is by natural circulation. The full power of the
reactor is transported by way of natural circulation, and there is no need
for a pumping system. This increases the reliability of reactor operation.

Regarding the residual heat transport system, residual heat is
carried out by the way of natural circulation to two independent residual
heat transport systems connected with the intermediate loop. Every one of
these residual heat transport systems can transmit the residual heat (1.5%
of full power) into the surrounding environment by way of natural
circulation. There is no need for any active energy source, so that the
transmission of the reactor residual heat is reliably ensured. In
addition, for the HR-5, the reactor residual heat can also be removed by
the heat exchangers of the volume control and water purefication systems.

There are two independent reactor shut-down systems. The HR-5 has 13
cruciform control rods, placed on the upper part of the core. When the
reactor is to be shut down, the control rods are inserted into the core
with the aid of gravity. There are also hydraulic drives, and the whole
control rod driving mechanism is placed inside the pressure vessel. The
"Shooting Rod" accident caused by breakage of the sealing tube of control
rod drive through the pressure vessel, is avoided.

A boron injection system is the second reactor shut down system. In
accident conditions, a boric solution will be injected into the core by a
pump or by pressurized gas. It can shut down the reactor effectively.

The main parameters of the test reactor are shown in Table 6.
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TABLE 6. THE KEY DESIGN PARAMETERS FOR THE HR-5

Total thermal power 5 MW
Designed pressure 1.17 MPa
Outlet temperature 186°C
Inlet temperature 146°C
Height of the core 69 cm
Number of bundles in core 12(A)-4(B)
Number of rods per bundle A 96

B 25
Load of U02 507 kg
Enrichment of the Fuel 3%
Diameter of the fuel rod 1.0 cm
Average power density 26 kW/l
Pressure of the intermediary loop 1.7 MPa
Temperature of the intermediary loop 160/110°C
Temperature of heat grid 90/60°G

3.2.4. Nuclear district heating plant AST-500

The AST-500 is a water cooled, water moderated reactor with a unit
output of 500 MW(th), specially designed for nuclear district heating. The
"AST" series of reactors are novel in that they are designed for heat-only
applications. In addition to the 500 MW(th) - AST-500, the Soviet
literature refers also to smaller sizes of AST reactors, the 200 MW(th)
(AST-200), and the 50 MW(th) (AST-50) [11]. Conceptual designs of these
smaller reactors have been presented at the IAEA Technical Committee
Meeting on "Current and Passive Safety Features of PWRs", which was held in
Moscow, in March 1989. However, the AST-500 plant at Gorky and the twin
AST-500 units at Voronezh appear to be the only projects on which work is
currently proceeding.

The AST-500 is essentially a PWR with greatly enhanced inherent
safety characteristics. Power is safely controlled by virtue of negative
temperature, power and steam coefficients of reactivity. Power rise
automatically results in shutdown.

A key feature is the use of natural rather than forced circulation of
coolant. The reactor is rather unusual in that it has no pumps in the
primary circuit, coolant being circulated through the core entirely by
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natural convection. Water heated in the core rises to the upper part of
the reactor vessel, where it passes through the primary/secondary heat
exchanger then down to the core inlet.

The primary circuit is of the integral type, a feature it shares with
the SIR (Safe Integral Reactor) concept under development [10]. The core,
heat exchangers, and pressurizer are all located in a common reactor
vessel. This eliminates large diameter pipes and therefore the possibility
of large break LOCAs.

Safety is enhanced by the fact that heat-only reactors operate at
lower power densities, pressures and temperatures than electricity
producing units. Core power density is, for example, 3-4 times less
than in a typical PWR: 27 kW/litre as compared to 110 kW/litre for the
Soviet designed PWR, the WWER-1000. The WWER-1000 has a power of
3000 MW(th) (compared with 500 MW(th)) and its primary circuit pressure is
16 MPa, compared with 2 MPa for AST-500.

Also, the AST-500 has a very large water inventory relative to its
power (and therefore large thermal capacity and inertia) and a considerable
depth of water above the core.

The main technical data of the AST-500 are shown on Table 7, and the
concept of safety features on Figure 7.

3.3. COGENERATION HEAT AND NUCLEAR POWER PLANTS

3.3.1. Introduction

In most cases considered to date, the process steam or heat
distribution demands are much smaller than the output of the existing
commercial water cooled reactors. The approaches available therefore to
match the reactor thermal output to the heat load requirements are:

1. to combine process steam or heat distribution loads with electrical
generation to operate in a cogeneration mode (CHP);

2. to co-locate a number of process steam users on a common site to
match the available heat output from the nuclear power plant(s);

3. to downsize the reactor system to meet only the process steam or heat
distribution loads.
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TABLE 7. MAIN DATA FOR THE AST-500 DISTRICT HEATING REACTOR

Parameters Dimensions Numerical Value
Thermal power
Number of primary/sec, loops
Primary circuit
Coolant temperature
outlet/inlet
Pressure
Reactor water inventory
Intermediate circuit

• Coolant temperature
outlet/inlet
Pressure
Heating circuit
Grid water temperature
direct/return
Pressure
Reactor
Reactor vessel size
Diameter
Height
Core
Diameter
Height
Power desity, average
Fuel assemblies, number
UO2/U-inventory
control and protection
system elements
Make up fuel enrichment
Reactor operating time
between refuelings

MW

°C

MPa

°C
MPa

°C
MPa

mm

mm

kW/l
t

years

500
3

208/131
2.0
150

158/88
1.2

150/70
2.0

5320
18370
2.784
3.000
26.9
121
54/48
120

1.6 - 2.0
2

Sources: - Reactors for Nuclear Heating Plants - GIDROPRESS 1989
- Nuclear Engineering International - July/1989
- Nuclear District Heating Plant - Experimental Machine Building
Design Bureau
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REACTOR HEAT REMOVAL THROUGH SELF-INSERTING CHANNELS

WATE» EVAPORATION FROM TANKS AIR CONDENSER

»EACTOR SHUTDOWN

ABSORBER RODS' Dût,.' UNDER
GRAVITY

SELF-ACTUATING DEVICES
SAFETY STATE SELF-PROVISION WITHOUT
PERSONNEL INTERVENTION

(THE CORE IS UNDER WATER)
DURING MORE THAN 14 Mi OVFR ALL RANGE

OF ACCIDENTS WITH PROBABILITY
UP TO lOT* REACTOR/YEAR .

M A X I M U M DOSE IS LESS THAN 2-l<f*S«
AT THE DISTANCE OF I t«

LIQUID AJSOKBEB INJECTION

REACTOR SELF-SHUTDOWN
DUE TO NEGATIVE
REACTIVITY COEFFICIENTS

«EACTOR INHERENT SAFETY — SELF-COOLING (NATURAL CIRCULATION é HEAT ACCUMULATION)

INSENSmVITY TO PERSONNEL ERRORS t COMMON CAUSE FAILURES

FIG. 7. Schematic diagram of the nuclear district heating plant AST-500.

The approach described in 1. above has been demonstrated, for
example, in the Bohunice plant in the Czech and Slovak Federal Republic,
where steam is extracted from the turbine cycle to supply heat to an
existing heating system in the town of Trnava. A combination of
alternatives 1. and 2, has been utilized at Bruce in Ontario, Canada, where
steam is extracted directly from the steam generators in four units to
supply heat to various process steam loads located on the site and an
energy park situated adjacent to the nuclear site. In both these cases it
has been shown to be practical and economical to supply heat from nuclear
power plants operating in this manner. Further details of these
applications are provided in Section 5.2.

At this time, the third option of adjusting the reactor size to the
heat load has not been developed except for the small local heating
reactors described in Section 3.2 and further discussed in Section 5.1.
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With this latter approach, the loss of economics of scale and the need
for a dedicated back-up heat supply for a relatively large heat source
would have to be balanced against potential reductions in complexities of
the smaller reactor designs, in order to ensure that competitive energy
costs could be achieved. It seems therefore probable that for any future
large industrial process steam or heat distribution application, a
cogeneration of steam and electricity would be required.

3.3.2. Water cooled reactors

While the operating characteristics of the water cooled reactors
are similar in many respects, there are some distinguishing
characteristics when considering such reactors for specific process steam
or heat distribution use. Some of the more important characteristics of
the reactors which are presently being utilized or are under
consideration for these type of applications are listed in Table 8.

As can be seen from Table 8, the maximum steam conditions vary
somewhat among the WCR types. However it is expected that any of these
designs could provide process steam up to about 300°C with some
modifications being necessary to the HWR type to increase the secondary
side operating conditions. In the case of the BWR use of steam direct
from the turbine cycle is not feasible, as the steam is produced in the
reactor primary circuit. At least one isolation heat exchanger would
therefore have to be incorporated into the design before it could be used
for process steam use. This would reduce the steam conditions in the BWR
for this type of application, to values similar to those considered
practical for both the PWR and HWR type of reactors.

Detailed technical information about water cooled reactors is not
included in this report, as such information is readily available in
other documents.

The technical, safety and economic factors that have to be taken
into consideration in assessing the suitability of using a nuclear power
plant for process steam applications is discussed in Section 4. Further
details of the particular applications in use at this time are provided
in Section 5.2.
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TABLE 8. CHARACTERISTICS OF WATER COOLED REACTORS FOR HEAT AND POWER
COGENERATION

Reactor
Type

PWR

HWR

PWR

PWR

PWR

PWR

PWR

PWR

PWR

PWR

PWR

Present
Applications

Stade
Germany, Fed.
Republic of

Bruce
Canada

Bohunice
CSFR

Greifswald2)
Germany, Dem.
Rebublic of

Beznau
Switzerland

Gb'sgen
Switzerland

Paks
Hungary

Kozloduy
Bulgaria

Kola
USSR

Zaporozhe
USSR

South Ukraine
USSR

Heat
Output
MW(th)

40
(40)

5350
(813)

240
(90)1)

300
(ISO)1)

80

54
(24)

55
(43)1)

230

146
(46)D

1165
(104)1)

466
(102)1)

Primary
Circuit
Conditions

10 MPa
310°C

12.26 MPa
297°C

12.26 MPa
297°C

6.67 MPa
282. 5°C

12.26 MPa
297°C

12.36 MPa
297°C

12.26 MPa
298°C

15.7 MPa
322°C

15.7 MPa
322°C

Secondary
Circuit
Conditions

4.2 MPa
268°C

4.61 MPa
268°C

4.61 MPa
268°C

4.0 MPa
250°C

4.61 MPa
268°C

4.61 MPa
268°C

4.61 MPa
260°C

6.33 MPa
280°C

6.33 MPa
280°C

Heat
Supply
Conditions

1.05 MPa
150°C

1.03 MPa
82°C

1.9 MPa
150°C

2.86 MPa
180°C

1.6 MPa
120°C

1.37 MPa
220°C steam

1.8 MPa
130°C

2.0 MPa
160°C

1.37 MPa
130°C

1.57 MPa
150°C

1.57 MPa
150°C

1) Identifies the heat output presently utilized
2) Three units of NPP Greifswald have been shut-down in 1990 [23]
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4. TECHNICAL AND INSTITUTIONAL CONSIDERATIONS

Nuclear energy, up to the present has mostly been applied for
electrical generation and the technical and regulatory framework has been
established for that application. The use of nuclear energy for other
applications, such as heating or process steam, leads to additional
technical and institutional considerations, which must be addressed.
These considerations are discussed in general terms within this section.
In Sections 5 and 6, specific examples are given as to the approach to
their resolution.

4.1. CONSIDERATIONS FOR HEATING APPLICATIONS

For heat supply to the district heating systems or for supplying
industry with process heat, low temperature steam generating reactors can
be used with a maximum temperature capability of up to approximately
300°C. Encompassed in this category are light water reactors (LWR)
including pressurized water reactors (PWR), boiling water reactors (BWR)
and heavy water reactors (HWR). Some conceptual designs of specialized
district heating reactors are also based on high temperature reactor
(HTR) technology.

Cogenerating plants

The types of reactors currently used for heating applications (in
the cogeneration mode) are PWRs and PHWRs, but the BWR could also be
applied for heat and electricity cogeneration, even if the technical
adaptation might be somewhat more complicated. PWRs and PHWRs are used
or are envisaged for nuclear heat provision in several countries like
Bulgaria, Canada, the Czech and Slovak Federal Republic, Finland, France,
Germany Democratic Republic of, Hungary, Switzerland and the USSR.

In the case of cogeneration of nuclear heat and electric power the
steam is bled-off at a suitable place in the secondary circuit of the
plant. The technique of the heat extraction from the steam cycle of the
NPP is identical to that of the fossil-fired plant, the main difference
being in the necessity that any potential carryover of the radioactivity
from the primary to the other circuits is to be prevented. The idea of
"protective barriers" (Figure 8) is included in all cogeneration
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FIG. 8. Schematic diagram of protective barrier.

projects, in world-wide practice, usually the "three-circuit" structure
of nuclear heat sources is employed:

- the primary circuit, encompassing radioactive materials}
- the secondary (inserted) circuit, which in the NHP is a separate
safety-circuit; in the NPPs this barrier is formed by the classic
equipment of the engine-room with turbo-sets and auxiliary systems;

- the tertiary heating network circuit with circulating
heat-transferring media.

Another measure against a possible radioactive contamination is
that the (tertiary) heating circuit (hot water or steam) is operated at
higher pressure than the pressure at the bleeding-off point on the
secondary circuit. The pressure differential is easily monitored and
controlled, and the steam supply can be quickly interrupted when
necessary, with the heat load disconnecting automatically. Radioactivity
monitoring is secured at the bleeding-points of the steam as well as in
the hot-water supplying network.

The steam is bled usually from the high pressure/low pressure
(hp/lp) crossover as the main extraction point. In several cases some
1-3 more extraction points are made available on the low-pressure turbine
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casing, which facilitates regulating the steam bleeding. The pressure is
changed accordingly to the electric output which is usually held on a
constant level. This is no problem with power plants operated at "base
loads. For a typical 1300 MW(e) turbine, some 600 MW(th) can be
extracted without any substantial adjustments. With additional bleeding
points and the hp/lp crossover, the heat output can be stepped-up to
about 870 MW(th). Generally, about one half of heat removed to condenser
can be used for district heating systems, which increases the efficiency
of a power plant with heat extraction up to about 60%. With a two-stage
extraction, the water can be produced with the temperature of about 120°C
and about 165°C with a three-stage bleeding.

A very important and as yet unsolved problem is the possibility of
steam supplies from nuclear heat sources, for both industrial and heating
purposes, of those centralized heat-supply systems which cannot be
transformed into hot-water systems within a reasonable time. An
interesting solution for nuclear power plant steam supplies for industry
and for residential uses, avoiding any need to reconstruct existing
steam-distributing networks and equipment, could be steam compression
attained by evaporating the hot water (180°C or 150°C). This alternative
is connected with the necessity of increasing the number of the heating
stages in the nuclear power plant in order to raise the hot water
temperature. A project of this kind is now finished in the Czech and
Slovak Federal Republic for supplying steam from NPP - Jaslovske Bohunice
to the towns of Leopoldov-Hlohovec.

Owing to strict requirements regarding radiation protection, where
it is necessary to exclude all possibility of radioactivity reaching the
consumer, a system of steam take-off by means of inserted water circuits
has been proposed. This conforms to existing regulations, but its
requirements are very high concerning the necessary surfaces of the
steam/water heat exchangers, the piping cross-sections, and the
pumping-work power consumption at the required volumes of steam supplies.

In general, from the technical-economic point of view, heat in the
form of hot water can be delivered at a distance of up to about 60 km, so
the overall criteria for siting nuclear heat and power cogeneration
plants are basically the same as for NPPs.
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Heat in the form of steam should not be delivered for a distance
byond approximately 20 km. Examples in Canada (NPP Bruce) and
Switzerland (NPP Gb'sgen) show that in those cases it is economically
desirable to locate consumers close to the NPPs.

Because district heating units must, for economic reasons, be
located near centres of population, higher than average safety margins
are necessary. Inherent safety characteristics of district heating
reactors (Section 3) might make these units acceptable for siting much
closer to heat consumers, and perhaps even within densily inhabited areas.

Siting requirements for nuclear district heating plants and for
nuclear cogeneration with regard to radiological safety, which were
described in IAEA-TECDOC-431 [6] are now (after Chernobyl) modified in
the USSR. Additional safety requirements have recently been placed on
such plants. The new requirements also stipulate that the nuclear
district heating plants must be capable of surviving a variety of
external impacts and the core must not be allowed to become uncovered in
any circumstances.

4.2. CONSIDERATIONS FOR PROCESS STEAM APPLICATIONS

In many respects, the technical and institutional issues associated
with steam production are similar to these for heating applications.
Differences, where they arise are largely attributable to the fact that
steam cannot be transported economically over long distances. The mode
of coupling of the nuclear plant to the industrial process is a further
technical consideration that seems more complex in the case of steam
production. The key technical and institutional issues for nuclear
process steam applications are described in the following sections.

4.2.1. Coupling of reactor with industrial processes

When a nuclear reactor is to be used to supply steam for an
industrial processs the method of coupling can have a profound technical
and/or economic impact. For a given application, the optimum method of
coupling will depend on the size and type of the reactor, the specific
characteristics of the industrial process and the desirability and value
of electricity generation as a co-product.
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4.2.1.1. Alternatives for coupling

In general, there are three basic methods for coupling a nuclear
steam source to an industrial process. These are:

(a) Direct steam coupling

In direct steam coupling, the steam produced by the nuclear reactor
is directly supplied to the industrial process, without the production of
electricity as a second product (Figure 9).

REACTOR STEAM INDUSTRIAL
PROCESS

FIG. 9. Direct steam coupling.

(b) Parallel cogeneration

In parallel cogeneration, electricity is produced as a co-product
by diverting a portion of the steam to a turbine to produce electricity
in the conventional manner (Figure 10). While this configuration may
allow increased flexibility in energy use, the total energy consumption
would be the same as if the steam and electricity had been separately
produced.

REACTOR
X

p> INDUSTRIAL
PROCESS

TURBO-
GENERATOR

ELECTRICITY
s**

FIG. 10. Parallel cogeneration.
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(c) Series (regeneration

In series cogeneration, electricity is produced either as a topping
cycle or (less likely) as a bottoming cycle. In more typical
applications, steam would first be expanded through a turbine to an
intermediate pressure and then directed, in part or in whole, to the
industrial process (Figure 11). Where allowed by other factors, this
form of cogeneration results in reduced total energy consumption relative
to the separate production of electricity and steam. Significant
economic advantages may also be possible in appropriate applications.

REACTOR STEAM

REDUCED
STEAM

ELECTRICITY

PRESSURE

INDUSTRIAL
PROCESS

FIG. 11. Series cogeneration.

Other approaches to coupling of reactors and industrial processes
may be considered, but are usually found to be variations or combinations
of the three above. For example, steam provided to the industrial site
in a direct steam coupling mode may be broken down into various pressure
levels within the process plant using back pressure turbines that produce
electricity as a by-product.

Another approach is the "variable cogeneration" concept, that was
developed in the course of a USA study addressing steam supply for a
major refinery, using the 2240 MW(th) HTGR as a heat source (Section 6).
The variable cogeneration approach is designed to allow a varying amount
of steam to be extracted, with the remainder being used for electricity
generation in the conventional way.
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4.2.1.2. Considerations in selection

As noted earlier, the selection of a particular method for coupling
a nuclear reactor with an industrial process depends both upon the
characteristics of the reactor and of the process itself, as well as the
characteristics of the local market for electricity. As such, no general
conclusion can be reached that will fit all circumstances. However, some
observations can be made.

Direct coupling has the potential advantage of minimum capital cost
when the characteristics of the reactor and the process are directly
compatible. Specifically, if the thermal coupling of the reactor is
consistent with the needs of the industrial process, and the
temperature/pressure requirements of the process are near those supplied
by the reactor, then direct coupling may be found to be an optimum
solution. A further consideration would be the steam demand profile of
the industrial facility. To justify the capital cost of a dedicated
nuclear steam supply source, a high utilization factor must be assured.

Where the steam producing capacity of the reactor is large relative
to the industrial process, or when the steam demand profile of the
process does not provide adequate utilization of the reactor, some form
of electricity cogeneration should be considered. Of course, the market
for electricity must be such that an adequate demand exists for the
electricity when it is produced. Further, the value of the electricity
to be sold must be consistent with the economic characteristics of the
nuclear plant. It should be noted that the timing and reliability
characteristics of the electricity to be produced may have a significant
effect on its value. For example, electricity produced as a reliable
base load product, or during peak electricity demand hours, would have a
higher value relative to electricity produced on a random schedule or
during low demand periods.

If cogeneration is indicated, then the specific configuration to be
selected would depend upon the relative characteristics of the reactor
and industrial process. If the steam conditions produced by the reactor
are high relative to those demanded by the industrial process, then
series cogeneration should be considered. The reduced total energy
consumption that is possible with series cogeneration may also be
reflected in increased financial incentives for the project as a whole.
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Where series cogeneration is not possible or desirable, parallel
cogeneration can be considered to improve reactor utilization or allow
the benefits of a larger reactor scale. This approach, while not
providing increased energy efficiency may, none-the-less, allow a net
reduced cost for steam relative to direct coupling.

Where special needs are present, variations or combinations of the
three basic coupling methods may provide an optimum solution. For
example, the variable cogeneration cycle described above would be
attractive when the steam demand varies significantly with time or is
uncertain. Examples would be products with a cyclic manufacturing
schedule or the initial development of an energy park.

4.2.2. Relative size of reactors and industrial steam users

While there are some exceptions, it is generally true that nuclear
reactors produce significantly more energy than is required for
individual industries. In principle, this mismatch in supply and demand
can be addressed in several ways.

Smaller Reactors - There is an interest for smaller power reactors
in several countries, and should they become available
commercially, this factor will tend to narrow the gap between
reactor size and industrial demand. Smaller size reactors are of
course technically possible, but economic incentives may not be
realized for their development.

Multiple Users - Several industries grouped together may be
collectively capable of utilizing the full energy output from a
nuclear reactor. This situation could be developed by locating the
reactor where several existing users are already present, or by the
development of an energy park such as at the Bruce Station in
Canada (Section 5). In practice, both approaches involve difficult
institutional and economic challenges.

Cogeneration - The cogeneration of electricity and process steam
may allow the full and economic use of a reactor, while also
providing process steam. This consideration has already been
partly discussed in Section 4.2.1.
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To summarize, unless very small steam producing reactors can be
economically developed, multiple users or cogeneration schemes will be
required, except in the exceptional cases of larger users.

4.2.3. Reliability requirements

The reliability requirements of industrial customers must be taken
into account when designing a steam supply system using nuclear energy.
A study conducted by the Oak Ridge National Laboratory (ORNL) in the USA
[13] found that the steam supply reliability requirements of large
industrial users were much higher than the typical reliability and
availability of individual reactors. A summary of responses to an ORNL
survey are summarized in Table 9.

TABLE 9. SUMMARY OF RESPONSES TO ORNL SURVEY

Industries Average Adequate Number of
Steam Supply Availability (%) Responses

Chemical Processing 98 17
Oil Refineries 92 9
Primary Metals 100 3

Note that the average adequate steam supply availability is the
percentage of time that all process steam requirements can be met. It
was also found to be standard practice to have significant installed
spare capacity, averaging 100-200% of the largest steam source for plants
within the chemical industry. In the case of the refinery complex
described in Section 6, it was noted that sudden interruption of the
steam supply to the refinery would have serious safety implication
(potential for fires) as well as economic consequences from lost
production. The refinery management's stated policy was to have an
installed spare on hot standby for the largest steam source in operation.

The implications relative to nuclear energy as a potential steam
source are quite profound as, by contrast with normal industrial practice,
a large fraction of the steam supply would likely be provided by a single
heat source. In addition, the relatively long refueling periods together
with extended planned maintenance outages are issues unique to nuclear
energy.
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In summary, the reliability requirements of the industrial process
must be addressed in the design phase when considering nuclear energy as a
heat source for steam production. These requirements may be met by a
number of different strategies. Examples include: multiple (modular)
reactors, perhaps operating in a cogeneration mode; reducing the total
amount of steam supplied by nuclear energy with the remainder being
provided by fossil energy; and providing fossil boilers operating in a hot
standby mode for backup. All of these strategies have economic
implications.

4.2.4. Siting considerations

The supply of steam to an industrial process by a nuclear plant
generally implies the need to have the nuclear facility in close proximity
to the industrial process. This is due to the technical and economic
characteristics of steam transmission, which are discussed in Section
4.2.5. For existing industrial facilities, the co-location or proximate
location of a nuclear plant may be further complicated by the likelyhood of
nearby population centers.

The need to locate a nuclear facility near industrial plants, and
perhaps population centers, implies additional efforts towards
licensability and public acceptance. Potential issues include:

Requirements for additional safety features.

The need of plans for the safe and orderly shutdown of the industrial
process and sheltering or evacuation of the industrial facility staff
in the event of accidents.
The need of detailed plans for public notification, sheltering or
evacuation in the event of accidents.

Increased requirements for public education and programs encouraging
public acceptance.

The specific requirements will be determined by such factors as the
reactor type, the nature of the industrial process, the distances of the
industrial facility and population centers from the nuclear plant, and
prevailing public attitudes. It should be noted that the new generation of
smaller reactors with passive safety features that is being developed
should at least partly mitigate the above siting issues.
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4.2.5. Energy transport considerations/limitations

The distance between the reactor and the industrial user is an
important economic consideration in nuclear process heat applications due
to the cost of the piping to connect them. A study performed in 1982 [14]
evaluated the costs of steam transmission for a range of parameters. Some
of the key results, applicable to the HTGR-Steam Cycle/Cogeneration
concept, are shown in Figures 12 and 13.

In general, the following trends were found.

For a given steam delivery pressure, the unit energy cost of steam
transmission increases with distance and decreases with transmission
capacity and inlet pressure.

Steam transmission costs decrease as the steam delivery pressure is
decreased.

The use of compressors in a steam transmission system is generally
not economical.

OUTIET STEAM CONDITIONS

PRESSURE 650 PSIA
TEMPERATURE 672*F
FLOW RATE 2.7«106 US./HR.

— — — —COMPRESSORS INSTALLED

PIPELINE LENGTH (MILES)
2O

FIG. 12. Steam transmission system costs (above ground design,
cost basis constant in 1980 US dollars).
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OUTLET STEAM CONDITIONS

PRESSURE 425 PSIA
TEMPERATURE 600*F
FLOW RATE 2.7*10* LBS./HR.

500 PSIA

— — — — COMPRESSORS INSTALLED

10 IS
PIPELINE LENGTH(MILES)

20

FIG. 13. Steam transmission system costs (above ground design,
cost basis constant in 1980 US dollars).

The specific design of a steam transmission system must be based
upon an economic evaluation of the entire system, including the
cogeneration plant, transmission system and process user steam plant
equipment.

4.2.6. Heed for steam isolation, loops

The potential for radionuclide contamination is a unique issue
associated with the use of nuclear energy for steam production. The
importance of this issue will vary based upon a number of considerations
such as the following:

(a) Characteristics of the reactor type

The potential for radionuclide contamination differs significantly
depending upon the reactor type. For example, the steam produced by a
boiling water reactor would normally not be suitable for direct process
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use and one or more isolation loops would be required. Though there are
concepts which have been proposed, in practice BWRs have never been used
as a source of steam. Pressurized water reactors (PWR) and heavy water
reactors (HWR) provide a degree of isolation based upon separate
secondary loops, however, since the primary circuit pressure is higher,
leaks at the primary/secondary interface within the steam generator might
result in radionuclide contamination of the steam. While safety studies
do not necessarily preclude the direct use of steam from a PWR or HWR in
an off-site process, in practice this has not been done in applications
to date. Rather, isolation heat exchangers have in all instances to date
been incorporated at the reactor site.

In the case of gas cooled reactors (e.g. AGR, HTGR), the steam
pressure in the secondary loop is typically higher than the primary
circuit gas. Thus, significant radionuclide contamination of the steam
is very unlikely to occur from leaks. Tritium diffusion through the
steam generator, however, must be considered. A specific study to assess
the need for an isolation loop for the 2240 MW(th) HTGR-Steam
Gycle/Cogeneration plant was conducted in 1982 [15]. Tritium diffusion
was the principal mechanism that was evaluated. The result of the study
showed a negligible impact based upon many conservative assumptions. On
that basis, it was accepted that isolation reboilers would not be
required for the HTGR.

In current LMR reactor types, the steam is separated from the
primary sodium circuit by two heat exchangers. Further, the steam
pressure is well above that of the secondary sodium loop. For this
configuration, it is clear that a separate steam isolation loop would not
be required on the basis of safety.

(b) Steam utilization

The details of how the steam is used in the industrial process may
also be a consideration in marginal cases. For example, if steam is
supplied to a process heat exchanger, then additional isolation is
inherently provided. This would not be the case where steam is directly
introduced to become part of the product.
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(c) Relative location of the reactor and process

If the process is co-located with the reactor, the incentives for
isolation might be less significant than in the case where the steam must
be transported over a considerable distance.

(d) Nature of the product

Obviously, the nature of the product would have some bearing on the
degree of isolation required. An example is food production which would
require very conservative measures.

(e) Compatibility of chemistry requirements

The chemistry requirements of steam to be used in a specific
industrial process may not be compatible with the steam chemistry resulting
from feed water requirements to the steam generator. In such cases a
separate isolation circuit would be required.

4.3. ADDITIONAL REGULATORY CONSIDERATIONS

The regulatory situation of process steam generating reactors is
different from those of nuclear power plants. Safety aspects have to be
regarded in a more comprehensive manner because of two reasons:

- As steam piping is expensive, process steam generating reactors have
to be sited close to the steam consumers. This means usually close
to populated areas and/or industrial sites. Therefore the release of
significant quantities of radioactivity to the environment must be
excluded even for very unlikely accidents. On the other hand, the
vicinity of an industrial complex might cause dangerous situations
for the reactor if e.g. explosive or poisonous gases are handled at
the site. From case to case such impacts have to be considered, and
additional regulations are required to ensure safe plant operation.

- The nuclear plant is connected with the steam consumer by a steam
pipe which in principle could be penetrated by radioactivity. To
avoid a contamination of the process steam e.g. an additional
(isolation) heat exchanger or/and detecting devices must be used.
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Maximum contamination limits must be defined and controlled.
Additionally it must be ensured that no load change of the steam
consumer can cause a hazardous situation in the nuclear plant.

This means nuclear reactors for process steam generation must reach a
particularly high safety level. Modern reactor designs have very good
safety properties, but there is no common agreement on which safety level
would be sufficient. An agreement of all relevant parties on safety and
quality standards and clear regulations are very important for nuclear
process steam applications.

Another regulatory problem arises from the high cost of steam
piping: Steam supplying reactors should be rather small in individual
output and large in number in order to reach a significant process steam
market penetration. An individual license for each individual small
reactor, however, would be too expensive. A kind of type license valid for
as many countries as possible would be very helpful for promoting future
nuclear process steam applications.

4.4. PUBLIC/POLITICAL ACCEPTANCE

During the last three decades there can be found a growing scepticism
towards technical progress in general and a decrease in acceptance of large
technical systems in particular. This is valid for at least the
industrialized countries, though quality and intensity differs from country
to country.

Nuclear energy is regarded as a central item of criticism against
modern large scale technology. Nuclear power plants are seen as symbols
for the "dark side" or the "double-edged" character of technical progress
by critics and by a more or less great part of the laity.

The acceptance of or opposition to nuclear power concerns all nuclear
activities covering e.g. uranium mining, fuel fabrication, power plant
safety, waste treatment, reprocessing, final disposal and proliferation, as
well as economics, the real energy demand and perceivable technological
alternatives. As each aspect has an influence on the fate of the whole
technology, progress towards acceptability must be achieved on all sectors.
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The problem of not receiving public/political acceptance is expected
to be in general greater for nuclear process steam applications than for
electricity generation. One reason is that power cables can not be
penetrated by radioactivity, but steam pipes can. The certainty that no
radioactive contamination can occur in any case is a prior condition for
the acceptance of nuclear process steam. Another reason is that reactors
providing process steam have to be constructed close to the steam
consumers, as steam transport over long distances is not economic. Close
to steam consumers means close to district heating grids in populated areas
or at industrial sites, and the effects of the NIMBY syndrome (Not In My
Back Yard) would have a strong influence.

A key point for the acceptance of nuclear process steam seems to be
the inherent limitation of possible radioactive releases beyond today's
design accidents, so that a need for a possible evacuation of the region
can be excluded. Long lead times for accident management and the reduction
of the human factor in accident propagation by inherent safety
characteristics are helpful to achieve public acceptance.

Studies, research and development work and planning activities for
advanced reactors of different types are underway and show that each
concept possesses its specific potential towards higher acceptability.

4.5. ECONOMICS/FINANCING

The methodology for calculating the costs of the product of a nuclear
plant, steam, hot water, desalted water, electricity, or some combination
of these products in case of cogeneration, is basically the same and is
well known [25].

What does represent a special problem for cost calculations of steam
or hot water produced by nuclear reactors, is the lack of information and
data based on real experience, in particular for dedicated nuclear heating
plants. There are only two such plants in operation in the world, the
2 MW(th) SDR in Canada and the 5 MW(th) HR-5 in China. Both units are
first-of-a-kind. Both have been built to demonstrate primarily technical
feasibility, which they did, but not commercial competitivity, which would
be the objective of follow-up designs, in this case the 10 MW(th) SES-10
and the 200 MW(th) HR-200 respectively.
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For cogeneration of heat and electricity, there is more experience
available, however, it is to be noted that the overall worldwide nuclear
heat output effectively used is of the order of the power produced by one
medium size nuclear power plant, and that in all cases of cogeneration,
electricity is the main product with cogenerated heat being less than 10%
and in most cases less than 5% of the overall power output of a unit. This
means that heat is effectively a by-product and that the economics of the
plant is basically determined by its production of electricity, which is
the main product.

Due to the above mentioned problems, the assessment of the economics
of steam or hot water produced by nuclear plants has to be based in
practice on studies and cost estimates, instead of on demonstrated cost
experience. True, studies and estimates are based in turn on the
experience of the designers, who can rely on the cost experience
accumulated by the nuclear industry in the design, construction and
operation of hundreds of nuclear reactors.

The more advanced a design and the more experienced the designer, the
more reliable the cost estimates tend to be. The cost estimates of
conceptual designs usually tend to look highly promising but,
unfortunately, they also tend to have low reliability.

In Sections 5 and 6, some economic information is presented on
individual plants, and derived from various studies.

Effective deployment of nuclear heating plants depends on the
achievement of economic competitivity with alternative sources. To a
potential investor, in principle, expected economic benefits should more
than compensate for the costs incurred in his particular project. There is
no way to perform an overall economic assessment of nuclear steam and hot
water generation, which would have universal validity and cover all
conceivable situations. Each reactor as a heat source, and each particular
application, must be assessed individually, in order to produce valid
conclusions. There are, however, some factors which tend to have
favourable influence on the economics of nuclear heat production in
general.
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These are:
- Cost increase of fossil fuels, in particular oil;
- Design simplifications of heat reactors;
- Standardization and series production;
- Shop-fabrication;
- Construction time reduction;
- Increase in overall efficiency, especially by cogeneration.

The designers of the various nuclear heating plants, who have already
invested considerable effort into developing their concepts, do claim economic
competitivity, and some of them express their willingness to back-up their
claims with commercial offers. For cogeneration plants, experience show that
those who have chosen to proceed with this approach, continue to do so based,
among other reasons, on economic convenience. Consequently, at least from the
point of view of economics, there seems to exist a reasonably solid basis to
expect further penetration of nuclear power into the heat market.

Regarding financing, smaller reactors and shorter construction periods
should ease the financial burden of investors, as compared to the financing
requirements of large nuclear power plants. For cogeneration plants, the
additional investment and corresponding financing requirements due to the
production of heat as a by product, should not represent a major burden. In
case of electricity being the byproduct, small size reactors would be the
expected choice, and these would involve relatively lower financing needs.
For district heating applications, the distribution system itself, if not
already in place, would require a major investment and corresponding financing
effort, in addition to the heating plant,

4.6. STRATEGIES FOR IMPLEMENTATION

The increasing demand for economic and reliable energy supply is driven
by the increase in the world's population, by continuing desire for economic
growth and improvements in lifestyle, and by the essential role that energy
plays in the industrial development of a country. With global energy
requirements expected to double over the next forty years, all energy supply
sectors will be seriously challenged in their ability to meet the demand.

Since the steadily increasing global energy requirements are coupled
with environmental concerns of utilizing additional fossil fuels, nuclear heat
could become important in addition to nuclear electricity generation.
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The strategies a particular country, region or energy supplier will
consider prior to implementing nuclear heat applications will be very
dependent on the local conditions; location and needs of the process
steam user or heat distribution system; the availability of other energy
sources in the country or region; the economic conditions of nuclear heat
as compared to other energy sources; the reduction in fossil fuel
emissions; the industrial/governmental infrastructure in place to provide
support to nuclear energy production; and the public acceptance of
utilizing nuclear energy.

The options that have been considered to date for the introduction
of nuclear heat generally fall into one of the following categories:

(a) Replace existing process steam/electrical power supplies to
industrial users where it can be supplied more economically by
nuclear energy.

(b) Supply existing heat distribution systems from strategically
located nuclear heat sources which could replace/support
economically the existing energy sources, with reduced
environmental impact.

(c) Utilize existing nuclear electrical generating facilities to
provide process steam locally at competitive rates compared to
other energy options in the region, and attract a variety of
industrial users to a site adjacent to the nuclear facility, (e.g.
Bruce Energy Park).

(d) Identify potential large applications (e.g. enhanced heavy oil
recovery) where a nuclear facility could primarily be used for the
generation of steam with electrical generation playing a secondary
role.

Over the last three decades many studies have been undertaken to
evaluate the economic and technical feasibility of utilizing nuclear
energy sources for providing nuclear heat to generate process steam
and/or hot water for heat distribution systems. However, only a few
nuclear heating applications have been or are being implemented. This
section will review some of the main issues which may affect decisions
when considering the implementation of nuclear heat application.
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4.6.1. Benefits

Benefits to the country, the producer and ultimately to the consumer,
should outweigh the costs incurred. Both benefits and costs should be
considered in the widest sense, including but not limited to purely
economic aspects.

- Electric power stations can normally supply heat energy at a lower
cost than alternative sources, when the following advantages are
exploited:

(a) reject heat is used, which has minimal incremental energy cost,
(b) there is spare capacity on the steam generation and distribution

systems,
(c) cogenerated heat is used, where the incremental heat energy cost

is only a fraction of the fuel cost after the power credit,
(d) large units are operated at near full load and high efficiency,

with lower production costs per unit of output.

- Heat energy rates should be stable and predictable. This is much
easier to achieve with nuclear plants than with fossil fuelled plants
(oil, gas, coal).

- In some cases (e.g. Bruce Energy Centre), reliability of steam supply
can be higher with nuclear sources than would be achieved by
alternatives, because of connection to multiple sources and operation
according to high reliability standards.

- Being supplied by steam or hot water from an external source, the
industrial user is not obliged to install, operate and maintain his
own boilers and ancillary equipment. His objectives are to
manufacture his products and not to produce steam or hot water.

- Heat demand can usually be accommodated across a broader range with
little or no incremental unit cost, thus allowing greater flexibility.

- The use of heat energy from power stations improves overall energy
efficiency because it not only increases power station thermal
efficiency but also displaces less efficient alternate sources.
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Displacement of fossil fuels by nuclear energy may improve energy
self-sufficiency of the country.

Greater energy efficiency of centrally generated heat reduces the
overall environmental impact.

Displacement of fossil fuels by nuclear energy lowers emissions of
CO , SO , NO , particulates and other^ X X
reduces impacts from mining and transportation.
CO , SO , NO , particulates and other air pollutants and^ X X

- Availability of low cost heat energy can stimulate economic
development.

- Development of the heat energy business allows an electric utility to
better and more broadly serve the energy needs of its customers.

- Improved and more efficient facility utilization improve the
financial position of the utility.

4.6.2. Barriers

In addition to issues such as public/political acceptance, research
and development needs, investment costs, proveness, licensability, economic
competitivity and infrastructure requirements, there are other barriers to
overcome, specific to using nuclear power for steam or hot water production.

- Heat extraction, transmission and distribution systems represent high
initial investment.

- The high transmission cost limits the market to customers already
located or willing and able to locate within a suitable distance of a
power station (e.g. about 2-5 km for warm water, 10-20 km for steam,
40-60 km for hot water).

- Competing sources of heat energy are at present readily available
(natural gas, oil, coal, propane, biomass) and have advantages for
customers in particular circumstances (e.g. higher temperature
capability).
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Medium and long-term cost advantages may not be sufficient to
override other factors in a location decision, or induce existing
facilities to retrofit, when users have already invested capital in
their own heat generation systems and have staff employed for their
operation and maintenance.

Some heat users may wish to remain as self-reliant as possible and
may not be receptive to central heat supply because of unfamiliarity.

Modifications are required to accommodate heat extraction/
transmission in power plants, and operators might be reluctant to
accept complications which may reduce electrical output or
reliability.

Unlike electricity, heat energy supply arrangements obligate the
power utility to serve customers from specific units. This reduces
flexibility in the station operating mode, in particular regarding
load following, outages and dispatch ranking.

Power plant unavailability, for any reason, points to multiple unit
tie-ins and/or standby boilers, which increase costs.
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5. EXISTING APPLICATIONS

There are already in. existence, or under construction, several
applications where heat from a nuclear reactor is used to generate
steam/hot water for process or heating purposes. These nuclear plants fall
into two categories: the dedicated nuclear heating plant (NHP) where only
heat is generated, and the cogeneration of heat and electric power plant
(CHP).

This section provides an update on the status of these applications,
outlines the method of implementation and discusses, where information is
available, accumulated experience and economic aspects.

From these examples, it can be seen that nuclear heat applications
are practical and the uses, although varied, are very dependent on the
industrial and heating infrastructure of a particular region or country.
Further expansion of the use of nuclear heat for meeting process steam and
heating needs will require that as the result of the consideration of the
technical, safety, economic, financial, environmental and public acceptance
aspects, it is shown that nuclear power is the most suitable alternative
for each particular case.

5.1. NUCLEAR HEATING PLANTS

The nuclear heating plant designs that have been developed for
dedicated district heating uses are described in Section 3.2. This section
updates the status of those which are presently in use or under
construction.

5.1.1. SLOWPOKE Demonstration Reactor (SDR)

Because of the uniqueness of the design requirements for a nuclear
heat source for district heating applications, it was recognized by Atomic
Energy of Canada Limited (AECL) that a fundamental and thorough
demonstration of the technology was required before commercial units could
be committed. For this reason, the SLOWPOKE demonstration reactor (SDR)
was constructed at the AECL Whiteshell Laboratories in Manitoba.
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Construction of the SDR began in the spring of 1985 and the unit
started operation on 1987 July. The main purpose in designing,
constructing and testing this 2 MW(th) facility was to validate the
required technical, economic and safety criteria associated with this form
of heating. The SLOWPOKE Demonstration Reactor has completed the majority
of tests necessary to finalize the design of the commercial unit. It will
be used in the future to validate design modifications that may be proposed
for the commercial unit.

Based on the knowledge learned from the design, construction,
licensing and operation of the SDR, the design of the 10 MW(th)
commercial-sized SES-10 has now been developed. A description of the
reference design is provided in Section 3.2.2.

5.1.2. Nuclear heating reactor HE-5

In China it is expected that coal will remain the main energy source
at least to the mid 21st century. However, reliance on large amounts of
coal do present serious transportation and pollution problems. Therefore,
nuclear energy in China is expected to have three important roles: power
generation, nuclear heating and process heat.

Since 1982, the Institute of Nuclear Energy Technology (INET) has
been engaged in research and development on nuclear heating reactors. In
1983, a demonstration test of nuclear heating was carried out using the
existing experimental reactor INET. About 1 MW(th) was supplied to three
buildings of al
winter seasons.

2buildings of about 17 000 m area; this test was carried out over two

Meanwhile, substantial research and development work was done for the
nuclear heating reactor, and an integrated arrangment, natural circulation,
vessel type reactor was developed, which is suited for large heating
distribution systems with temperatures up to 150°C. A description of the
5 MW(th) Test Heating Reactor, HR-5 developed by INET is provided in
Section 3.2.3.

In March 1986, under the support of the Chinese government, the
construction of the 5 MW(th) Test Heating Reactor HR-5 was started at the
INET site. The construction and installation of the reactor was completed
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by March 1989. The reactor was then commissioned and has been in operation
since 1989 November, supplying heat to the INET centre.

In 1988, the conceptual designs of the Changchun and the Harbin
nuclear heating plants were carried out, jointly by INET and the Siemens/
KWU group of Germany, Federal Republic of.

Based on the analysis of the market demand for district heat, and the
economic estimate which was performed, the HR-200 reactor with an output of
200 MW(th) has been selected as the candidate for commercial heating in
China.

At present, the prefeasibility analysis and conceptual design for
Changchun and Harbin nuclear heating plants has been completed. It has
been decided to select the site at the Jilin Chemical company, to build the
first demonstration nuclear heating plant HR-200.

Work is also under way in China on the development of a high
temperature gas cooled reactor, and it is planned to build a 10 MW(th) HTR
reactor at the INET site. However, it is not planned to use this reactor
for heating applications, therefore it is not included in this report.
Further details are available in [22].

The purpose of the test heating reactor HR-5 is as follows:
(a) To develop and understand the technology of a heating reactor

through the design and construction of the HR-5; to develop
software and hardware for commercial heating reactors.

(b) To simulate commercial heating reactor main parameters and
structure; through operation of the small HR-5 reactor, to learn
about the operating characteristics of this type of reactor.

(c) To establish a research base for improvement and application of
the heating reactor.

Since the nuclear heating plants are expected to be located near
cities, safety is most important. The main safety features developed are
able to shut down the reactor in time, to keep the reactor core always
covered with water and to ensure reliable removal of the residual heat.
The inherent safety characteristics included in the HR-5 design are
outlined in Section 3.2.3.

59



5.1.3. Nuclear district heating plant AST-500

To meet the heating requirements in the north and north-east regions
of the USSR, the Experimental Machine Building Design Bureau (OKBM)
developed the technology of the nuclear district heating reactor AST-500.
This plant, which has a capacity of 500 MW(th), is described in Section
3.1.3 of the report.

The AST-500 reactor design has undergone the complete cycle of
calculations, experimental confirmation tests, and extensive analyses of
hypothetical accidents, taking into account the additional safety
requirements adopted in the USSR for this type of nuclear heating plant.

The first three units of the AST-500 are being constructed at the
cities of Gorky (one) and Voronezh (two) for district heating. These units
are now in the final stages of construction, with the equipment
installation near completion at the first unit in Gorky.

At the request of the State Committee for the Utilization of Atomic
Energy of the Soviet Union, the IAEA conducted an independent safety review
of the Gorky KHP in 1989. The objective of the expert review team was to
assess whether the Gorky NHP could be operated safely, based on
international safety standards.

The final report of the IAEA was submitted to the Soviet Government
in November 1989. The review team found the design to have a number of
attractive safety features and concluded that the AST-500 reactor was based
on sound design principles and practices. It was also concluded that up to
the project stage achieved at the time of the review, the construction
quality is good, the preparations for plant commissioning were proceeding
well, and the necessary operators' training was under way.

The IAEA team made some recommendations for improvements to the plant
safety and quality of the construction process. These have been reviewed
and some of the recommendations are presently being implemented by the
Soviet organizations responsible for Gorky.

The costs of heat from the AST-500 nuclear district heating plants
have been assessed in the USSR. Conclusions of the economic evaluation
show that any reduction in the energy source capacity would decrease
appreciably the AST competitivity when compared to fossil fuel boilers.
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However, in the north and north-east areas of the USSR, nuclear energy
sources of relatively low capacity may prove to be competitive.

5.2. COGENERATION HEAT AND NUCLEAR POWER PLANTS (CHP)

There are several existing examples where the heat generated in a
nuclear power plant is effectively used for the cogeneration of electricity
and the supply of steam for industrial processes, for heating or for
desalination purposes.

The information presented in Section 3.3.2 on the cogeneration of
electricity and heat are for water cooled reactors which generate steam at
the low and medium temperature conditions defined in Section 3.2.

In some cases, the steam is bled from the steam generator in a
parallel cogeneration mode and is fed to a secondary heat exchanger, where
the steam for process or heating use is generated. In most of the cases
for supplying heat to the heat distribution systems, the steam is bled from
the turbine at a reduced steam pressure, in a series cogeneration mode.
The example on desalination is based on utilizing a liquid metal reactor in
a cogeneration mode.

This section updates the status of the GHP plants presently in use.

5.2.1. Bruce nuclear power development (Canada)

One of the largest process steam heating applications occurs at the
Bruce Nuclear Power Development (BNPD) facility in Ontario, Canada, where
Ontario Hydro uses steam generated from the Bruce CANDU reactors for
producing electrical power and steam for process heating purposes.

It is one of the world's largest energy complexes containing two
4-unit nuclear generating stations, heavy water production plants, a low
level radioactive waste storage site, a major nuclear training centre,
central stores and maintenance facilities and a bulk steam supply system.

The two nuclear generating stations are capable of producing over
6000 MW of electricity as well as process and heating steam for Ontario
Hydro and the adjacent Bruce Energy Centre (BEC).
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The Bruce A Generating Station consists of four 904 MW(e) gross units
which are all in service. In addition, Bruce Generating Station (G.S.). A
supplies steam to the steam transformer plant which generates process and
heating steam for the heavy water plants, site services and the Bruce
Energy Centre. The nuclear heat generated in the reactor is transferred to
the steam generator via the primary heat transport loop. Steam is
extracted from the secondary side of the steam generator, in a parallel
cogeneration mode with the steam supply led directly to the turbine and to
the steam transformer plant. In the third loop, the steam generated in the
steam transformer plant is fed to the heavy water plant, the other site
facilities and the off-site Bruce Energy Centre (BEC). At the BEG, steam
is supplied to each of the individual users where the heat is then
transferred through another heat exchanger device to provide the hot
water/steam conditions necessary for each particular industrial and
agricultural application.

The Bruce B G.S. which consists of four units similar to Bruce A, is
located on the same site but it is not used at present for process steam
production.

The Bruce Bulk Steam System (BBSS) was originally built to provide
the essential heat energy for the nearby heavy water plants. It is capable
of producing 5350 MW(th) of medium pressure process heating steam by using
the steam directly fed from the Bruce A nuclear generating station. The
oil fired Bruce steam plant is used as a backup source of high pressure
steam. The BBSS must maintain a high availability as the heavy water plant
performance is extremely sensitive to reliability of steam supply.

The BBSS consists of two steam transformer plants, a condensate plant
and two 1.7 m diameter steam lines more than 2 km long. These lines are
used to distribute low pressure steam to the individual heavy water plants
and are the supply source for on-site Ontario Hydro and the off-site, BEG,
steam requirements. A parallel condensate return system of two 0.61m lines
collects and returns the condensate to the steam supply sources.

A typical current steam supply/demand balance for BNPD is illustrated
in Fig. 14, which also depicts the interconnections of the BBSS. In
addition to steam for generation of electricity, on site process steam
demand includes 750 MW(th) process steam to the Bruce Heavy Water plant.
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FIG. 14. Typical BNPD supply/demand system.

An additional 3 MW(th) of peak demand is also provided to the training
centre with the remaining steam being available for the Bruce Energy Centre
use. The bulk of this steam demand is met by the four reactors of Bruce A
G.S.. The relatively high operating cost of the residual oil fired Bruce
Steam Plant has relegated its use to hot standby for the heavy water plants.

Bruce Energy Centre (BEG)

In 1982, Ontario Hydro started development of the BEG industrial park
located approximately 3.2 km from the BNPD. The BEG was appropriately
zoned and an environmental assessment completed. The site of the BEG has
expanded over the years and now includes 1200 acres with two separate land
developers.

Ontario Hydro supply electricity, steam, water and services to the
BEG. Process steam is supplied to the users in the BEG at a nominal supply
pressure of 1.04 MPa and a temperature of 180°C. The first phase of the
BEG steam delivery systems consisted of a single 0.61 m steam supply line
with a 0.25 m condensate return line. The system is designed to supply up
to 113 000 kg/h of steam at the conditions specified above. The total
length of the steam delivery system is approximately 6.4 km.
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The steam delivery system to the BEG was completed in 1988, in
conjunction with the commissioning of the first steam customer, a 1.5 acre
greenhouse. The first two years of its operation have proved the
commercial feasibility of the concept.

The second BEG steam customer is a 9 million litre/year ethanol plant
which uses 950 000 bushels/year of locally grown corn and recycle 70
tonnes/day of wet spent grains back into the local agricultural economy.
It is also planned to pipe carbon dioxide from the ethanol plant to the
greenhouse.

A plastic film production plant which was actually the first
industrial facility built at the BEG but is presently operating on
electrical power is expected to connect to the steam system within the next
year to provide heat for a biaxial stretching furnace.

The BEG continues to grow with the addition of a major alfalfa
dehydration and cubing facility, constructed in 1990, which will be owned
and operated by a local farm management company. This latest development
is the fourth industry to locate at BEG in as many years, bringing total
private investment in steam using facilities to approximately Can. $33
million.

It is expected that additional greenhouses will be built at Bruce
over the next several years in order to exploit the low cost heat which is
a unique feature of this location. Other heat intensive projects under
consideration include chemical plants and other process industries
involving cooking, evaporation, distillation and drying, often with a
logical tie to the local agricultural economy.

As the development progresses and the demand for steam increases
beyond the initial capacity, the steam delivery system to the BEG will be
upgraded to transport 454 500 kg/h of steam.

Current BBSS steam handling capacity is in excess of on-site demands
and can easily be used to provide a high reliable supply for industrial
steam loads. This has resulted from the shutdown of some of the Heavy
Water Plants.

64



Because of the capital intensive nature of nuclear steam supply
systems, the annual escalation of steam supply is relatively low. Since
the BBSS was built in the 1970s and as Ontario Hydro sells energy at cost,
Bruce retail steam prices are already much lower than fossil fuelled
industrial boiler steam costs as shown in Table 10. This margin should
increase in the future.

TABLE 10. STEAM PRICES

Bruce Alternate Fuel Price
Year Can. &/klb/Steam Can. $/mcf gas in Ontario
1990 2.65 3.65
1991 2.81 3.89
1992 3.09 4.32

Notes: (1) $/mcf (Cnd) gas is forecast average industrial retail price.
(2) 1 mcf gas is approximately equivalent in heat to 1 klb of

steam.

In most district heating systems, central steam sells at a
substantial premium above gas in recognition of its superior reliability,
convenience and flexibility as well as avoidance of costs relating to
boiler ownership.

At Bruce, the steam price is expected to be always substantially
below gas and firm prices are provided for three forward years which are
rolled forward annually. This provides customers with greater foresight
on future costs, than is typically available from alternate energy
sources.

5.2.2. Bohunice nuclear power plant (CSFS)

Bohunice Nuclear Power Plant V-l consists of two pressurized water
cooled, water moderated reactors - the Soviet designed WWER-440, type V-230
- and Bohunice NPP V-2 consists of two units WWER-440, type V-213, which is
a design similar to the type V-230, with additional safety features. The
first unit was connected to the grid in the year 1978 and the last unit of
NPP V-2 was connected to the grid in August 1985. All units are in service
now and they generate annually approximately 12 TW.h of electric energy.
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Each reactor has a thermal power of 1375 MW(th), six horizontal steam
generators, and is equipped with two condensing type turbines SKODA -
220 MW.

The Bohunice Nuclear Power Plant produces electric energy and in
addition low temperature heat for heating and industrial purposes.

The efficiency of utilizing the thermal output of the four reactors
within the Bohunice complex - (5500 MW(th)) in the case of producing only
electric power at an output of 1720 MW(e) (gross) amounts to 31%. The
dual-purpose utilization of the nuclear power plants offers a substantial
improvement. At a combined electric power and heat production for
centralized heat supply systems, the overall efficiency increases up to
46%, and with a complex utilization in the communal area (industry and
agriculture of the district of the town Trnava), values of 50-60% can be
theoretically attained.

From this point of view, and in alignment with the national programme
of rationalizing the consumption of energy, several technical-economic
studies and projects of low temperature heat application from Bohunice NPPs
have been performed.

Construction of the first heat supply system from the Bohunice NPPs
to the nearby town of Trnava began in the year 1983. After three years,
the first heat supply in the form of hot water started in December 1986.
Hot water of 150°C (1.9 MPa) is transported from the NPP site to the town
of Trnava through a transit pipeline with a diameter of 700 mm and a length
of 23 km. The return temperature in the transit pipeline is 70°C. Maximum
heat capacity of the transit pipeline is 240 MW(th). This capacity is
expected to be achieved during the heating period in the winter 1994/1995.
At present, the total capacity of all consumers connected to the district
heating system is 120 MW(th). The structure of the consumers consists of
the municipal area (space heating) and industrial area. Greater demand for
heat arises from the municipal area and depends essentially on the outdoor
temperature. Due to a relatively warm winter in 1989/90 the maximum heat
demand of consumers represented only 90 MW(th).

The Bohunice NPPs have been equipped with SKODA-220 MW turbines,
originally designed as purely condensation turbines with uncontrolled steam
bleeding [4]. These turbines are capable of supplying 60 MW(th) of heat
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under two stage heating of water from 70°C to 150°C [12]. In this case,
the ratio of the produced heat output to the loss of power output is 5.08.
The scheme of the heat supply system of the town Trnava from Bohunice
units 3 and 4 is shown on Figure 15.

FIG. 15. Flow scheme of heat extraction from the V-2 NPP.

Nuclear safety and radiation protection have to be ensured under all
conditions of heat supply operation. The two most important technical
features are:

- The pressure in the hot water system is 1.9 MPa and under all
operation modes is higher than the pressure of the intermediate
circuit, 1.05 MPa. It is impossible for the heating steam to
penetrate the hot water system, because its pressure is always lower
than that of the system.

- The activity of the extraction steam and of the hot water system is
continuously monitored. Should the values reach the permissible
limits, the corresponding heat exchangers are automatically switched
off.

It is shown by operating experience, that the heat supply system from
the nuclear power plant to the town of Trnava is reliable, safe and
economically competitive when compared to local fossile fueled boilers or
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heat plants, and is contributing at the same time to the cleanliness of the
environment. In the town of Trnava, measures were adopted to enable a heat
supply with a maximum thermal power of 240 MW(th) in the near future.

5.2.3. Paks nuclear power plant (Hungary)

The Paks Nuclear Power Plant consists of four units of the Soviet
design WWER-440, type V-230. Steam is generated in six steam generators
and is delivered into two steam turbines, model K-220-44.

The construction of the heating system from the NPP site to the town
Paks started in 1974 (hot water was produced in oil fired boilers). The
first heat supply (hot water) started in the autumn 1977. Hot water of
130°C is transported from the NPP site to the town of Paks through a
transite pipeline with a diameter of 350 mm and a length of 6 km. The
design heat capacity of this transit pipeline is 55 MW(th), with 130°C
inlet and 70°C return temperature. The volume of circulating hot water in
the system is 800 t/h.

Each unit has one heat supply system consisting of two parallel arms
(to each turbine). There are two heat exchangers in series in each arm:
the basic - and the peak heat exchanger. The unit heat supply system's
capacity is 50 MW. The basic heat exchanger can raise the returning water
temperature up to 100°C. The temperature can then be raised in the peak
heat exchanger higher, depending on the needs. The basic heat exchanger is
heated by the turbine extraction No. 3, which is an extraction of the low
pressure turbine with a nominal pressure of 0.13 MPa. The peak heat
exchanger is heated by the turbine extraction No. 5, which is an extraction
of the high pressure turbine with a nominal pressure of 0.5 MPa. The

2 2heating surface of the basic heat exchanger is 200 m , and 125 m of
the peak. The design pressures of both heat exchangers are 16 bar water
side, and 0.7 MPa steam side.

All four units have the same above described heat supply systems
(Figure 16). The heating system of unit-1 supplies the plant's heating3demand. One or two out of three parallel circulating pumps (285 m /h
capacity each, lift: 3.2 bar) circulate the hot water in the plant's
heating pipelines. The heat supply systems of units 2, 3 and 4 are
connected to the town's circulating system. One or two out of three
parallel circulating pumps (457 m/h capacity each, lift 0.72 MPa) circulate
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FIG. 16. Paks NPP heating system.

the hot water in the town system. One of the three units is able to supply
the town's hot water needs which was a maximum of 42 MW(th) in the winter
of 1988/89. In order to use the heat supply system's available capacity,
the town's pipelines capacity has to be extended.

Nuclear safety and radiation protection is guaranteed by technical
measures in all cases: The secondary circuit steam leaving the steam
generators is permanently monitored by gamma detectors. The water pressure
of the heat exchangers is higher (1.4 MPa for the town, 0.7 MPa for the
plant's system) than the steam pressure (0.13 MPa basic, 0.5 MPa peak). In
this way, there is no possibility of pollution of the hot water system,
even in case of two failures in series (steam generator and heat exchanger).

5.2.4. Kozloduj nuclear power plant (Bulgaria)

The Kozloduj Nuclear Power Plant consists of four pressurized water
cooled reactors WWER-440 and two units WWER-1000. Steam for heating
purposes is extracted from unregulated steam offtakes of condensing
turbines. Maximum heat output for the heating system in the form of hot
water (150/70°C) is 230 MW(th).
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The heating system consists of two groups of three circuit water
heaters for each unit. Water is circulated by two pumps.

The heat exchangers are supplied with heating steam by steam
distributor 4 of the turbine, with pressure of 0.65 MPa, and by steam
distributor 6 with pressure 0.095 MPa.

The condensate of the heating steam is led by cascade to the
condenser of the turbine.

By resolution of the Bulgarian Energy Association, heat can be
supplied to the town Kozloduj, since 1987. For this purpose, a team of
Bulgarian and Soviet designers was assigned to make the necessary
modifications and additions to the plant, in order to comply with the
requirements of the Bulgarian regulatory body (Committee for the Use of
Atomic Energy for Peaceful Purposes).

The safety limits of operation are as follows:
1. Overall specific activity of the heating system to any of the

circuit water heaters:

I A ,. g l x 10~9 Ci/1^ steam

with continuous radiation control, and laboratory investigations
of the radionuclear composition once a week.

2. Overall specific activity of the circuit water approaching and
leaving boiler installation.

I A . ̂  1.5 x 10~10 Ci/1mb

with continuous radiation control, and laboratory investigations
of the radionuclear composition once a week.

3. Overall specific activity of the resulting corrosion products
(substances) in the circuit water:

I A . g 1.1 x 10~10 Ci/1ù corrosion

with laboratory investigations of the radionuclear composition
once a week.
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4. Pressure difference between the heat water circuit at the output
and the heating steam at the input of any of the heat exchangers:

SP è 1.5 kg/cm2

5. Consumers in Kozloduj town have to be connected indirectly.

5.2.5. Beznau and Gösgen nuclear power plants (Switzerland)

The NPP Beznau is operated by NOK (Nordostschweizerische Kraftwerke)
and consists of two units (PWRs), Beznau I and II, with 350 MW(e) each.
Operation started in 1969 and 1971 respectively.

District heat extraction started in 1983. At first, only two swiss
nuclear research institutes EIR (Eidgenössisches Institut für Reaktor-
forschung) and SIN (Schweizerisches Institut für Nuklearforschung) were
supplied with heat. In 1989, about 100 GW.h heat were extracted from NPP
Beznau and distributed to several hundred customers by the district heating
grid REFUNA (Regionales Fernwärmenetz Unteres Aaretal).

Steam is extracted from two of the four turbines between the high and
the low pressure part (before water separation and superheating), with a
temperature of 128°C at 0.26 MPa. The extracted steam is used to heat the
REFUNA grid cycle water up to 120°C in two seperate heat exchangers, with a
capacity of 40 MW each. Electricity losses caused by district heat
extraction are about 0.161 MW(e)/MW(th).

The main REFUNA grid has a total length of 20 km (double steel pipe
with diameter between 100 and 400 mm) and consists of a northern branch
(7 km) and a southern and eastern branch (13 km).

The temperature of the hot water is adjusted to the requirements,
between 75°C (summer) and 120°C (winter). Design pressure is 1.6 MPa.
Maximum heat capacity is 70 MW(th) and heat losses at full power are about
6%.

Several local distribution grids of the single communities (length
about 32 km in total) are connected to the main grid directly, without heat
exchanger. However, in principle, every building connected to the local
grids is separated by a heat exchanger.
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A high reliability of heat supply is assured by the two independent
power plant units, two indépendant heat exchangers, and by two back-up
heating plants in the northern branch and one in the southern branch of the
grid.

In 1990, the operator (NOK) decided to install a second heating stage
at 85°C in the unit Beznau I. This will increase the capacity of heat
extraction by 30% and will reduce the electricity losses from 0.161 to
0.143 MW(e) per MW(th).

The most simple technical solution for steam supply from the Gösgen
NPP is the steam delivery through a steam exchanger, or through a cascade
of steam exchangers. An example of process steam extraction from a PWR
through steam exchangers is realized on the nuclear power plant Gösgen in
Switzerland. Process steam (1.37 MPa, 220°C) is directly delivered to the
consumer. The scheme of the Steam Supply System from NPP Gösgen is
presented in Figure 17.

SG

FIG. 17. Gösgen NPP steam supply system.

Since 1979 the 970 MW(e) PWR in Gösgen, Switzerland, provides process
steam for a nearby cardboard factory. The process steam is generated in a
tertiary steam cycle by live steam from the PWR. It is then piped over a
distance of 1750 m in the cardboard factory. After condensation, it
returns as 100°C hot water to the PWR.

A maximum process steam extraction of 22.2 kg/s is possible which
represents a thermal output of about 54 MW or about 2% of the total thermal
power of the PWR. However, up to now only 10 kg/s process steam are
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required because a planned capacity addition of the cardboard factory has
not yet been performed. Though the tertiary process steam cycle is
separated from the primary circuit by two heat exchangers and the activity
of the secondary steam cycle is controlled at several points, the activity
of the process steam cycle, too, is controlled. The iodine-131 inventory

4of the process steam cycle may not exceed 3.7 x 10 .

5.2.6. Stade nuclear power plant (Federal Republic of Germany)

The NPP Stade (thermal output 1892 MW(th), electric output
630 MW(e)), is in operation since 1972. Since December 1983 it supplies
steam for a salt refinery which is located in a distance of 1.5 km from the
nuclear power plant. The salt refinery requires 45 t/h process steam with
190°C at 1.05 MPa. This represents a thermal power of about 30 MW and is
1.6% of the thermal output of the NPP. The steam supply from NPP Stade is
designed for 60 t/h, of which the remaining 15 t/h are used for space
heating at the Schilling oil-fired power station nearby, and for an
adjacent tank storage facility. Since 1983, the steam supply by NPP Stade
had very high time availability, and operating experience of process steam
extraction is very good.

5.2.7. BH-350 (USSR)

Another example of existing application is the fast breeder reactor
BN-350, which is in operation since July 1973, in Schevchenko. The
Schevchenko complex comprises a nuclear cogeneration heat and power plant
BN-350, and a seawater desalination plant. It was the most powerful
industrial breeder reactor in the world at the time of start-up on July 16,
1973, and it is the first and only demonstration plant for seawater
desalination using a nuclear reactor [19].

Up to July 1973, the Schevchenko desalination units were operating
with heat supplied by the thermal station, fuelled by natural gas and oil.
After the start-up of BN-350 all desalination units and some of the
industrial enterprises have been supplied with steam from the fast breeder
reactor.

There are 12 operating units at the desalination complex in
Schevchenko, with a total capacity of 140 000 m /day. These desalination
units produce fresh water for current demands, and make-up water for the
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system of hot-water supply for district heating (space heating in the town
and industrial purposes).

The BN-350 operates with an output of 750 MW(th) having the following
important parameters [20]:

Electric output [MW] up to 125
Sodium temperature [°C]

at the reactor inlet 283
at the reactor outlet 425

Superheated steam:
pressure [MPa] 4.5
capacity [t/h] 1050

Steam for desalination:
pressure [MPa] 0.5
temperature [°C] 220

Output of distillate [m3/day] up t
Average annual reactor downtime [days] 50

The reactor operated from start-up until 1977 with an availability of
85%, followed by 88% (7700 operating hours per year), at its design
output. The BN-350 is very safe. During operation, there was not a single
case of sodium leakage from the first loop, only two leaks in the second
loop (in the sampling and oxide indication systems) needed to be repaired.

The reactor is also used for experiments on physics, physical
metallurgy and sodium engineering.

The long operating experience of the dual-purpose FBR BN-350, with
its demonstrated high efficiency and reliability, has shown the feasibility
of nuclear energy for seawater desalination. Based on this experience, the
development of desalination stations with thermal reactors of different
outputs, from some thousands to several hundreds of thousands cubic meters
of distillate per day, have been planned in the USSR.
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6. DESCRIPTION OF PROPOSED APPLICATIONS

Despite the successful applications described in Section 5.2, the use
of nuclear energy for district heating or for process steam has been very
limited to date, when compared to the total energy input for these uses.
None-the-less, interest remains in this topic, as evidenced by the number
of studies that have been conducted. In the following, some of the more
important recent studies are reviewed as a means of indicating the future
potential for such technology.

6.1. HEAVY OIL EXTRACTION

The use of heat for stimulating oil production has become a widely
accepted method for heavy oil recovery. The method employed is the
injection of hot water or steam.

The energy requirements in such projects range from about one fifth
of the energy content of the oil produced up to about one third. These
figures cover only the extraction process. If upgrading of the heavy oil
is included, 40 to 50% of the oil being produced may be consumed in total
for heavy oil exploitation. This fraction changes considerably depending
on the geological oil field conditions and crude characteristics. The
production of hydrogen which is needed for the crude oil hydrotreating is
the most energy demanding step in the upgrading process. Water
electrolysis and steam-methane reforming are the most common hydrogen
production processes. Steam-methane reforming, which is based on natural
gas or other hydrocarbon as feedstock, is the more economical process today.

Energy consumption in heavy oil extraction by steam injection is
measured by the oil to steam ratio (OSR) (sometimes the inverse is
specified), expressed in barrels of oil per ton of steam. High ratios are
desired for an improved energy economy and lower costs. In a first stage
of the heavy oil extraction process the steam can be injected into wells
which are in a cyclic way used for oil production, too. This process is
called steam soak production. When field production declines considerably,
steam is injected continuously into injection wells. This process in the
second stage is called steam drive process and lasts until the field
exploitation becomes uneconomical. When passing from the soak to the drive
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stage, injection steam demand jumps to high values, consequently lowering
the OSR substantially. Common figures are 25 bbl/t for the soak phase and
5 or less for steam drive. In the USA, OSR values above 1.6 bbl/t in EOR
projects with conventional fossil fuel burning for steam production, are
considered to be economical.

The use of nuclear reactors as heat source has often been studied but
never applied although several investigations indicated the economic
attractiveness of the nuclear option. The temperature and pressure
conditions required for heavy oil recovery depend on the depth of the oil
deposit and on other geological conditions of the oil field. They can be
higher than the maximum values attainable by the currently most highly
developed and commercialized type of nuclear reactor, the water cooled
reactors (both light water and heavy water). If this is not initially the
case in an exploitable oil field, it will occur later, as potentially
deeper formations of heavy oil and longer steam transport paths are
considered within the same field.

High temperature reactors, however, are capable of producing heat and
steam at temperatures and pressures even higher than required for heavy oil
recovery. They are also capable for cogeneration of electricity and
injection steam. Such a cogeneration scheme adds versatility to the
operation of a plant, since oil field steam demand variations could be
accommodated by diverting steam to electricity production, with part of the
electricity satisfying the plant demand and the excédent for the local grid.

Additionally to the generation of injection steam and electricity,
high temperature reactors are also capable of providing process heat for
upgrading the heavy oil produced, if required. This process heat is needed
at a high temperature (850 to 950°C) for the hydrogen production by steam
reforming of natural gas or other hydrocarbons. Natural gas often is
readily available at oil field locations. Hydrogen is required in large
quantities for upgrading of heavy oil. High temperature reactors offer the
possibility to supply a large part of the energy required for heavy oil
extraction and thus to save oil. The recent emphasis on the smaller
output, modular verions of the HTGR, the MHTGR, also provides additional
flexibility in terms of oil field demand requirements, the ability to
dedicate different modules to different types of service, if necessary.
Nuclear instead of fossil powered oil extraction has also some
disadvantages, which have to be considered, e.g., the application of
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stationary nuclear reactors in place of transportable crude-burning boilers
requires a large additional piping system for steam distribution, as the
nuclear reactor can not be transported after several years of operation to
another place in the oil field. Another point is that nuclear reactors
should be constructed on a stable geological base which should be as close
as possible to the eventually subsiding oil production area.

In the next sections several investigations or studies are described
which have been made in recent years concerning heavy oil extraction in
some Member States.

6.1.1. Indonesia

In Indonesia, one heavy oil producing field is the Duri, which is
located in Riau province, Sumatra Island. It covers a productive area of
30 000 acres and has original oil in place (OOIP) of 7.1 billion stock-tank
barrels. The 1987 production is 60 000 barrels per day, and the cumulative
production is about 5.5% of its OOIP. Due to the very high viscosity, the
ultimate oil recovery under natural depletion is very low, approximately
11% of the OOIP.

The viscosity of crude is 120 cp at a reservoir temperature of 40°C.
The crude gravity is about 22 API and the oil is accumulated in sandstone
formations at a range of depths from 100 to 250 m. The reservoir pressure
ranges from 1.1 to 1.7 MPa. The steam quality required in the bottom of
injection well is 0.75 at about 200°G operating temperature and 2.8 MPa
pressure. A study for steam flood project development indicated that
dividing the Duri field into 19 project areas, the project will require
about 8000 additional wells with project life of more than 40 years, with
an expected increase of production to a level of 300 000 barrels of oil per
day, in 1990. When fully materialized, the Duri steam flood project is
expected to be the biggest project of its kind. In case of using oil-fired
steam generators, approximately 5500 t/h steam will be required, consuming
2000 barrels of oil per hour, which is approximately 20% of the crude
produced.

A study of the application of High Temperature Reactors in Indonesia
for heavy oil recovery in the Duri oil field, was completed and reported to
the Indonesia Government in 1987. The study was performed in cooperation
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between Siemens, Interatom of Germany, Federal Republic of, and BATAN,
BPPT, MIGAS, LEMIGAS, PERTAMINA of Indonesia. In this study, 4 units of 4
HTGR 200 MW(th) modules were proposed to produce the required injection
steam, and electricity. Later, a study of only one unit of 4 HTR 200
MW(th) modules (Figure 18) was also presented. Here only a small part of
the required injection steam would be generated by nuclear power. One
4-modular plant with a thermal capacity of 800 MW could generate about 1000
t injection steam per hour and additionally about 100 MW electricity. The
required injection steam pressure is 7.5 MPa (piping losses are taken into
account) which could easily be covered by the HTR-Module, since its
live steam parameters are 530°C and 19 MPa.

200 MW
»o tor, arc,

Injection
Cooler

-flWfcdJe [©;

-15-tfooJe
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FIG. 18. Schematic diagram of four modules HTR-200.



Steam extraction directly from the secondary cycle was not expected
to be feasible since conditions in the secondary cycle require water of a
much higher purity, and hence a more expensive water treatment than for
injection steam. However, the use of reboilers (steam converters) solves
this problem with, of course, an added capital cost and a minor penalty in
injection steam conditions. Various advantages, economical and
technological, on the use of nuclear steam supply systems over conventional
crude-burning ones were identified.

6.1.2. Federal Republic of Germany

In a oil field in Emsland since several years oil recovery is
enhanced by steam flooding. Large quantities of high pressure steam are
produced in small gas fired boilers, and injected into the oil deposits in
a depth of about 700 m. About 4-6 tons of steam are required for one
recovered ton of oil.

In 1988, a feasibility study was performed by Interatom and the oil
company concerned, regarding steam generation by a HTR-Module plant for
steam flooding of this Emsland oil field. Due to the large depth of the
oil deposit, high pressure steam of about 160 bar is required.

Two plant alternatives have been considered. Both plants are HTR-2
Module plants producing process steam of 378°C and 160 bar. The first
alternative would generate process steam and a small amount of power. The
thermal output of 400 MW results in 146 kg/s steam production, and a gross
power generation of 19.4 MW (Fig. 19). The second alternative would
additionally be equipped with a small steam reformer in which petroleum gas
with a high content of carbon dioxide and hydrogen sulfide is to be
converted to synthesis gas. In a further stage, this gas would be
processed to hydrogen (about 4 t/h) to be sold to a nearby refinery. The
thermal design output of this plant is somewhat lower (370 MW) than the
first alternative, because one of the two modular HTR-units is a high
temperature version of 170 MW, intended to provide process heat up to 950°C
for the steam reformer. The steam and power generation of this second
plant alternative would be 105 kg/s and 14.8 MW respectively (Fig. 20).

79



160 bar, 378 °C. 146 kg/s
170bar,385°C,9<

60 bar, 700 °C,

Injection steam

200 MW

145kg/s

FIG. 19. Enhanced oil recovery: HTR-2 Module plant for steam generation.
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FIG. 20. Enhanced oil recovery: HTR-2 Module plant for steam and hydrogen generation.
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The plants are to be supplied with local deposit water which
unfortunately has & high salt content of about 70000 ppm, which is twice
that of sea water. With high expenses, this water is desalted in a
mechanical vapour compression process and then fed to the steam generators.

It was estimated that the oil deposits in the Emsland place will be
exhausted after about 15 years, so that further steam injection would not
be worthwhile. For the economic evaluation, therefore, a depreciation time
of 15 years was assumed. A consecutive refitting of the plant and the
utilization of the HTR-Module for power generation is possible, but has not
been considered in the study.

Another estimation concerned the initial operating regime of the
plants. Because of the long duration and high expenses for drilling of
steam injection wells and field preparation, it was assumed that process
steam production would be limited to 36 kg/s at the start of plant
operation, and full power (146 or 105 kg/s respectively) is reached only
after two years.

Though geological and economic conditions were rather unfavourable
for steam flooding the Emsland oil field with a HTR-Module plant (high salt
content of available water, depth of oil deposit, short depreciation and
long start-up period) the economic comparison showed encouraging advantages
compared to steam flooding with gas fired boilers (Fig. 21). After the
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FIG. 21. Comparison of the steam generation costs of HTR power plants and gas fired boilers.
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assumed two year start-up period with part load operation, the nuclear
steam generation costs would remain at about 50-60 DM/t whereas those of
the gas boilers rise up to about 90 DM/t in the year 2010.

6.1.3 China

In 1985, a Chinese-German co-operation on HTR-technology was
established between Tsinghua University (INET), Beijing and the KFA
Jülich, Germany, Federal Republic of. The main aim of this co-operation
was to introduce the technology of modular HTRs to the technical and
scientific work of the IKET, and to evaluate the use of the HTR in the
People's Republic of China.

Within this co-operation, the application of high temperature
reactors for steam supply in enhanced oil recovery (EOR) in China has
been investigated. To provide a realistic background for the
investigations the Shanjasi section of Shengli oil field has been taken
to serve as reference for the study. The Shengli oil company supported
this study and gave all necessary information.

The heavy oil deposit Shanjasi is one of the Shengli oil fields in
the Shandong-Province. There are altogether 49 fields, 28 are in
production. The production of all fields reached approximately 30
million tonnes in 1986. The identified reservoir of the Shanjasi field
has a capacity of 66 million tonnes of oil in place and may be increase
up to over 100 million tonnes. The heavy oil deposit contains extra
heavy oil with approximately 10°API (= spec. grav. of 1), which is not
movable under reservoir conditions because of its high viscosity. The
original reservoir pressure was 116 bar but is now decreased to 100 bar
as a result of the recovery.

At the Shanjasi field, steam injection with the steam soak process
is practiced since October 1984. The production planning aims at an
output of 1 million tonnes heavy oil per year with subsequent upgrading
in a special refinery. The steam for the oil recovery is produced by
burning heavy crude.

Figure 22 shows, in principle, the transition from conventional
boilers to HTR steam generation. Generally, the exploitation starts with
a small number of conventional boilers, normally in the steam soak mode.
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FIG. 22. The transition from conventional to HTR steam generation (1 HTR, OOIP = 66 Mt, steam-oil ratio = 4
for steam drive phase).

After some soak cycles, transition to steam drive is performed, which
starts on the conventional basis in the year 1990 and on the nuclear basis
in the year 1995.

As it is shown in Fig. 22, the production plateau of 1 million tonnes
per year (about 20 000 bbl/d) may last up to about 13 years. The break
down between steam soak and steam drive is nearly half and half. Whereas
the oil production by steam soak is then decreasing, the production by
steam drive will remain up to the year 2026, which means in total a
duration of about 30 years with a nearly continuous oil production of about
0.5 million tonnes per year. According to preliminary investigations, a
steam to oil ratio of 4 tonnes of steam per 1 tonne of oil produced can be
expected. With this boundary conditions a steam production is needed of
about 2 million tonnes per year (about 6000 t/d = 250 t/h). This steam
quantity is just in that range which can be produced by one HTR-module with
a thermal capacity of 200 MW(th). Another HTR module will be necessary for
electricity generation, so that an HTR-2 module plant is proposed.

The flow diagram is shown in Fig. 23. The feedwater/steam circuits
of both HTR modules are interconnected to get a cogeneration plant
generating injection steam for the Shanjasi field and electricity for house
load and for the Shengli grid. By the interconnection it is possible to
produce - dependent on the actual priority - injection steam or
electricity, in case one of both HTR-modules are out of operation.
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FIG. 23. HTR-2 Module site plan and flow scheme for power and steam cogeneration.

During normal operation, each steam generator generates about 77 kg/s
live steam with a pressure of 190 bar and a temperature of 530°C. Both
live steam lines feed into one joint line with a total steam flow of
154 kg/s. From there, the steam is distributed: one part (with about 70
kg/s = 250 t/h) is used as injection steam with relatively high pressure
(less than 185 bar dependent on the steam line lengths in the oil field)
and is led to the injection wells; another part (with about 84 kg/s) is
used to drive the condensing turbine. The injection steam pressure is high
enough to fulfill the requirement to reach a pressure at the well head of
about 120 to 160 bar, as it exists for the steam soak process presently
performed. The electrical output of the generator amounts to about 72 MW.

The fuel oil substitution of the HTR-2 Module plant would be about
2 million barrels of oil a year. Within the overall production period of
about 30 years, this amounts to a total of nearly 10 million tonnes.

6.1.4. Canada

The recoverable oil reserves in the oil sands of Alberta are
estimated at 30 billion cubic metres, as large as the current reserves of
conventional crude oil for the whole world. The oil sands are presently
being recovered to a small extent using mainly surface mining techniques.
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Some of the bitumen can be recovered from shallow deposits by
surface mining methods. But about 77%, based on current estimates, is
too deep for that method to be economic and must be recovered by leaving
the sand in place. Heating, using steam to reduce the viscosity so the
bitumen can flow through the sand, is the currently favoured in-situ
recovery method. Other methods, like bitumen combustion, are being
tested.

AECL undertook a study starting in 1980, in conjunction with
Alberta companies involved in the energy field, to assess the technical
and economic feasibility of utilizing the CANDU design for such
applications. The results of this study are summarized here, further
details are contained in other reports.

The most attractive opportunity for application of nuclear energy
was judged to be supplying steam for the in-situ recovery of bitumen.
The following features and conditions were chosen to accommodate Alberta
bitumen recovery experience and trends in processing technology:

1) Bitumen is recovered by injecting 80% quality steam at 13.8 MPa
(2000 psi) into the oil sands formation.

2) Steam is produced at 820 kg/s, which is the capability of a standard
CANDU design (2000 MW(th) or 600 MW(e)). This matches the
requirement of an oil sands project of the current large size3(approximately 25 000 m /d) assuming an oil-to-steam ratio of
0.4, i.e. 0.4 volumes of oil are produced for each volume of water
used as steam.

3) The bitumen upgrader uses a hydrogen-addition process that maximizes
the yield of liquid synthetic crude oil. Hydrogen is supplied by an
external source. The upgrader is optimized to be energy
self-sufficient. Bitumen production steam is supplied entirely by
the nuclear steam plant.

4) The 80% capacity factor for the production steam system is consistent
with the large thermal inertia of the several thousand wells in
various stages of being steamed or producing at any time. The
production field provides the equivalent of a base load and
eliminates the need for "load-following" over short times.

5) Only that amount of electricity which required for nuclear plant
supply reliability reasons (50 MWe) is generated by the steam supply
system. (This is a conservative assumption.)
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6) A back-up steam supply system fuelled with natural gas is provided.
It is specified as 50% of design capacity for this study, although
until nuclear supply reliability is demonstrated by operation as part
of an oil sands project, 100% back-up would probably be provided.

A critical consideration for an oil sands project is the supply and
use of water. Since water is not abundant in Alberta, it is necessary to
recycle the water that is recovered with the bitumen. It must be purified
to remove bitumen and suspended solids. The steam-raising and handling
systems must be capable of accepting water containing a high concentration
of dissolved solids, some of which are quite corrosive. Some water is
required as make-up to balance that which displaces bitumen in the
formation and is also used for disposing of the waste steams, usually into
deep formations that do not communicate with the surface or ground waters
or with the oil sands formation. Systems based on four different energy
sources were assessed during the study (Figure 24 and Table 11).

NATURAL i .,.
GAS I j 1 (Cold Laks-netur«! fl«i make-up ru«I)
FIELD j j „cyd.
BOILER ' ' '

I m»k«-<ip wotor

DSH — dasuperheater
HX — heat exchanger

SG — steam generator
TC — turbine/compressor

FIG. 24. Systems based on four different energy sources.
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TABLE 11. TECHNICAL COMPARISON OF THE CONCEPTS CONSIDERED

DESCRIPTION

CONCEPT CYCLE
TOTAL FUEL ENERGY MWt
HEAT INPUT TO CYCLE MW t
ELECT. GENERATOR OUTPUT MWo
NETHEATTOOILSANOS MWt
CAPACITY FACTOR ASSUM ED (%)
OVERALL EFFY. OF CONCEPT (%)
INJECTION STEAM AT
13.79 MPs, 80V. QUALITY (kg/s)
MAKE-UP WATER REQUIRED (kg/s)
WATER DISPOSAL RATE frg/S)
SYNTHETIC CRUDE PROD'N (mfyQ
(APPROX.) (bfxJ)

PHW

Flfl. 24
2156
2064

50
1196

80
55.5

498
329
225

15,458
(97.300)

OCR

Fig. 24
2034
2064

50
1917

80
92

819
180

82.4
25.475

(160,290)

COAL

Fig. 24
2282
1917

Nil
1917

80
84

819
180

82.4
25.475

(160,290)

NAT. GAS

Fig. 24
2395
1917

Nil
1917

80
80

819
180

82.4
25,475

(160,290)

(a) The PHWR concept is based on the CANDTJ 6 design. Instead of a large
turbine-generator, a 50 MWe generator would be used to provide
station electricity requirements. The temperatures throughout the
steam-raising system are shown in Figure 25. The design of the CANDU
6 produces secondary steam at 4.7 MPa. If the reactor is designed to
produce steam, rather than generate electricity, a pressure of about
5.6 MPa could be achieved. This reactor is suited to an in-situ
recovery project requiring intermediate pressure steam. This would
be sufficient to recover about 20% of the in-situ recoverable
resources. However, for this study, which considered high pressure
steam only, a turbine-driven compressor was used to boost the
pressure to 13.8 MPa. This reduces the thermal efficiency of the
concept to 55.5% because part of the energy would be lost in
compression.

In the steam-raising system, only clean water flows into the steam
generator. The dirty water recycled from the bitumen recovery
operation is heated partially in a heat exchanger and then to its
final temperature by mixing it with superheated steam from the
compressor.

(b) For this study, an organic cooled reactor concept was also
considered, because of its ability to raise steam at sufficient
pressure to penetrate most of Alberta's oil sands deposits (13.8
MPa). The Organic Cooled Reactor (OCR), with a primary coolant
outlet temperature of 400°C, could provide this pressure.
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FIG. 25. PHW cycle.

(c)

The flow sheet for the steam cycle is shown in Figure 26, and is
based on an earlier study of a commercial scale OCR. The outlet
temperature (400°C) of the organic liquid coolant is high enough to
raise 13.8 MPa steam in a tertiary circuit without using a
compressor. This yields a thermal efficiency of 92%, much greater
than for the PHW system. An intermediate heat transfer circuit of
Dowtherm is included as an extra barrier between the high pressure
steam system and the low pressure (2 MPa) primary coolant. This
prevents dirty water, recycled after being separated from the
bitumen, from entering the primary coolant system of the reactor in
the case of a heat exchanger leak, in which it would be unacceptably
corrosive.

The alternative coal plant uses two utility-type high pressure
boilers. The technology for this system was assessed by Esso
Resources for application to the Cold Lake oil sands project, and it
was found that to eliminate the uncertainty regarding the technical
feasibility of boiling dirty water in vertical fired tubes, a
secondary circuit containing clean water is to be included in the
study.
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FIG. 26. OCR cycle.

(d) Natural gas is presently being used as the fuel for raising steam for
an oil sands project. The use of many small field boilers scattered
throughout the recovery field is considered to be demonstrated
technology and is being used by Esso Resources for the Cold Lake
project. In contrast to the PHW, OCR and coal concepts, the natural
gas concept does not require a large steam distribution system.

The economics of the four concepts were compared in the study using a
discounted cash flow analysis for the cost of providing steam for thirty
operating years. This covers all costs, including return on investment,
appropriate to a private utility in one case and to an oil company in
another. Capital cost estimates are based on construction at an Alberta
site that requires a labour camp. The construction schedule assumed is 72
months for nuclear and coal, and 36 months for natural gas.

The main results of the economic analysis are summarized in Table
12. The numbers are expressed as 1990 costs of steam levellized over the
life of the project. For the range of parameters included in the
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TABLE 12.

Capital parameters Nuclear Coal Natural Gas

IReturn on Discount PHW OCR 30 Can.$/t 55 Can.$/t

Part 3 Levellized steam costs in 1990 Can.$/GJ

ill.25 (a)

14 (b)

13

20

20.7 12.9

27.0 16.9

20.6 31.3

20.3 28.9

22.9

18.9

(a) - economic conditions generally appropriate for an Alberta utility

(b) - economic conditions generally appropriate for an Alberta resource
company

sensitivity analysis, there was no case where coal was cheaper than nuclear
(OCR). The cost advantage for nuclear was generally in the range of 25-50%
of the cost using coal. Capital is the dominant cost factor for nuclear
and operating (fuel) for coal and natural gas.

According to the results of the studies, the OCR concept with its
capability to raise high pressure steam, offers a substantial cost
advantage for recovery from 96% of the deposits, using in-situ recovery
methods. The PHW reactor offers the same cost advantage as the OCR if only
a shallower part (about 20%) of the oil resources are recovered and no
steam compression is required. However, this cost advantage vanishes
when going deeper in oil sand formation.

Both the CANDU application and the OCR concept were found by the
study to be technically sound, to provide in-situ recovery of bitumen
from the Alberta oil sands.
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6.2. POSSIBILITIES FOR FUTURE NUCLEAR HEAT APPLICATIONS IN THE
MEDITERRANEAN AREA AND THE MIDDLE EAST

Many countries of the Mediterranean Area and the Middle East are a
potential market for low cost nuclear steam applications such as seawater
desalination and oil recovery.

Conservative prediction for the year 2000 indicate a shortage of3potable water in the Mediterranean Area of some 10 million m /day.
Seawater is undoubtedly the largest water source available. Compared
with existing fresh water natural resources, its availability is
essentially unlimited. In order to conserve the existing natural water
resources and to avoid further desertification, seawater desalination is
indicated.

A recent IAEA publication [24] contains an update of available
information on the use of nuclear energy for seawater desalination, and
further studies on the subject are being performed, including a
feasibility study with IAEA technical co-operation for five North African
Member States: Algeria, Egypt, Libyan Arab Jamahiriya, Morocco and
Tunisia.

Feasibility studies were already carried out in the Libyan Arab
Jamahiriya. These studies show competitive production cost figures, when
utilizing nuclear steam for seawater desalination.

6.2.1. Nuclear single purpose desalination plant

Development Consulants Association (DCA) signed in Cairo on 22nd
April 1973 a contract for a Middle East concept to design and construct a
single purpose desalination plant to provide water needed in certain areas
of the Middle East with an economically acceptable cost and utilizing
resources available in the region.

A PHWR single purpose desalination plant was defined as a result of
the DCA study, which consists of a reactor designed for a thermal output of
40 MW, coupled with two desalination blocks, each designed for a maximum
output of 7200 t/d. The following design features have been chosen.
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Natural Uranium fuelled, pressure tube type, cooled and moderated
with heavy water, thermal output 40 MW(th), emergency power
consumption 0.5 MW, and nominal power consumption 6 MW.

A total of 290 cooling channels, which are separated from the
moderator by an insolation gas gap filled with CO . The reactor is
cooled by DO cooling circuits, which in turn are cooled by HO

£* £t

secondary circuits. The brine heater of the desalination plant is
heated from these cooling circuits and delivers the necessary heat
required by the desalination plant.

For safe shut-down operations, the plant is equiped with an auxiliary
cooling circuit.

For the desalination plant, MSF evaporators are foreseen, based on a
cross-tube arrangement. The water treatment is to be done with
polyphosphate injection. Mean seawater temperature is 26°C. Brine
heater inlet and outlet temperatures are 79.8°C and 85°C respectively.

All radioactivity containing components are housed in a leak tight
containment building, which would be designed for post DBA-conditions.

The economic evaluation was based on costs as of January 1973, taking
into account in general the recommendations given in the EURATOM economic
handbook.

The cost estimate (in million of DM) gave the following results:

- Direct Cost 64
- Indirect Cost 17
- First Fuel Charge & DO Inventory 98.4
- Infrastructure and General Owner's Cost 99

For the reference value of the investment costs, the total annual
costs result in 11.2-9.8 10 DM at 0.75% interest rate and 20-30 years of
operation. When allocating 100% of the annual cost to water production,3the unit water cost would range between 6.4-1.7 DM/m (i.e.

q2.4-0.7 US $/m ) for the chosen range of parameters.
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6.2.2. Nuclear dual purpose desalination plant

In accordance with the increasing water demand of fresh water and
power generation, a contract was signed in the late 1970s between the
Libyan Arab Jamahiriya and ATOMENERGOEXPORT (USSR), to design and construct
a dual purpose nuclear power plant for electric power generation and
seawater desalination.

A Soviet design WWER-440, with thermal power of 1375 MW, has been
proposed. The reactor is cooled with pressurized water circulating in a
closed circuit consisting of six loops connected in parallel. Water
circulation is provided by reactor coolant pumps in each loop. The reactor
nominal power is provided with simultaneous operation of all six
circulation loops.

The contract envisaged the construction of two units of 440 MW(e)
with total power production of about 840 MW(e) and desalinated seawater3production of about 80 000 m /day. The proposed desalination process was
similar to the Schevchenko desalination technique of the 5-effect long tube
vertical (LTV), 10-effect LTV and 34 stage MSF.

The project has been in discussion to be constructed in the Golf of
Sirte, but realization has been delayed.

6.3. CHEMICAL PROCESSING (FEDERAL REPUBLIC OF GERMANY)

Between 1983 and 1986, several feasibility studies have been
performed by Siemens/Interatom about process steam supply of major chemical
industrial complexes in Federal Republic of Germany, with HTR-Modular
plants. In cooperation with the chemical companies concerned the plant
design was optimized to meet individual requirements for process steam
parameters, for load following conditions and for reliability and
diversification of steam supply.

Because additionally to steam, large quantities of electricity were
required, in all cases cogeneration of process steam and power was
considered. HTR-Modular plants with two, three or four modules (thermal
output 400, 600 or 800 MW) were foreseen, to feed process steam into steam
distribution grids which are already existing at the sites, and which
supply steam for various chemical processes, for heating purposes or even
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for power generation. The capacities of these grids are several hundred
tons of steam per hour (maximum almost 1000 t/h). HTR-Modular plants were
proposed to cover the base load, with fossil boilers for peak load and as
back-up steam generators.

An example of a load duration curve of a steam distribution grid of a
chemical industrial complex in the Federal Republic of Germany and the
intended steam supply by a HTR-2 is shown in Fig. 27. During summer there
is a significant reduction of steam demand. During this period,
maintenance work for the HTR-Modules is intended to be performed,
scheduling the shut-down of one module while the other modular unit (or
units) remain in operation supplying process steam for the grid.

Process »team

t/h

1 2 3 4 5 6 7 89 10 11 12

100

FIG 27. Load duration curve of a steam distribution grid.

The parameters of the process steam were adapted to the particular
requirements of the distribution grids. The required pressure and
temperature range of the grids was between 0.4-4 MPa and 180-380°C
respectively. This range can easily be covered by the HTR-Module, since
its live steam parameters are 19 MPa and 530°C.

In all cases process steam was taken directly from backpressure
turbines or extraction condensation turbines of the secondary cycle. A
separated tertiary process steam cycle was not necessary because the
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pressure of the primary circuit (6 MPa, helium as coolant) is lower than
live steam pressure (19 MPa), and any leakages in the steam generator can
not cause radioactive contamination of the process steam during normal
operation.

Particular emphasis was placed on reliability and diversification of
process steam and electricity supply. This was an important requirement of
the chemical industry. A certain degree of diversification is already
achieved by the modular concept of the reactor. Additional improvement
could be attained by a two-fold design of the process steam generation line
and the use of several small turbines instead of one big turbine. This can
be seen in the flow scheme showed in Fig. 28. A total breakdown of steam
or power supply becomes very unlikely and reserve capacity can be reduced.

RtflkforftbBudt

2fach

FIG. 28. Simplified flow scheme of a HTR-4 Module plant for cogeneration of process steam and power for a chem-
ical industrial complex.
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Though the HTR-Modular plants should cover the base load of process
steam production, they were designed to be capable of following the daily
load fluctuations and it is ensured, that the process steam parameters
remain constant during part load operation.

Compared to a stand alone plant considerable energy cost savings can
be achieved if the HTR-Modular plant can be integrated into an already
existing industrial site. These cost savings concern investment cost
(infrastructure) and operating costs (common facilities and personnel) as
well. Economic evaluations showed a good competitiveness compared to hard
coal fired plants, which would be the most favourable alternative in
Federal Republic of Germany.

6.4. REFINERY (USA)

The Port Arthur Refinery Cogeneration Alternatives (PARCA) Study
performed in the early 80s [15] provided a detailed assessment of the
possibility of repowering a major oil refinery with process steam to be
produced by a High Temperature Gas-Cooled Reactor (HTGR). The study also
addressed fossil fuel alternatives, such as atmospheric fluidized bed
(AFB) coal plants and coal gasification, as well as a combination of
fossil and nuclear plants. The PARCA study was unique in its combination
of the following aspects:

- The study involved the active participation of all potentially
involved parties: Gulf Oil Refining and Manufacturing (GORAM),
Gulf States Utilities (GSU) and the participants of the US High
Temperature Gas-Cooled Reactor (HTGR) Program.

- The study gave particular detailed attention to the transitional
aspects of converting the refinery's existing in-house fluid fuel
steam generation systems to alternative coal and nuclear systems.

- The study addressed the full range of technical, economic,
environmental and institutional issues that would be involved in
such a conversion.

At the time of the study, the Gulf refinery at Port Arthur, Texas,
was the largest and most complex refinery in the worldwide Gulf
operations. The refinery processes crude oil to produce a variety of
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fuel products. These operations are very energy intensive and, thus, the
energy usage in the refining and processing operations themselves is
substantial, representing about 10% of the input energy in the crude
oil. The process steam requirements were 633 and 557 million kg/s
respectively, and the electric power requirements 100 MW(e) peak and 85
MW(e) average. The refinery had evolved over a number of years and, as a
result, had some relatively new steam generation units and also a large
number of units that had been in operation for many years.

Analysis of the value added in processing products through the
refinery indicated that energy costs constituted between 60% and 70% of the
cost of refinery products, excluding feedstock costs. Thus, energy costs
represented a major influence on the profitability of the refinery
operations.

At the time of the study, the refinery facilities were burning
natural gas for producing steam for on-site cogeneration of electric power
and process steam. Most of these units also have the capability of burning
oil. The existing power plant system was integrated with four
interconnected power plant stations located throughout the refinery. The
various power plant facilities for steam production and electric power
generation consisted of a total of 28 boilers, 9 steam turbine generators,
and 3 gas turbine generators.

In considering future options, the basic approach consisted of
converting the existing power plants using natural gas and oil, to power
plants using solid fuels such as coal and uranium.

A significant impact of a transition from fluid to solid fuels is
that most of the options involve deployment of substantially larger and
more complex power plant facilities than have been used in the past at the
refinery. Such changes involve going from conventional small
industrial-size boilers to facilities that are comparable in size to those
being used in utility applications. These larger, more complex units
require substantial infrastructure in terms of fuel handling and waste
disposal, project management, and operational and technical training and
staffing.
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A number of issues must be covered in such a repowering assessment.
In the PARCA Study, such issues were handled by task force groups which
dealt with (1) power plant alternatives and deployment scenarios, (2)
siting/environmental evaluation, and (3) institutional/economic assessments.

The HTGR considered for repowering the refinery was the 2240 MW(th)
HTGR Steam Cycle/Gogeneration (SC/C) concept. A particular feature of this
configuration is the ability to deliver a varying amount of steam to an
industrial process, while utilizing the remaining steam for electricity
production.

A schematic of the plant and steam delivery system is presented in
Fig. 29. The turbine plant consists of three turbine-generators, one
with a rated output of 650 MW(e) and two units rated at 130 MW(e) each.
This system permits the steam energy to be used for all-electric
generation or various degrees of cogeneration, depending on the relative
steam and electric demands. The relationship between electrical
production to steam delivery is shown in Figure 30. (For 2240 MW(th)
HTGR-SC/C plant electric power vs. process steam flow for process steam
outlet conditions of 5.87 MPa/382°C).

STEAM TO PROCESS

CONTAINMENT
STEAM HELIUM
GENERATOR CIRCULATOR

CONTROL
ROD DRIVE

«:PRESTHESSED CONCRETE
!? HE ACTOR VESSEL

FIG. 29. 2240 MW(th) HTGR-SC/C plant flow diagram.
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FIG. 30. The relationship between electrical production and steam delivery.

The principal technical results of the PAECA assessment are
summarized as follows:

- The conversion of the refinery from a diversified system of fluid
fuel boilers to a centralized system using either coal or nuclear
energy was found to involve a number of interesting challenges.
Two of these were:

(a) A large refinery requires a very high reliability for its
process steam supply based both on safety as well as economic
reasons. Therefore, adequate back up steam generation must be
provided both during and after the transition.

(b) Steam must be transported from the proposed central location to
the refinery and broken down into the various pressure levels
required by the processes.

- In the course of the PARCA assessment, a total of 10 specific
alternative scenarios were evaluated. These ranged from
maintaining the existing gas/oil fired steam production capacity
(the reference case) to various combinations of coal and nuclear
power plant substitution.
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The most attractive alternative resulting from the study was a
combination (Figure 31) in which about 20% of the refinery steam
would be produced by existing CO and gas/oil boilers, 20-30% by new
atmospheric fluidized bed coal fired boilers and 50-60% by
cogenerated steam from a large HTGR. The CO boilers utilize a
refinery waste stream and are therefore not replaceable by coal or
nuclear power. The remaining 10% of oil/gas fired capacity
provides a small amount of steam required at high temperature and
also includes boilers operating in standby as a backup to both the
coal and nuclear plants. The AFB coal plants initially provide up
to 40% of the refinery's steam needs but are subsequently reduced
to 20-30% as the HTGR is phased in. In the ultimate configuration,
the remaining 40-50% of the HTGR's capacity is used for electricity
production while also providing a backup to the coal and gas/oil
boilers.

The AFB coal and remaining gas/oil fired boilers are normally to be
operated at reduced power. Collectively, they are adequate to
provide backup energy for the HTGR.

While land requirements for either the AFB coal or HTGR options
require off-refinery siting and transport of the steam, suitable
sites were located within reasonable proximity. Accordingly, the
transport of steam was not found to be a limiting economic factor.
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FIG. 31. Typical deployment scenarios for refinery repowering.
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The deployment of a central cogeneration facility in the Port
Arthur region was reviewed from an overall licensing perspective, and it
became clear that the construction and operation of any large power
generating plant (nuclear or fossil-fired) would alter the surrounding
environment. The comparative environmental impacts are shown in Table
13. This aspect may be critical in the consideration of licensability
and perhaps also of public acceptance. For the Port Arthur site, public
acceptance in particular would be a significant factor, due to the close
proximity of both industrial and population centers.

Using available information, four possible sites were evaluated by
assessment of site-specific characteristics, and a ranking of the sites
was developed. A definitive conclusion as to the licensability of the
sites was not made.

TABLE 13.

NO. OF UNITS
TOTAL CAPACITY RATING - MW(th)
WATER USAGE - KG/SEC (GPM)
EMISSIONS/DISCHARGES
. SOLID WASTE - 106 KG/YR

(TON/YR)
. LIQUID WASTE - KG/SEC (GPM)
. AIRBORNE EMISSIONS - KG/MW-HR
(LB/106 STU)

S02NOX
PARTICULATES

RADIOACTIVE RELEASES - C/YR
. SOLID
. LIQUID
. GASEOUS

AFB

7
1570
393 (6240)
624 (688000)
8.0 (127)

1.42 (0.92)3
0.37 (0.24)
0.11 (0.07)5

NA
NA
NA

PULVERIZED
COAL BOILERS
4
2360
674 (10700)1

587 (648000)
227 (3600)2

1.36 (1.20)4
0.77 (0.50)
0.05 (0.03)5
SEE NOTE6
NA
NA
NA

HTGR

1
2240
674 (10700)1

<0.09 (<100)
227 (3600)2

NONE
NONE
NONE

14.5 X 103
8.5 X IQ"3
97.0

NOTES :
1 includes refinery water consumption (50% of the steam delivered) for HTGR
and pulverized coal, 50% cogeneration modes assumed

2 liquid waste discharges for pulverized coal and HTGR plants result
primarily from cooling tower slowdown

3 84% S02 reduction4 82% S02 scrubbing5 99.5% particulate removal (baghouse)
6 radioactivity release from coal combustion not included
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The PARCA study included a detailed assessment of the institutional
and economic issues associated with a large cogeneration project. These
are related since a specific institutional framework must be defined to
perform a realistic economic assessment. Institutional arrangements
address the ownership/financial relationships among the project
participants for deploying the energy system. These arrangements must
provide adequate technical and economic incentives required by project
participants. In addition, consideration of an HTGR Lead Project must
address the added dimensions of appropriate Federal Government support and
participation, tax implications, and loan guarantees or other project
financing approaches.

Economic analyses were completed for each of 10 repowering scenarios
that were developed, using consistent economic groundrules. An important
parameter was the value of excess product electricity which was set at a
negotiated value based upon the cost of electricity from a 300 MW(e)
lignite fueled plant which is an alternative for the utility. For the
HTGR, 1995 delivery was assumed and 30 years levelizer costs were
calculated. As a result of the analysis, both the coal and nuclear
repowering alternatives showed a major reduction in energy costs when
compared with the gas/oil reference.

In conclusion, the PARCA Study showed the feasibility of using a large
HTGR for repowering a major refinery, while maintaining adequate steam
reliability and offering large economic incentives. It should be noted
that the PARCA Study was carried out prior to the development of the
smaller Modular HTGR (MHTGR) concept. The size of the MHTGR would be an
improved match with the refinery steam demands and would eliminate or
reduce the requirements for AFB coal plants to serve as backups. The
economic characteristics of the MHTGR for such applications would be
expected to be further improved. Further, the passive safety
characteristics of the MHTGR may increase the likelyhood of public
acceptance and reduce the associated licensing risks.

6.5. DESALINATION (USA)

The coastal plain of Southern California has scant water resources.
Less than 40% of the water consumed by the region's 14 million individuals
is indigenous to the area. Southern California's rapid population growth

102



is projected to continue well into the next century, resulting in ever
increasing demand for water, despite continuing conservation efforts. New
sources of water will be needed, but are increasingly more difficult to
acquire. The growth in the region's population is also bringing with it an
ever increasing demand for electrical power. Although the Southwest is
currently enjoying a surplus of electrical generating capacity, this
surplus is projected to disappear by the year 2000, by which time
substantial new sources of power will be required.

The Metropolitan Water District of Southern California (MWD) (a Los
Angeles based water utility), in conjunction with the U.S. Department of
Energy (DOE), initiated a study to evaluate the technical and economic
viability of using the Modular High Temperature Gas Cooled Reactor (MHTGR)
concept for desalination.

The MHTGR was viewed as being particularly appropriate for such an
application for the following reasons:

- The small plant size and modular configuration are more compatible
with process energy applications such as desalination, when compared
with current large nuclear power plants.

- For typical steam conditions required by desalination processes, more
cogenerated electricity can be produced due to the high initial steam
conditions (17.2 MPa, 540°C) of the reactor concept.

- The small unit size (350 MW(th)) and passive safety characteristics
of the MHTGR may facilitate siting near to water distribution systems.

The study scope included an assessment of future needs for new water
and power additions; specifying the requirements for a plant which would
meet a reasonable fraction of the projected need; selecting a desalination
process for use with the MHTGR; developing a conceptual plant design and
cost estimate; investigating the safety and institutional issues associated
with the plant and developing a project plan.

The MHTGR Desalination Plant that was defined as a result of the
Southern California study consists of four 350-MW(th) reactor modules, two
273 MW(e) (gross) steam turbine energy conversion systems, and eight350 000 m /day Low-Temperature Horizontal-Tube Multieffect (LT-HTME)
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distillation desalination trains. The design net water output of the
plant is approximately 146,000,000 m /year, and the net electrical
capacity is 466 MW(e). Relatively few modifications to the reference
MHTGE are required for the desalination application.

A fundamental ground rule stipulated by MWD for the selection of
candidate desalination processes was that they must be available from an
established vendor on a commercial basis, either currently or by 1995.
This eliminated advanced desalination concepts which may eventually prove
successful, but at this stage are not fairly comparable with demonstrated
processes. Of the more common desalination processes, only MSF and MED
were found at the time of the study to be suitable for use in a
dual-purpose power/desalting plant based upon projected economics.

On the basis of a technical and economic evaluation, the Low
Temperature-Horizontal Tube Multi-effect (LT-HTME) distillation process
was selected as the reference concept to be coupled with the MHTGR. The
specific design is one proposed by Israel Desalination Engineering (IDE)
that utilizes aluminum tubing for the heat transfer surface.

Following initial comparisons which showed LT-HTME to have a
significant cost advantage over the other processes, further efforts to
optimize the LT-MED process were made in cooperation with IDE.

Two different methods were proposed for supplying heat to the
LT-HTME process. These are referred to as Scheme 1 and Scheme 2 and are
illustrated in Fig. 32. In Scheme 1, turbine exhaust steam is condensed
in a conventional condenser becoming boiler feedwater. The latent heat
of condensation is transferred to a circulating saline water stream.
This cooling water, which is heated in the condenser by approximately
10°F, is fed to flash chambers to produce steam energy for the
desalination units. In this scheme, the condensate of the steam from the
flash chambers is pure distillate and adds to the product water. Makeup
flow and blowdown streams are provided to maintain the circulating water
salinity within the maximum desired salt concentration.

In Scheme 2, the turbine exhaust steam is fed directly to the first
effect of the desalination units. This process is thermodynamically more
efficient than Scheme 1, due to the fact that it receives thermal energy
at a higher temperature and the thermal losses in the flash chamber are
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FIG. 32. Alternate schemes for delivering heat to the LT-MED process.
(Note: Steam bypass for turbine and seawater bypass for desalination trains
not shown for clarity).
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eliminated. In addition, pumping energy is lower than in Scheme 1 due to
the elimination of the flash chamber-condenser circulation pumping.
Nevertheless, the performance ratio with this scheme will be lower than
that of a plant with the same number of effects operated using Scheme 1,
because the condensate from the first effect must be returned to the TG
system rather than being mixed with the product water.

Among the advantages of Scheme 1 are the following: the interface
between the water plant and the power plant is much simpler with Scheme
1. Scheme 2 requires very large steam ducts and valves between the
turbine exhaust and the desalination trains, whereas Scheme 1 does not.
A turbine guarantee may not be possible with Scheme 2, particularly for a
turbine operating at relatively high backpressure (over 12.5 cm HgA).
Scheme 1 offers greater flexibility in accommodating part-load operation
and operation of the power plant without the water plant.

An advantage of Scheme 2 is that it requires one-third lower
pumping power than Scheme 1. Another advantage of Scheme 2 is that the
condenser and recirculating systems are eliminated, resulting in some
cost savings.

A cost analysis was performed to determine the economic effects of
these various differences. This analysis showed a slightly lower (2.1%)
cost of water for Scheme 2 as compared to Scheme 1. However, this was
judged insufficient to outweigh the disadvantages with Scheme 2 and so
the Scheme 1 steam delivery system was selected.

A second parameter considered for LT-HTME was the turbine exhaust
pressure. Three different pressures were considered: 8 in. (20.3 cm),
11 in. (27.9 cm) and 15 in. (38.1 cm), HgA. Using lower pressure steam
lowers the heat cost but it also lowers water production and increases
capital cost per unit output. Conversely, using higher pressure steam
raises heat cost and water production, but lowers capital cost per unit
output. The net effect is shown in Fig. 33, which shows that a turbine
exhaust pressure of 11 in. (27.9 cm) HgA gives the lowest water cost.
Thus, the turbine exhaust pressure for the LT-HTME process was specified
to be 11-in. (27.9 cm) HgA.
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FIG. 33. Effect of turbine exhaust pressure on LT-MED water cost.

Another analysis was performed to determine the optimum number of
effects for the desalination process. The lowest product water cost was
found to result from a plant with 16 effects.

A summary of the major plant design parameters resulting from the
selection and optimization process are given in Table 14.

TABLE 14. MHTGR DESALINATION PLANT MAJOR DESIGN PARAMETERS (4 MODULES)

Plant thermal power, MW(th)
Gross Generator output, MW(e)
Net electrical output, MW(e)3Fresh water production, m /day
Thermal power to water plant, GJ/h
Water plant performance ratio (*)
Maximum brine temperature, °C3Intake seawater flow m /min
Product water TDS, ppm
Assumed plant life, years
Water production availability, %
Power production availability, %

1,400
546
466
401,000
3144
5.3
64
1262
<30
40
84
80

(*) Defined as kg of fresh water produced per MJ of input heat energy.
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An economic evaluation was made of the MHTGR Desalination Plant to
determine the capital cost and the product costs for water and
electricity. Levelized water and power costs in constant 1988 dollars were
calculated by summing the present worth of the year-by-year revenue
requirements to pay operating costs, taxes, return on undepreciated capital
investment, and capital investment depreciation and then dividing by the
equivalent quantity of product produced. All ownership cases necessitated
allocating costs between water production and power production. This was
accomplished by setting the power cost at the reference all-electric MHTGR
value and pricing the heat energy to the water plant to compensate for the
lost power generation due to raising the turbine exhaust pressure. Thus,
no subsidies to water sales are paid by power sales and vice versa.

Levelized water costs were computed for both blended and unblended
water products. Blend water at 1500 total dissolved solids (TDS) and

o
US $105/1000 m was stipulated to be available based on a survey of
brackish aquifers in Southern California. This water was blended with the
30 TDS distilled water from the water production plant to produce a greater
amount of 500 TDS product water at a lower price.

The levelized product costs for the case of joint Metropolitan and
investor-owned utility ownership are summarized in Table 15.

TABLE 15. SOUTHERN CALIFORNIA DESALINATION STUDY COST SUMMARY (IN US $)

Annualized capital cost, M$/y
Annualized fuel cost, M$/y
Annualized O&M cost, M$/y
Annualized decommissioning cost, M$/y
Total plant annual cost, M$/y

Required power sales revenue, M$/y
Levelized power cost, cents/kWh
Required water sales revenue, M$/y oLevelized water cost (without blending) , $/1000m
Levelized water cost (with blending), $/1000 m

First

143.4
55.7
47.7
2,3

249.2

188.8
5.79

60.4
489.7
366.4

Replica

132.6
50.0
44.4
2.3

229.3

171.8
5.27

57.6
467.0
351.0

«OAK

125.9
41.0
41.1
2.3

210.3

155.6
4.77
54.7
443.5
335.6
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The range of estimated water costs represents a significant reduction
from previous desalination experience for both single-purpose and
dual-purpose plants. The lower costs obtained in this study are primarily
attributed to the low-temperature desalination technology, which permits
the use of inexpensive tube materials and reduces the impact on power
production in the MHTGR plant.
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7. SUMMARY AND CONCLUSIONS

This Section highlights the principal results of the present review
of nuclear applications for steam and hot water supply. Single purpose
nuclear heating plants, dual purpose cogeneration heat and power plants
and proposed applications are summarized in this Section, and the
conclusions arising from this technical document are given.

Nuclear heating plants

Atomic Energy of Canada Limited constructed a 2 MW(th) SLOWPOKE
demonstration heating reactor (SDR). The unit started operating on 15
July 1987. The main purpose was to validate appropriate technical,
economic and safety criteria and to provide heat for buildings. Based on
experience gained from the SDR, the design of the 10 MW SLOWPOKE Energy
System (SES-10) has been developed, which AECL is offering on a
commercial basis in Canada as well as abroad.

A nuclear heating reactor (HR-5), with a thermal output of 5 MW(th)
has been developed by the Institute of Nuclear Energy Technology (INET),
in the People's Republic of China, and is in operation since November
1989. Based on the assessment of the heat demand market, and the
experience gained from the HR-5, the design of the HR-200 reactor with an
output of 200 MW(th) is under development.

AST-500, a water cooled, water moderated reactor with a unit output
of 500 MW(th) has been designed for nuclear heating purposes in the
USSR. Three units of this nuclear heating plant are currently under
construction in the towns of Gorky (one unit) and Voronezh (two units).
Conceptual designs of smaller versions of the AST reactor (AST-200 and
AST-50) have also been developed in the USSR.

In addition to the above mentioned developments in Canada, China and
the USSR, several other countries such as Federal Republic of Germany,
Democratic Republic of Germany, France, Sweden and Switzerland, have
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performed research and development work and prepared conceptual studies or
designs of single purpose nuclear heating reactors for hot water or steam
supply.

Cogeneration heat and power plants

There are several examples of effective utilization of nuclear heat
in the form of hot water and steam from cogeneration heat and power plants
in IAEA Member States.

- Bulgaria uses up to 250 MW(th) heat from the Kozloduy nuclear power
station for district heating in the form of hot water, since 1987.

- Canada has been using its Bruce A nuclear power station (4 CANDU
units, each 900 MW(e) gross capacity) to provide steam mainly to an
adjacent heavy water production plant (750 MW(th)) and also to the
Bruce Energy Centre and site services, since several years.

- In the CSFR, up to 120 MW(th) heat has been supplied by the Bohunice
nuclear power station in the form of hot water, since 1986, to
provide district heating to the town of Trnava.

- In Germany, Federal Republic of, about 40 MW(th) heat has been
supplied since 1983 by the Stade nuclear power plant, in the form of
steam for an industrial process and for space heating.

- Also in Germany, Democratic Republic of, 180 MW(th) heat has been
supplied by the Greifswald nuclear power station (formerly GDR) for
district heating.

- Hungary has been providing up to 50 MW(th) district heating to the
nearby town of Paks, from its 4 units Paks power station, since 1977,
in the form of hot water.

- In Switzerland, two of the nuclear power plants, Beznau and Gb'sgen
have been operating as cogeneration heat and electric power plants.
They supply up to 80 MW(th) and 24 MW(th) respectively for district
heating (hot water) since 1983 (Beznau) and process steam since 1979
(Gösgen).
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- The USSR has several nuclear plants operating in the cogeneration
mode. Three pressurized water reactors provide about 250 MW(th) heat
in addition to electric power. The world's only reactor being used
for seawater desalination is in the USSR. The BN-350 is a liquid
metal cooled reactor in operation since 1973, providing both
electricity (!
potable water.

3electricity (125 MW(e)) and heat to produce 100.000 m /day of

All operators claim essentially trouble-free operation, high
reliability, and economic competitivity in their respective prevailing
conditions.

Proposed applications

The use of heat for heavy oil recovery has become a widely accepted
method, employing the injection of hot water or steam. The use of nuclear
reactors as heat sources has been considered for several oil fields, but it
has never been applied in practice, although the studies performed
indicated the economic attractiveness of the nuclear option. As a nuclear
heat source, several reactor types (HTR, PHWR and OCR) have been considered.

The use of nuclear energy for seawater desalination has been
addressed in many studies, practically since the start of nuclear power
development. Applications to date, however, are limited to the use of the
BN-350 in the USSR. There is continuing interest in several countries in
this application of nuclear energy, both using single purpose and dual
purpose reactors, of different types. A study is currently being performed
in the IAEA in response to the interest expressed by some Member States.

Several feasibility studies have been performed during the 1980s for
process steam supply to large chemical industrial complexes, using high
temperature gas cooled reactors, in particular the modular HTR concepts.
Though the studies indicated technical feasibility and economic viability,
no projects materialized to date.
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Conclusions

1. About 30% of total worldwide energy consumption is currently used for
electricity generation. (This share is gradually increasing, and is
expected to reach about 40% by the year 2005.) Of the rest (70%),
heat consumed for residential and industrial purposes, and the
transport sector constitute to two major components, with heat having
the larger share. Practically the whole heat market is currently
supplied by burning fuel (coal, oil, gas, wood).

2. Nuclear energy is almost entirely used for electricity production. At
present about 17% of electricity produced in the world is generated by
nuclear power plants. This share is expected to remain essentially
constant up to the year 2005, according to current forecasts.

3. Nuclear energy is also used for the production of hot water for
heating and process steam for industrial applications. The
penetration of nuclear energy into the heat market, however, is at
present very limited. Less than 2000 MW(th) of heat generated by
nuclear reactors are effectively used worldwide, which corresponds to
a small fraction of the worldwide heat consumption as well as at the
electricity generated by nuclear power. It is, nevertheless,
significant when compared to the energy generated by solar power or
wind.

4. The technical viability of using nuclear reactors for the supply of
hot water and steam for heating, industrial processes or seawater
desalination, has been demonstrated by experience, both in dedicated
nuclear heating plants and in cogeneration heat and power plants.

5. Nuclear fission energy is converted into heat, and all types of
reactors are in principle capable of producing hot water or steam to
supply residential or industrial needs. In practice, due to different
end-user requirements regarding temperature ranges and other
conditions, the various types of reactors present different
characteristics regarding their suitability for particular
applications.
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6. Most of the current applications of nuclear reactors supplying heat
correspond to cogeneration plants, in which electricity, generation is
the principle product and heat supply a relatively small fraction. It
is to be noted that usually, the capacity of the plants for heat
supply is larger (in some cases substantially larger) than the heat
output effectively utilized. The limiting factor is not the plant
production capacity, but the end-users' requirements. This applies
also to dedicated, heat only nuclear plants. Their production
capacity is also effectively limited by the demand to be supplied,
which has to be close to the plant, because heat cannot be transported
to long distances.

7. The penetration of nuclear energy into the heat market requires
economic competitivity with alternative supply options. For existing
cogeneration plants, according to the operators, this condition has
been effectively met. It is therefore reasonable to assume that
economic competitivity is achievable in new projects, which are
similar to those proven by experience, though they have to be
evaluated on a case by case basis.

8. For new concepts or applications, where heat is the primary product of
a cogeneration plant or the only product of a reactor, cost estimates
prepared by designers, manufacturers or engineering firms constitute
the only reference. Published information on economic aspects is
scarce and too general in nature. Detailed and reliable cost data,
which would be needed for the assessment of economic competitivity, is
in practice treated as confidential, proprietary information, and may
only be accessible to interested potential customers.

9. In addition to technical viability and economic competitivity, there
are several other requirements which have to be met in order to
facilitate further deployment of nuclear heat applications. These
include, licensability and acceptance by the public of siting the
nuclear reactors relatively close to industrial consumers and/or
population centers, assurance of high reliability for the heat supply,
and adequate protection from potential radioactive contamination.

10. Increasing the share of nuclear energy in the heat market would
benefit the environment in the long term, due to substitution of
fossil fuels, and also through improving overall energy efficiency.
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11. Recently, there seems to be an increase in interest for nuclear heat
applications, both within the nuclear industry and among potential
users. Development work on improvements on proven technology, as well
as on new reactor concepts with enhanced safety characteristics has
been intensified, with much of this work relevant to nuclear heating
plants. Also, several detailed studies have recently been undertaken
for assessing particular applications of heat to be supplied by
nuclear reactors.

12. The prospects for nuclear heat applications have been improving in the
last years, with projects coming on line, experience getting
accumulated, manifestations of increasing interest by potential users,
and rising hopes in the development of new concepts. The market,
however, is still very much in a development stage. It would be too
early and to optimistic to expect on a short term massive deployment
of nuclear reactors providing large amounts of hot water and steam to
district heating and industrial processes. The current problems
affecting worldwide nuclear power development in general, are also
relevant to nuclear heating reactors which, in addition, are affected
by other constraints not easy to overcome. On a longer term,
expectations of a gradual penetration into the heat market seem
reasonable, assuming that there will be a revival of the nuclear
industry in general, and that current hopes regarding new developments
will be confirmed by experience.
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LIST OF ABBREVIATIONS

AGM
BBSS
BEG
BWR
CHP
CR
DC
DOE
GCR
GO RAM
GSU
HR
HTGR
HTR
HWR
1C
LDC
LTV
LWR
LT-HM
MHTGR
MWD
NBA
NHP
OCR
OSR
PHWR
PWR
SC/C
SDR
SES
TDS
WER
WCR
WEG

Advisory Group Meeting
Bruce Bulk Steam System
Bruce Energy Centre
Boiling Water Reactor
Cogeneration of Heat and Power
Control Rod
Developing Countries
Department of Energy
Gas Cooled Reactor
Gulf Oil Refining and Manufacturing
Gulf States Utilities
Heating Reactor
High Temperature Gas Cooled Reactor
High Temperature Reactor
Heavy Water Reactor
Industrialized Countries
Less Developed Countries
Long Tube Vertical
Light Water Reactor
Low Temperature Horizontal Tube Multieffect
Modular High Temperature Gas Cooled Reactor
Metropolitan Water District
Nuclear Heat Application
Nuclear Heating Plant
Organic Cooled Reactor
Oil to Steam Ratio
Pressurized Heavy Water Reactor
Pressurized Water Reactor
Steam Cycle/Cogeneration
Slowpoke Demonstration Reactor
Slowpoke Energy System
Total Disolved Solids
Water Water Energy Reactor
Water Cooled Reactor
World Energy Congress
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