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Résumé

La tendance actuelle en ce qui concerne le chauffage de
district favorise l'utilisation accrue de l'électricité. Ce rapport
concerne l'évaluation d'un autre moyen d'approvisionnement éiierçiétique:
l'emploi direct de l'énergie thermique provenant des' centrales nucléaires
CANDU. L'énergie serait transmise par l'intermédiaire d'un fluide chaud
dans un pipeline sur des distances allant jusqu'à 40 km.

Les avantages de cette méthode comprennent une forte
utilisation de l'énergie primaire, ce qui réduirait la capacité installée
et l'aplatissement de charge grâce S une capacité de stockage d'énergie
inhérente et à" des retards de transport.

Les désavantages comprennent les faibles facteurs de charge
pour le chauffage de district, le coût élevé des systèmes de distribution
et la nécessité d'un fonctionnement à" grande échelle pour fins de rentabilité,
Cette exigence d'un fonctionnement à grande échelle pourrait initialement
causer des difficultés dans la mise en service du premier système.

Diverses méthodes ont été analysées du point de vue technique
et économique pour une application spécifique: la fourniture d'énergie
â un centre de chauffage de district à Toronto à partir de la centrale
nucléaire Pickering située l environ 40 km de ce centre.
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ABSTRACT

Current district heating trends are towards an increasing use

of electricity. This report concerns the evaluation of an alternative

means of energy supply - the direct use of thermal energy from CANDU nuclear

stations. The energy would be transmitted via a hot fluid in a pipeline

over distances of up to 40 Ion.

Advantages of this approach include a high utilization of primary

energy, with a consequent reduction in installed capacity, and load flattening

due to inherent energy storage capacity and transport delays.

Disadvantages include the low load factors for district heating,

the high cost of the distribution systems and the necessity for large-scale

operation for economic viability. This requirement for large-scale operation

from the beginning could cause difficulty in the implementation of the first

system.

Various approaches have been analysed and costed for a specific

application - the supply of energy to a district heating load centre in

Toronto from the location of the Pickering reactor station about 40 km away.

Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
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September 1975
AECL-5117



FOREWORD

In 1974, Whiteshell Nuclear Research Establishment of Atomic

Energy of Canada Limited established the Future Projects Assessment

Committee to examine alternative uses for CANDU reactors in addition to

their basic role of electricity producers. This report, Nuclear Power For

District Heating, is the result of a study of one of the concepts examined

by this committee. Results of other investigations initiated by the committee

are recorded in the following documents:

1) G.N. Unsworth, A Review of Energy Storage Schemes, to be issued

as Atomic Energy of Canada Limited, report AECL-4926.

2) J.E. Guthrie, D.R. Prowse and D.P. Scott, Nuclear Power Plant

Waste Heat Utilization for Freshwater Fish Farming, Atomic Energy

of Canada Limited, report AECL-4Q24, 1975.

3) S.L. Iverson, D.R. Prowse and J. Campbell, An Assessment of the

Utilization of Waste Heat in Greenhouses, to be issued as Atomic

Energy of Canada Limited, report AF.CL-5109.

4) V.R. Puttagunta, Temperature Distribution of the Energy Consumed

as Heat in Canada, to be issued as Atomic Energy of Canada Limited,

report AECL-5235.

5) M.E. Myers, D.A. Head and V.R. Puttagunta, The Application of

Nuclear Energy to the Chemical Process Industry, to be issued as

Atomic Energy of Canada Limited, report AECL-5232.

6) L.A. Simpson, Kinetic Energy Storage of Off-peak Electricity

(Flywheels), Atomic Energy of Canada Limited, report AECL-5116.

7) V.R. Puttagunta, Nuclear Power for the Alberta Tar Sands, to

be issued as Atomic Energy of Canada Limited, report AECL-5239.
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1. INTRODUCTION AND SUMMARY

In Canada, the cheapness, the convenience and the preSBtrsnMy

inexhaustible supplies of oil and natural gas were major factors govern J.H$;

the choice of individual heating of houses and buildings rather than the

provision of heat from a central source. Indeed, historically, central

supply schemes have been unable to compete with individual supply and

although a few have survived, in general their number has steadily

diminished.

Today, with the rapidly escalating price of natural gas and

oil, and with our knowledge of the finite nature of our reserves of these

fuels, the picture is changing. By the mid 19S0's the scarcity and cost

of these fuels may well dictate that they be conserved for the purposes

for which they are peculiarly useful - i.e. as a source of energy for

transportation and as a source of raw materials for the chemical industry.

Current trends in district heating indicate an increasing use

of electricity. This report is concerned with the evaluation of an alter-

native means of district heating energy supply - the direct use of thermal

energy from CA1JDU* nuclear stations. The energy would be transmitted via a

hot fluid in a pipeline over distances of up to 40 km. The incentives for

such an application lie in the following factors:

1. Nuclear power is expected to become the significant primary energy""

source in Canada by the vear 2000 and will be able to supply not only

power for lighting and power loads, but also thermal energy requirements

for household and commercial building heating and industrial process

heat.

* CANada Deuterium Uranium

** Primary energy is the maximum energy obtainable from the fuel -
fission power, etc. , and secondary energy is the energy delivered
to the consumer - electricity, heat, etc.. The difference reflects
conversion and transmission losses.



Although the use of electrical heating is growing, it represents a

wasteful utilization of primary energy. If fuel (nuclear or hydro-

carbon) is burned to provide the thermal energy to convert water to

steam which turns a turbo-generator to generate electricity, the

electrical energy produced represents only 30 - 40 percent of the

initial energy content of the fuel. The remaining 60 - 70 percent

is lost as low grade heat in cooling water streams, Electricity

produced from hydraulic sources does not suffer from this limitation,

but by the year 2000 the fraction of electricity produced from this

source will be small.

However, a system which produces useful heat -ilone, or a system which

produces heat and electricity, can operate at a much higher efficiency

and hence give a better utilization of primary fuels. A corollary of

this is that if the energy is more efficiently utilized, then "waste"

heat which goes out in cooling streams is reduced.

A district heating scheme can in turn help an economy dominated by

nuclear power where load flattening will be of importance. By

supplying the seasonally fluctuating part of the load In a way

that improves the primary energy utilization, the necessary installed

capacity could be reduced. The transmission and distribution of

thermal energy through pipes inherently provides energy storage

capacity, and additional storage capacity is easily added.

Transmission over long distances can inherently provide load flatten-

ing by transport delay. This daily load cycle flattening capability

reduces the range of load-following capability required for CANDU

reactors.
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The introduction of a district heatiag scheme also has some

potential problems.

1, The load factors* for the seasonally varying thermal loads in

Canada are generally quite low; the Toronto space heating load

has a seasonal load factor of 35 percent. This naturally causes

difficulty for high capital cost/low fuel cost systems like

nuclear stations.

If some means of using the heat during the summer months could be

found, this problem could be resolved. Alternatively, improvements

in load factors could result from exporting electricity to the

United States in the summer to cover their air conditioning peaks,

and from shifting some consumption from winter to summer in Canada.

There is even the radical prospect of fossil fuel being so costly

in the future that nuclear stations could be competitive in spite

of the high capital charges resulting from low load factors.

2. The installation of hot water pipelines to transmit and distribute

the heat throughout a city will be expensive.

The same applies to electrical transmission and distribution lines.

In Canada and the United States there is already growing resistance

to overhead electric power lines. This report, however, assumes

that electrical transmission and distribution systems exist now

which are capable of carrying an increased load, or which can be

modified to do so without great cost.

Studies of district heating systems indicate that the n.any factors

to be taken into account vary considerably from location to location

and it is difficult to say that district heating is or is not economic

in general. This stuoiv has therefore considered a specific example of

-̂

* Load factor = / L(t) dt where L(t) is the load at time t,

° PT
and p is peak load.



a district heating requirement in order to arrive at some

quantitative results. An extensive district heating study

has recently been completed for the city of Toronto where

it was proposed that an established network of consumers be

integrated and expanded^lK The report for the study contains

daca on consumer requirements, costs and design of the new

system. Among the options considered in the Toronto study

was that of building a small nuclear reactor in Toronto and,

to assist in this evaluation, AECL supplied a design report

for a .CANUPP-type PHW*(2).

The Toronto system is about 40 km away from the Pickering, station

and this is likely to be a typical distance over which energy would

have to be transmitted from large nuclear stations. Specific

calculations for our study have been based on supplying thermal

energy from the Pickering location to the Toronto district heating

load center.

The following options have been assessed:

1. Supplying only heat from a small CANDU station.

2. Supplying heat from a thermal/electric station.

3. Supplying heat from a thermal/heat pump system.

4. Electric resistance heating.

Table 1 summarizes the main results from the study.

Electrical resistance heating, although inefficient in primary

energy usage, is likely to set the economic competition for some time to

come.

* Pressurized Heavy Water
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TABLE 1

MAIN RESULTS OF THE STUDY

Scheme

Electrical
Thermal Thermal/ Thermal/ Resistance
Only Electric Heat Pump Heating

Expected load
factor (%)

Overall energya

utilization

Total cost to
consumer, m$/kWh
in 1979

35.0

85.0

80.0

36.6

35.0

70.5

20.1-41.lb 15.7-36.7b 28.8-49.

67.9

27

30.1

a The overall energy utilization is defined as (thermal energy used
by consumer)/(available fission energy).

b The range of costs covers the range of customer sizes.
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The problems associated with low load factors and the

expenses incurred in transmission and distribution have been discussed

in this report.

Thus district heating may initially be difficult to introduce.

If energy conservation considerations rather than economics (or perhaps

backed by economics) dictate the need for district heating, then a policy

decision, such as that taken by the Swedish government, will probably be

necessary.
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FUTURE CANADIAN ENERGY REQUIREMENTS

In this section, Canadian energy demand and production projec-

tions are examined and inter-related to indicate the significant part to

be played by nuclear power and the importance of aiming for maximum

efficiency in energy use.

Future Canadian energy demands are derived from the publication
(3)

An Enevrjy Policy fov Canada (EPC). Projections of energy and fuel

production are based on latest available (1974) publications and presen-

tations (for example, the presentation to the National Energy Board by

Imperial Oil and the federal-provincial conference on energy).

Figure 1 shows the projected demand curves from EPC in units

of 1018 Joules. Figure 2 shows the availability of energy as delivered

to the consumer - electricity, oil (taking account of refinery losses), etc.

(not accounting for inefficiency in final use - in a heating furnace for

example). The data plotted in Figure 2 were derived assuming that all

nuclear energy is used as electricity. In terms of primary energy, nuclear

energy becomes the dominant energy source by the year 2000. Figure 3 shows

the total demand and availability projections from which it is clear that

the demand projections exceed the availability projections beyond 1990.

Assuming the same installed capacity, the supply of the portion of nuclear

energy which is used for heating, as heat, and thus at a higher utilization,

would considerably reduce the discrepancy between demand and supply.

Of course, other energy policies could be imagined which could

have a similar impact - energy conservation, increased oil imports, etc.

However, direct heat supply could be introduced with no reduction in the

country's security of energy supply, no major developments in technology,

and direct heat supply would be consistent with primary resource

conservation.
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3. EXISTING DEVELOPMENTS IN DISTRICT HEATING

3.1 CANADA

A limited type of district heating, often called group heating,

is quite common in Canada. This involves supply of energy from a central

plant to several buildings, the buildings and heating plant being under common

ownership as distinct from the district heating concept where the energy

producer will deliver heat to the load centres to be sold to the building

owners. Examples of group healing systems are to be found in government

buildings, universities and hospitals. The 25 NRC buildings in Ottawa are

all heated from a central plant, for example. In addition to these small-

scale systems, Toronto, Winnipeg, Vancouver, London, Ajax, Inuvik and

Quebec City have public or private municipal systems in downtown areas™).

The Winnipeg system, with 300 customers, is the oldest, having been built

50 years ago, while Toronto has the largest system. The 1970 installed

capacities of the Toronto district heating and some group heating systems

are listed in Table 2.

TABLE 2

DISTRICT AND GROUP HEATING SYSTEMS IN TORONTO

System Installed Capacity
__ MW

Toronto Hydro district
heating system 205

Group Heating Systems

Toronto Hydro 35

Queen's Park. (Provincial Ministry) 136

Toronto Terminal Railways 189

Toronto Hospitals Steam Corporation 64

University of Toronto 90
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The recent study of the Toronto systems recommended the

incagtratiou at the systems listed in Table, 2, the phasing out of one of

the stations which was contravening the anti-pollution by-laws, and the

addition of a. refuse-fired plant. The total, maximum load for the inte-

grated system is .about 600 MW in a total maximum space heating load for

the whole of Toronto of about 4000 MW (compared with a total maximum

electrical load of about 2000 MW). Heat demand density has a considerable

influence on the economics of district heating systems because of piping

costs, Toronto's heat demand density is shown in Figure 3. One of the

conclusions of the Toronto study was that district heating could not

compete with individual oil or gas-fired heating at densities less than

36 MW/km2.

3.2 REST OF THE WORLD

United States of America

Table 3 gives some idea of the amount of district heating in

the United States. There are also many group heating systems. Almost

all of the utility systems supply steam at .1 MPa to 1.5 MPa, without

condensate return, through pipes 25.4 mm to 610 nun in diameter buried

under city streets. The most common steam main is the 'solid pour' type

where the insulated main is buried in concrete. Host of the systems supply

steam directly, although some employ a back-pressure turbine to produce

electricity. In a few cases, both district heating and cooling are supplied.

For example, the Hartford gas company in Connecticut put in the first

combined heating and cooling system in 1962 using a four-pipe system, steam

with condensate return and chilled water supply and return. The largest

combined cooling/heating system is the Minnegasco Energy Centre^ in

Minneapolis, with a capacity in 1972 of 1172 MW of steam and 35 MW of

refrigeration with expansion capability of 352 MW of steam and 77 MW of

cooling.



FIGURE 3 PEAK HOUR HEAT DEMAND FOR DISTRICT HEAT IN
TORONTO IN 1989, MW/km

areas with heat
demand density
less than 36 MW/km
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TABLE 3

UNITED STATES DISTRICT HEATING SYSTEMS

Citv

Hew York

Phi ladelp'.ua

Detroit

Boston

Rochester, K.Y.

Indianapolis

Cleveland

St. Louis

Pittsburgh

Seattle

Baltimore

Portland, Oreg.

Sum of 22 Others 1030 193

TOTAL 8005 825

1969 Maximum
Steam Sendout

[MW]

rns

618

561

410

352

333

286

230

2 34

207

193

146

Length of Piping

(km)

163

52

94

35

52

69

31

38

21

28

23

26
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Generally, European district heating systems are owned and

operated by the municipality or state, with greater emphasis on residential

heating than in North America.

The reasons for the development of district heating vary from

country to country and region to region. However, the main ones generally

quoted are as follows:

1. Low grade fuel is often available - brown coal, lignite - whereas

low polluting fuels such as oil and natural gas must be imported.

The low grade fuel is more suitably burned in central stations

where emissions can be controlled and efficiency improved.

2. Many fossil-fired electrical generating stations were built which

became obsolete in terms of electricity generation (because of

improved generator and turbine design and economy of scale). These

stations would still function quite adequately as steam generators

and as such were often turned over to district heating applications.

3. Governments at all levels encouraged district heating and often

enacted legislation favoring it. In Denmark, for example, by

law all urban dwellings have had well-designed central hot water

heating systems for over forty years. With standardization of

design and equipment, even small houses can be connected to the

district heating system.

A. After the Second World War there was large-scale construction of

new urban areas and this, together with government direction and

encouragement, enabled the installation of many district heating

systems.
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.. .,..17,8)

Moro than 90 percent of the world district heatiig capacity is

concentrated in Russia, In 1970, 230 towns had district heating svstems

and 2x10ia J was derived from centralized heat supply installations, with

3xl0ls J from heat and electric power plants. (For comparison, Canada

used about 6xlO18 J in 1973 for all purposes, including transportation).

In the period 1960 to 1980 a total of 260 dual-purpose power plants will

have been built, each with an electrical capacity of 500 MW(e) or greater.

The ultimate goal is the supply of district heat to all urban buildings.

The usual fuels used are coal and natural gas, with coal

generally restricted to peak winter use. Space heating is by direct

circulation of water from the main, whereas domestic hot water is heated

by using heat exchangers, except in areas where the water hardness and

mineral content are low enough to permit direct use of mains water. Mains

supply and return water are passed through an interchanger to reduce the

temperature of the water entering the building. The temperature of the

mains water is varied with the outdoor temperature, and customers usually

have no control over their building heating systems. In regions where

transmission distances are great, potable water is demineralized, heated

and pumped to the customers where it is circulated through the building

systems, consumed as industrial process and domestic hot water, and the

balance run to waste. The operating radii of district heating networks

are often 15 to 20 km, with pipe diameters up to 1.4 m. Heat is supplied

to Sverdlovsk from the State Regional Electric Power Plant, a distance of

30 km, with mains up to 2.4 m in diameter. Generally, the main trunk lines

are interlinked, forming multi-ring systems.

District heating developments are supported by the mass

production or new efficient power/heat supply turbines and boilers for

peak heat supply. Most failures to date have been due to external

corrosion of pipelines. Questlong of reliability of supply and provision
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of automatic control systems are now at the centre of their attention.

They are also turning their attention to the use of nuclear reactors

where the main stumbling blocks seem to be obtaining a reliable reactor

and providing back-up for such large blocks of power.

DENMARK^

District heating in Denmark is well established. The popu-

lation of 4.8 million had a district heating load of about 0.04x10*8 J in

1968 in a total heat load for the country of ,17xlO18 J. 0.02xl0la J was

supplied by 6 large combined thermal/electric systems. On the basis of

schemes in progress, 42 percent of the 1975 space heating load will be

provided by district heating.

The design of the individual heating systems as well as

district heating systems is regulated by national codes and standards.

For over 40 years dwellings have had hot water central heating systems.

These systems are designed to be connected easily without heat exchangers

to medium temperature hot water district heating whenever it becomes

available. Denmark has a low population density and typically district

heating serves areas with heat demand densities as low as 11 MW/km2.

Danish law sets 120°C as maximum for district heating flow mains water

and 90°C maximum for internal installations. The district heating system

is always used for heating the domestic hot water systems year round and

the temperature of water in the mains in summer is not reduced below the

level necessary to satisfy the service. This lower temperature is

adequate for space heating in cool summer weather. District heating

mains are installed at the early stages of a housing or town project

and the laydut is co-ordinated with other services.

The main ingredients in the success of district heating in

Denmark seem to be a history of efficient central heating installations,

an early recognition of the benefits of, and a widespread commitment to

district heating and government encouragement and legislation favouring

it.



District heating has spread rapidly since the first system was

ins called 25 years ago. The main reasons for its development were early

recognition o£ its potential and the anticipation that Sweden would be

quite heavily dependent on imported fuel. In one respect Sweden is similar

to Canada - 76 percent of the electricity in Sweden is generated from hydro

stations. Sixteen percent is derived from conventional power stations, and

S percent from combined thermal/electric systems.

By the end of 1972 the heat load connected to district heating

networks was 7000 MW(t). The installed electrical capacity of thermal/

electric district heating stations was 1000 MW(e) with a further 700 MW(e)

on order. In the city of Vasteras, 98 percent of the buildings (47,000

dwelling units) are connected, together with 150,000 m2 of street heating.

A nuclear district heating scheme (recently shut down) had

been in operation south of Stockholm since 1964, generating 65 MW(t) with

a 10 MW(e) BP turbine. The main purpose of the reactor was for operator

training and its application to district heating was a convenient means of

obtaining some revenue. In Sweden, studies are now underway with an aim to

establishing 3 combined nuclear district heating and power generating

schemes using large trunk mains. Because of its relevance to our studies,

the appropriate section from referenct 12 is reproduced and included as

Appendix A.

OTHER COUNTPTES

The major countries with district heating developments have

been considered in the above discussion but there are others. Britain is

moving into the district heating .field after abortive early attempts (due

to inadequate corrosion control), and it was recently announced that West

Germany would be developing nuclear-based district heating systems.
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4. TECHNICAL COHSIDERATIONS

The system visualized for supplying heat to a district heating

scheme consists of a CANDU PWW reactor, a supply and return pipeline and a

distribution grid within the urban development. The three parts are

isolated from enHi other bv heat exchangers. It is assumed that the nuclear

reactor wi 11 supply 600 MW of thermal energy from a location 40 km from the

centre of demand. The energy will be transported bv water through an

insulated pipe supply-and-return transmission line at a send-out temperature

of 22S°C and a return temperature of 125°C. The upper temperature of the

water in the distribution grid is expected to be around 150°C with a return

temperature of about 70-S0°C. Water entering residential, commercial or

industrial buildings for space heating will be reduced in temperature to

about 90°C for safety reasons. The choice of these temperatures was some-

what arbitrary and subsequent studies may indicate that different values

are optimum.

The Toronto system distributes steam so there is some inconsis-

tency in this respect. However, the only data used from the study that is

affected by our choice of hot water transmission is the cost of the local

distribution system, which is shown later to be similar to the cost of a

typical hot water distribution system serving loads of a comparable size.

Three different nuclear power production schemes have been

analyzed. They are:

1. Thermal energy production only.

2. A thermal/electrical system.

3. A thermal/heat pump system.
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4.1 POWER STATION

4.1,1 THERMAl, ENERGY PRODUCTION ONLY (Figure 4)

This scheme makes use of the nuclear core only. It has no

turbine generator interfaced with the core and it does not produce any

electricity. It provides thermal energy which is transferred from the

primary reactor circuit, through heat exchangers located in the reactor

building, to the heat transport fluid in the transmission line. The

excellent overall energy utilization (̂ 85 percent) is somewhat offset

by the expected low capacity factor (̂ 35 percent in the Toronto area).

The reactor would be similar in concept to existing CANDU-PHW

units and with about the same power level as Douglas Point. The reactor

core would be horizontal, fuelled with natural uranium, and cooled by

heavy water operating at a top temperature and pressure of about 275°C

and 7 MPa.

4.1.2 THERMAL/ELECTRICAL SYSTEM (Figure 5)

The thermal and electrical energy production cycle provides a

scheme that will give a high capacity factor resulting in low total unit

energy costs at high efficiency. The station is identical to current CANDU

electrical designs with the exception that steam can be bled from the turbine

to provide a source of thermal energy to a district heating system. The bled

steam is piped to a condenser where the latent heat is transferred to the

fluid in the transmission line, the resulting condensate, being returned to

the turbine cycle and the fluid in the transmission line pumped to the

district heating system.



FIGURE 4 THERMAL STATION
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FIGURE 5 Thermal/Electric Station
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During the period when steam is being extracted from the

turbine, the amount of electrical energy that can be produced is

decreased in proportion to the bleed flow. During off-heating periods

the station can produce electrical energy at full-rated capacity.

4.1.3 COMBINATION OF THERMAL/HEAT PUMP SYSTEM (Figure 6)

This is a novel and potentially practical idea whereby a steam

driven turbine supplies thermal energy for direct space heating and

mechanical energy for driving a compressor (rather than a generator) in a

heat pump system. By passing cooling water from an existing power station

through the evaporator of a heat pump system, it is possible to amplify the

cooling water temperature sufficiently to satisfy space heating requirements.

For example, the coefficient of performance for our particular case, which

has a top temperature of 225°C, is about 1.8. For every kW of power

provided to the syster:, 1.8 kW of power is transferred in return. However,

since it takes 3 kW of primary energy to give 1 kW of useful work, it becomes

apparent that, to compete with direct thermal energy supply, a heat pump

system must have a coefficient of performance of at least 3. The top

temperature of a heat pump system that gives a coefficient of performance

of 3, taking into account inefficiencies of the cycle, is about 110°C.

Obviously, the cycle used for our study operates at a top temperature that

is too high. However, it has been included in this report for comparative

purposes because the use of lower temperatures might be acceptable. It does

promise, even as it stands, an overall energy utilization of about 70.5

percent, but has the disadvantage of a low capacity factor with a resulting

high total unit energy cost.



FIGURE 6 Thermal/Heat Pump System
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4. 7 TRANSMISSION

Tn general, energy will be transported from the power plant to

the district heating systems via pipelines roughly one meter in diameter.

Their lengths would vary from several to approximately 40 km; much longer

lengths, although technically feasible, are not expected to be economically

sensible. Since the pipelines will contain a heat transport fluid at

moderately high temperatures ( 225°C) and pressures ( 5 MPa(avge)),

reliability and safety are of some importance. To satisfy Canadian safety

regulations, the design rules from the "Power Piping Code ANSI B31.1" were

used. Table 4 gives a listing of the more important technical paramaters

for the specific case considered.

4.2.1 P_IPEL1NE_ CHOICE

Several pipe materials, such as Fiberglas reinforced plastic,

transite and metal, were considered. For the temperature and pressure

conditions used, only metal appears to be a realistic choice.

An ASTM A106 Grade B material was selected on the basis of

cost, suitability, availability, workability and reliability. The line

will be covered with insulation and encased by a thin-walled conduit.

Moisture probes will be inserted at frequent intervals along the length

of the line between the inner pipe and outer conduit to monitor for leaks.

Another common method of laying insulated underground pipelines,

but not considered in this study, would be to use a concrete trough and to
(12)

embed the mild steel pipes in aerated concrete within this trough . At

regular intervals expansion units would be provided which may be simple

bends or 'z' connectors, bellows units or ball joints.



T!u' supplv and remrn lines will bo buried in one trench,

;H.1,,V the frost line. The distance between the power plant and the

district heating system Is 40 km. However, when expansion joints are

factored in, the line length becomes 52.5 km to give a total transmission

length of 105 km for both the supp.lv and return. The optimum diameter

cor a line of this length is 813 mm at a wall thickness of 25.4 mm,

resulting in a total requirement of 60 Gg of steel, sufficient to

justifv the construction of a steel plant on site. The cost of the

transmission line is discussed in detail in Section 5.2 but, just from

the quantity of steel required, it is obvious that the transmission line

should be kept as short as possible.

It is probable that some cost saving might be realized if the

transmission line was placed directly on the ground surface, or possibly

suspended from simple structural towers above ground level. This idea

was not considered in detail since it was thought that such a transmission

line would lack security, would be opposed on experimental grounds, and

would make useless a considerable area of land. It would have the

advantage however of being accessible and easily monitored and maintained.

4.2.2 CHOICE OF HEAT TRANSPORT MEDIUM

Three different heat transport fluids were considered for

transporting energy from the nuclear station to the district heating

system - water, steam, and 0S-84.

0S-84 is a heat transport fluid roughly similar in properties

to Dow Therm A. It is an organic coolant which has been used in the WR-1

nuclear reactor as the primary heat transport fluid since 1965. The

specific heat of the fluid is about half that of water but it has the

advantage that at high temperatures it has a low vapour pressure and can

therefore transport energy at a low pressure, resulting in a significant

reduction in the pipe thickness. On the other hand, the mass flow required

to transport equivalent amounts of energy is twice that required by water.
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TABLE 4

TRANSMISSION LINE TECHNICAL PARAMETERS

Description OS-84' Hot Water

Length of line (supply, return
and expansion joints) (kra) 105 105

Steam with
Condensate
Return

105

Distance between station
and DHS

System design pressure

Mass flow

System pressure drop

Total pumping power

Total heat loss

Optimum line size 0D

Total pipe mass

Hold up volume

Insulation thickness
supply line
return line

(km)

(HPa(avge))

(kg/s)

(MPa)

(MW)

(MW)

(mm)

(Mg)

(m3)

(mm)
(mm)

40

2.4

2900

3.78

34.1

65.6

1168

67517

105400

76.2
50.8

40

5.0

1357.8

11.82

21.3

47.5

813

59695

47900

76.2
50.8

40

4.995

263.6

5.76

38.54

55.22

1168

65111

57300

76.2
50.8

* organic heat transfer fluid (the coolant used for the WR-1 reactor at WNRE)
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This -wans larger pipelines and high pumping power. Also, with large lines

thi- inventory of OS-S4 becomes verv significant, especially at Its present

cast OL -1.2J $/kg.

The advantages, disadvantages and properties of water and

steam are well known. They have the disadvantage of possessing high vapour

pressures at moderate temperatures, thus requiring heavy walled piping, but

have the advantage of high heat-carrying capacity.

An economic optimization was carried out using the three fluids

listed above and the results are given in Appendix C. The results show that

water is the best heat transport medium for our situation. Its? use results

in 'S.3 percent less steel, ^37.5 percent less power consumption, "̂ 14 percent

less heat loss (because of smaller pipe diameter), a bore "̂ 30 percent smaller

and a fluid inventory of ^16.4 percent less than either of the other two

fluids.

4.3 DISTRIBUTION

It is assumed that existing technology will be utilized for

pipe material, insulation, energy metering and monitoring for failure, and

that the lines will be placed underground to a depth slightly lower than

the frost line. All easements would presumably be along back lanes or on

public property but away from existing services and paved streets whenever

possible. Maintainability is important since this could be an expensive

component of the overall operation.

Pressure and temperature for the distribution grid are expected

to be slightly lower than experienced by the- transmission line. A temperature

of approximately 150°C is thought to be adequate from the point of view of

domestic hot water and space heating requirements. It may be a little low for

some process heat requirements. On entering housing the incoming water would
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h.we its temperature reduced to ̂ 90°C on passage through an interchanger.

Tliis is required for safety reasons.

It has also been assumed that a return loop would be used in

the grid. The merits of making this assumption have not been studied from

a cost point of view, but it is almost certain that this will be required

to reduce the systems make-up and water treatment requirements, prevent

demands on the sewage system, and save the heat that would be lost if the

used hot water was discharged directly to drain.

The layout, construction and maintenance problems associated

with a distribution system are expensive. In existing communities where

services have already been installed and are still being installed on an

ad hoc basis, it is improbable that much improvement in these costs will

be realized. In new communities or sub-divisions however it would seem

desirable and practical to construct an underground ventilated duct that

is large enough to house all the services (power, sewer, domestic water,

storm drains, domestic heating and gas). This system would have the

advantage of being easily monitored and maintained.

4.4 LOAD FLATTENING

In Section 2 it was pointed out that a progressively larger

fraction of Canadian energy requirements will be satisfied by nuclear

power. Consequently, considerable importance will be attached to the

development of load-following reactors or to means of flattening demand

by energy storage. Load cycles generally have a seasonal variation with

superimposed daily and week-end fluctuations. The overall peak defines

the installed capacity requirement (neglecting emergency standby

capacity).
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Appendix B contains a detailed analysis of the behaviour of a

particular district heating svstem configuration with respect to the daily

load cycle. It is clear from the results presented there that a reasonable

amount of hot water storage capacity added to Che system results in signi-

ficant attentuation of the daily load cycle. Also, the effect of transport

delay can cause a time delay between the load ana the reactor. This effect

could also cause load flattening since, if there were several loads at

varying distances from the reactor, their peaks would arrive at the reactor

at different times, thus causing flattening. Flow variation, instead of

temperature variation, would enable rapid response when required. Security

of supply is also obtained since many hours of supply can be maintained after

reactor shutdown.

Improvements in the daily load cycle reduce the range require-

ment for load following on a daily basis, whereas the seasonal load cycle

has the ma.ior effect on the installed capacity requirement.

Consider the hypothetical, but not unrealistic, situation of

an all-nuclear energy supply (excluding transport) where one-third of the

end-use is for power and light, one-third for seasonally invariant thermal

use, and one-third for seasonally variable thermal use. A typical seasonal

variation for the Toronto district steam system was taken as representative

of the seasonally varying load and the resulting total installed thermal

capacity is plotted in Figure 7. If it is assumed that all energy is sent

out as electricity, the total primary installed thermal capacity is about

three times the end-use. However, if all the thermal load is supplied

directly as heat at an overall energy utilization three times that of

electrical heating, the installed primary thermal capacity required for

thermal energy supply is correspondingly reduced, as shown in Figure 8.

The peak requirement for the thermal/electric system is 3.8 as compared with

the all-electric peak which is 7.4. Correspondingly, the peak to average

values are 1.233 and 1.14 for all electric and thermal/electric, respectively.

Thus there is considerable potential for reducing the peak

requirements of installed primary capacity by the use of direct heat supply.
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5. COSTS

5.1 GENERAL

This section summarizes the costs of the three schemes tloHcribod

in Section A and includes a comparison with electric;. sistance ho.itIng for

the city of Toronto,

Table 5 gives the maior common ground rules used in all costing

calculations.

TABLE 5

COMMON GROUND RULES

Heat Source CANDUPHW (G-2 type)

Total power to district
heating system 600 MW(t)

Transmission line length 105 km
(supply, return and
expansion joints)

Interest rate 10 percent

Capital charge rate 10.61 percent

Amortization period 30 a

Piping Codes ANSI B31.1 - 1973

A thermal output of 600 MW was chosen to fit the requirements

of the Toronto system. A larger system would naturally result in some

reduction in unit energy costs. Swedish studies indicate a 20 percent

reduction in costs in going from 650 MW(t) to 2000 MW(t), assuming the

heat is transported over the same distance of 50 km .
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The cost comparisons, which are outlined in Table 6, were

arrived at by the methods outlined below.

For calculations involving the nuclear systems, a unit

similar to the Gentilly-2 reactor, which produces 640 MW(e), was taken

as the reference case. The costs were obtained using the AECL proprietary

CANCAP-73 code. Costs for the three cases were calculated assuming that

the appropriate additions or deletions of units described in the appropriate

paragraph below were made. Since all three reactort, will have a different

size of nuclear core, costs of these cores were calculated from the

reference case using an appropriate size factor.

All costs were computed on the assumption that the station

would be committed in 1974 for completion in 1979. The costs are the

dollars that would have to be paid by 1979 and include escalation factors

listed in the detailed calculations.

The costs for electric resistance heating were based on the

1974 commercial rate of 17.4 m$/kWh and escalated by 10 percent per

year and adjusting for the depression of the load factor caused by an

increase in electric heating.

5.2 NUCLEAR STATION PRODUCING HEAT ONLY

5.2.1 ENERGY UTILIZATION AND LOAD FACTOR

The value of 85 percent for energy utilization includes losses

in the heat exchanger and in the heat transport system.

The load factor of 35 percent is taken from the Toronto study
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TABLE 6

COST COMPARISONS

Electrical
Thermal Thermal/ Thermal/ Resistance
Only Electric HeajMPump Heating

Reactor core, MW

Thermal power
supply, MW

Overall energy
utilization, %

Estimated system
load factor, % b

Nuclear stations
UEC, m$/kWh

Pipeline UEC,
m$/kWh

DHS grid UEC
m$/kWhC

TUEC, m$/kWhd

706

600.0

35.0

35.0

9.2

7.9

3-24

20.1-41.1

2200

600.0

36.6a

80.0

. . a
4.4

7.9

3-24

15.7-36.7

1000

600.0

70.5

35.0

17.9

7.9

3-24

28.8-49.8

600.0

27

67.9

30.1

a See Appendix E for the derivation of this value

b This is the load factor for the generating station. The load
factor for the pipeline and distribution system is taken as 35%.

c The value 3 is derived from the Toronto study for a service to large
users. The value 24 is an estimate of the cost of a grid to serve
individual homes. A system serving mixed loads would cost somewhere
in between.

d These are the rates that will have to be charged in 1979 to recover
the original investment (no mark-up for profits has been included).

e This is the cost of electrical energy in 1979 assuming a 1974 price
of 17 m$/kWh(14) escalated by 10% each year to 1979, taking into account
the depression in the load factor on the average cost, due to resistance
heating.
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5.2.2 NUCLEAR STATION UNIT ENERGY COST

The thermal power of the station, to overcome losses, is

706 MW(t).

The reference case was adjusted by removal of the turbine-

generator unit and associated costs. It was assumed that the cost of

the heat exchanger to produce the hot water would be equal to that of

a steam generator.

Finally, a factor was used to calculate the costs for a

706 MW(t) core rather than for a 2200 MW(t) core.

Detailed costs are outlined in Appendix C.

It was assumed that the heat would be provided by a single

station only - no allowance for back-up heat was made.

5.3 NUCLEAR STATION GENERATING HEAT AND ELECTRICITY

This is essentially the standard G-2 reactor.

5.3.1 ENERGY UTILIZATION AND LOAD FACTOR

It was assumed that the station produced electricity at

640 MW(e) maximum output for 65 percent of the year, and 706 MW(t) of

heat plus 438 MW(e) of electricity for the remainder of the year.

The calculation outlined in Appendix E indicates that this

results in an average annual energy utilization of 36.6 percent.
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"i. \. Nl'i'l IAK STATION I'N 1 T j'N!Rt:V I'nSTS

iiit1 capital cost* lor the diw L- purpose ,stc(t,ion HIV uulv

-slighclv higher than for a station producing electricity alone. It

is assumed that one of the feedwater heaters o£ the electrical station

can be modified to give the required flow of hot water. For example,

the unit enerRY cost for the dual-purpose station cos ted in Appendix (•

was 4.35 mS/kWh thermal, or 1.4.95 m$/kWh(e), The cost for the same

size station producing electricity alone is 14.7 m$/kK'h(e).

Again, no back-up is postulated. However, in a 4-imit station

such as I'ickering, two of the units could share ttie supply of hot water

from their feoclwater heaters.

The cost of heat was calculated by computing the total cost

and assigning a credit for the sale of electricity at the bus bar at

14.7 m$/kWh (derived in detail in Appendix C).

5.4 NUCLEAR STATION GENERATING HEAT ONLY COUPLED TO A HEAT PUMP

5.4.1 ENERGY UTILIZATION AND LOAD FACTOR

It was assumed that this system operated at a load factor of

35 percent. The overall energy utilization of 70.5 percent reflects the

fact that energy must be used to drive the compressor in the heat pump.
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c>•''•••' NUCLEAR STATjn_N UNIT ÊjlERJJY COST

Tn this instance, Che reference case is altered by assuming

that a 1000 MW(t) core drives a 233 MW turbine coupled to the compressor

of a heat pump which provides 706 MW(t) of heat. It was assumed that the

compressor of the heat pump would cost the same as the turbine. The

components of t'te remainder of the system are conventional and accurate

costs could be obtained.

Detailed cost calculations are listed in Appendix C.

5.5 PIPELINE UNIT ENERGY COST

This was common to all three stations. Technical parameters

for the pipeline are found in Table 4 and the detailed cost breakdown is

given in Appendix D.

5.6 DISTRICT HEATING SYSTEM GRID UNIT ENERGY COST

The estimated cost for the local distribution system was

derived from the Toronto study as follows: on page 118 of Volume 1,

"The Main Study", the owning and maintaining costs for the distribution

system, consumer connections and metering is given as 1.45 m$/kWh.

'Owning' in this case means the capital charges on the replacement costs.

They used approximately the same capital charge rate as in this study

(10.2 vs 10.61 percent) so the approximate total distribution cost was

obtained by escalating their figure from 1970 to 1979 to give 3.25 m$/kWh.
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Now, this represents a distribution system where most of the

users are large consumers. The distribution cost will become greater as

smaller consumers are added. One of the conclusions of the Toronto study

was that it is not economic to connect buildings having less than 1000 m'

floor area to the distribution system (experience in other countries does

not bear out this conclusion).

An analysis has been done of the costs of a distribution grid

serving 8000 individual homes. Costs were based on a June 1974 quote for

piping, specially designed for district heating systems, which is sold in

Britain under the trade name 'Perma Pipe', and consists of a pipe-in-plpe

system with calcium silicate insulation in between. The requirements for

the distribution system and the pipe costs are shown in Table 7.

TABLE 7

Pipe Diameter
mm

25

75

200

350

Amount Required
m

40,000

120,000

8,000

6,000

Supply & Installed
Cost $/m

Flow & Return

100

133

267

500

The resulting cost is $25.1 x 106 for 8000 houses which, at

30,000 kWh/a per house, results in an energy cost of 11.1 m$/kWh. Annual

maintenance and the cost of the in-house installation would probably bring

the total cost to about 15 m$/kWh. Escalation to 1979 results in a cost

of 24 m$/kWh.
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F.y.ttMision of this analysis to larger loads, assuming a 0.6

srilo l.irtor (cost proportional to nl/.e ' ') for in-house construction

mid annual maintenance, resulted in the costs shown in Table 8.

TABLJLJf

TPJALposiLQL5. lJIBiluIIMGRID
 (CAPITAL CHARGES,,

MAINTENANCE, IN-HOUSE INSTALLATIOM AND METERING) VS
1 NIL1 VJJHJAL. LOAD. . S J_?I

lnd iv ic lu . i l Load Cost
JkW. ro$/kWh

9 . 8 24

400 5 . 1

7800 2 . 6

The costs derived in this way are reasonably consistent with

the Toronto system costs (large users) and indicate the large cost penalty

for the distribution system if individual homes are to be serviced.

5.7 ELECTRICAL HEATING

In order to properly assess the potential of a district heating

scheme, its costs must be compared with those of some other system which can

be forecast with some accuracy.

Since electric heat is being used now, and because the Toronto

study used this as a basis of comparison, we decided to assess electric

heating as the competition.
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=i. 7. I ENERGY UTILIZATION AND LOAD fACTOR

The 27 percent overall energy utilisation shown in Table 6

is an estimate. Various sources indicate that the thermal efficiency oE

some newer fossil-fired stations may be as high as 40 percent, but the

average for a system containing old stations may be aa low as 28 percent.

We chose a figure of 30 percent, and assumed 10 percent transmission losses.

The load factor was taken from the Toronto study which gives

che expected annual electricity consumption and load factor in that city

for two assumptions.

Annual Consumption System Load Factor

GWh %

No electric heating 8575 76.3

All new buildings to 1979 9274 67.9
electrically heated

It can be seen that addition of an electrical heating load

will depress the system load factor because of thp seasonal nature of the

load.

5.7.2 ELECTRIC HEAT UNIT ENERGY COSTS

The cost of electrical heating in 1974 in Toronto is estimated

to be 17.4 m$/kWh(14). An escalation rate of 10 percent per year was

assumed to calculate the 1979 electricity cost. The final figure of 30.1 m$/kWh,

whose derivation is outlined in Appendix F, takes into account the depression

in load factor referred to in Section 5.7,1.

This is the most likely method that a utility would use to

compute average electricity costs. However, Appendix F shows that ii the

depression in the load factor of resistance heating was charged only to

electrical resistance heating, then the cost could be as high as 63 m$/kWh.
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5.8 DISCUSSION

.1) Heating by electricity is going to set stiff competition for

other forms of heating. The main reason for this is that the transport

and distribution equipment for electricity already exists and expansion

can be gradual.

The major disadvantage arising from increased use of electric

heating is that generation of electricity by a steam turbine is limited

by thermodynamics to an average efficiency of about 30 percent.

Installation of electric heating in a system which depended

on the burning of scarce and expensive fossil fuels would be a wasteful

policy. However, if the energy source was renewable, as is the case for

hydraulic generation, or was based on fissile fuels, which in Canada

appear to be in adequate supply to the year 2000, then the resource

argument is less important. Nevertheless the present consumption of

energy in Canada for domestic and commercial heating represents about

25 percent of our total secondary energy consumption. If a large fraction,

of this is taken over by electric heating generated from nuclear sources,

active exploration for new resources and development of fuel cycles which

will extend the present resources will become ever more important.

2) The major problem with a district heating system involving

transport and distribution of heat from a distant site is the high cost

of installing the necessary transport and distribution systems. These

costs, especially for a system comprising a large number of small loads,

outweigh the cost of generating the heat.

3) Of the schemes studied, the dual system producing heat and

electricity provides the lowest cost heat. This also results in a some-

what higher efficiency of utilization of primary energy than for electrical

resistance heating. This utilization could be increased if the heating load

could be extended over a larger fraction of the year.
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4̂1 Single-purposo units, producing he.it onlv, lend to highor

v-ni-r̂ v ut i I i :-.;it ion hut do not rnmprtr I'conopii r.i 1 1 v boi-anse of the low

capacity factor. Again, if n use for this heat, could be found For the

summer, then single-purnose units would become more attractive.

3) The use of a large heat pump, whose compressor is driven by

the turbine, in this study comes in a poor third. This, however, is

because the choice of effluent temperature of 225°C gave it a very low

Coefficient of Performance (COP). A lower temperature of around IQO°C

would lead to a higher COP and a potentially more attractive unit.

6) One obvious consideration, which we did not tackle in this

study, was the possibility of eliminating all the heat transportation and

many of the distribution costs by locating the reactor at the load centre.

Such a scheme would, of necessity, call for small nuclear reactors of say

600 MW thermal capacity. Small size has always been an economic disadvan-

tage for nuclear systems but the present and predicted costsof oil and gas

bring the smaller sizes closer to economic possibility. However, because

of problems involved in public acceptance of a centrally located nuclear

unit, and spent fuel transport, etc., we decided not to spend time on such

a scheme until some of the underlying issues are closer to resolution.
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6. FUTURE DEVELOPMENT AREAS

6.1 A CANDU REACTOR FOR THE SUPPLY OF THERMAL ENERGY

In this report we have been considering supply temperatures

greater than 2OO°C for the long distance transmission of thermal energy.

In other countries, local distribution has generally been at 120 to 150°C,

He.it losses, even in long distance transmission, are small and to supply a

local distribution system at 120°C a reactor outlet temperature of about

150°C would probably be adequate. A large fraction of the industrial

process steam requirements could also be satisfied at this temperature,

resulting in a potential total load as high as 80 percent of the thermal

energy requirements in Canada.

A reactor outlet temperature of 150°C would have important

implications in many areas. For example, the pressure and calandria tubes

could be replaced by flow tubes in direct contact with the moderator, which

could operate at an average temperature of about 110°C. These temperatures

correspond to saturation pressures of 0.14 MPa in the calandria and 0.48 MPa

at the reactor outlet. Consequently the flow tube thickness would probably

be limited by manufacturing considerations which would result in a thickness

about half that of current pressure tubes.

The reduction in neutron losses from absorption in zirconium

and leakage through the gas gaps would result in higher burn-ups and also

would make this an ideal design for thorium breeding. Safety considerations

should be simplified by the lower temperatures and pressures.
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6-2 DEVELOPMENT OF A 'POWER PEAKING' CANDU REACTOR

An alternative way of solving the capacity factor problem

might be to develop a peaking reactor which would serve the function that

is presently carried out by fossil-fired stations. The objective would be

to minimize capital cost at the expense of fuelling cost. Such reactors

would be started up and shut down as required while the optimized CANDU

reactor would supply the base load. This would avoid the problem of

developing cost-optimized, load-following CANDUs.

6•3 PIPELINE DEVELOPMENT

Pipeline cost is a major component of the total cost, and

development work to reduce the cost could have a significant effect on the

viability of direct thermal energy supply. Areas of interest would be:

methods for monitoring leakage, insulation materials and waterproofing the

outside surface of the insulation.

A target to aim for might be a temperature-resistant, flexible,

inexpensive, non-corroding insulating pipeline made from a single material,

for example, fiber reinforced plastics are coming into use for oil pipelines.

Apparently it is particularly difficult in Canada to get piping

carefully laid to specifications, with a resulting high replacement rate.

Some attention should be given to this aspect.
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6.4 DISTRIBUTION OF ENERGY CONSUMPTION IN CANADA
GEOGRAPHICALLY AND vs TIME

An 'energy map' is required. Energy consumption in all

sectors would be plotted geographically to identify optimum locations

for power reactors to be used to supply 'total energy'. The Toronto

study provided an excellent start by plotting the 'energy density' for

space heating in Toronto, This should be extended to include the

industrial consumers. Infra-red photographs from satellites might be

used to good effect for initial studies. Such studies should also be

projected to future times to include the effects of depleting fossil

fuel resources and increasing consumption of energy.

6.5 SYSTEMS ANALYSIS STUDIES

Given the energy density map and nuclear reactor siting

requirements, total system analysis studies could be undertaken to define

where nuclear stations should be built.

6.6 HEAT PUMPS

In terms of overall energy efficiency, the only potential

competitor to direct heat supply is the electrically powered heat pump.

This should be assessed in terms of practicability and economics. So

far, existing developments have not demonstrated reliability of operation,

and capital costs are high. Provision of the heat source (air, soil?) is

also a problem to be solved.



7. CONCLUSIONS AND RECOMMENDATIONS

The major benefit of direct heat supply lies in the high over-

all energy utilization - about 85 percent compared to about 27 percent for

nuclear electricity supply, A thermal/electric system provides the lowest

cost direct heat supply system.

Under the present circumstances, electric heating will set Che

economic competition. If efficiency in utilization of primary energy is

sufficiently important to justify the implementation of district heating

schemes, a policy decision at some level of government will probably be

necessary whereby heat as well as electricity must be provided by the electric

utility.

If district heating with nuclear power is to be further

investigated, we recommend the following course of action:

1. Identify optimum locations for nuclear stations..

2. Choose one of the locations and carry out a detailed study of the

total energy supply of the whole area within 'striking distance'

of the nuclear station to identify the benefits aud disadvantages

with respect to costs, pollution and primary energy resource

conservation.

This should be a joint study in some depth involving government

agencies, the municipality involved, and the provincial utility. AECL can

act in an advisory capacity if necessary.
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APPENDIX A*

NUCLEAR HEAT AND POWER PROJECTS IN SWEDEN

Plans for nuclear heat and power stations exist for the cities

of Stockholm and Gothenburg and for the Malmo-Lund region. The differing

local situations lwve resulted in certain differences in the proposed

technical solutions.

District heating in the Stockholm region is developing at a

fast rate and it is estimated that in the year 1985 the maximum district

heat load will be around 2000 MW for the city itself - at present the

total maximum load is 500 MW - and 4500 MW for the Greater Stockholm area.

In the year 2000 these levels are assumed to have increased to 3000 MW

and 8000 MW, respectively. Studies indicate that it would be economical

to introduce an urban-sited nuclear combined heat and power plant as early

as in the late 1970's provided that the different district heat systems

are interconnected in a suitable way. Taking into account the necessary

time for the safety analysis, decision taking and construction, 1980

seems to be a realistic date for the start of operations for this suggested

plant. Such a plant would have a heat production of about 1200 MW and an

electricity production of around 400 MW in back-pressure operations. The

system connected to the nuclear plant is expected to reach about 2400 MW

around the year 1980. The annual economic gain for the nuclear plant

compared with an oil-fired alternative would be 2 to 10 million US dollars

depending mainly on the interest rate and the oil price assumed. During

the. 1980's one or possibly two new units of the same size are judged to be

needed, and towards the year 2000 yet another plant may have to be built.

The creation of this largo, district heating system requires a close

cooperation between the different communities in the Stockholm region.

Such a cooperative effort has already been started.

* Reproduced with permission from Section 3 of reference 11
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In 1%S the municipal power utilitv in Stockholm applied for ,i

license to build a nuclear heat and power plant in a rock cavern at Vartan,

3 kilometres from the city center. The authorities will not decide on this

application until the Urban Siting Committee has delivered its report.

Alternative sites about 12 kilometres from the city center have also been

studied. The alternative sites require special transfer pipelines rn the

city area, resulting in extra costs of the order of 12 million US dollars.

At the same time, however, the costs for extra safety arrangements will

probably be reduced, which gives a smaller net cost difference between

the alternatives.

In Gothenburg, district heat is at present distributed over

several separate systems with a maximum total load of 500 MW. In 1980

the total heat load is projected to reach the level of 2300 MW, 1200 MW

of this load would then be supplied from an interconnected system, with

an increase to 2300 MW in 1990.

One of the solutions studied is the exclusive construction of

a number of separate systems, each supplied from its own relatively large

hot-water central. An alternative proposes a similar development until

1980, when the separate systems will be interconnected and supplied from

a nuclear plant for combined heat and power production. The hot-water

centrals would then be utilized as peak and stand-by units.

In the case of the proposed nuclear plant, the distance from

the border of the load area to the plant is around 15 kilometres. The

pipeline consists of double outgoing and return pipes, each with 1000 mm

diameter. It will mainly run in a rock tunnel. Transfer costs are

estimated at 0.036 US dollars per MWh and kilometre.



The nuclear station would consist initially of one light-water

realtor producing 800 MW(e) in condensing operation. This maximum electri-

cal power could be delivered in peak load situations, while heat is supplied

from the hot-water centrals. The nominal heat load is 1300 MW, which can be

delivered together with 580 MW electricity. A second similar nuclear unit

is foreseen for later installation at the same site.

The analysis showed an average gain of 1 million US dollars per

year for the alternative when heat was provided from the nuclear heat and

power plant instead of exclusively from hot-water centrals. This gain

disappears if, in the investigated case, the transfer distance is increased

by 5 km.

The study also includes two alternatives with a rock-contain-

ment nuclear heat and power plant within the city area. However, economic

considerations indicate that a surface containment located outside the city

is to be preferred. Investigated alternatives involving two large oil-fired

heat and power plants do not differ economically from the alternative with

smaller hot-water centrals. If heat is produced as assumed by a nuclear

heat and power station instead of exclusively by oil-fired hot water centrals,

then calculations of future heat demands indicate that the oil consumption

for house heating in Gothenburg from 1980 - 1990 will decrease by 70 percent.

MALM0-LUND REGION

Lund, 55,000 inhabitants, in southern Sweden has today a district

heating system supplied from hot-water centrals. For the future expansion of

this system, the possibility of providing hot water through steam extraction

from the nuclear power plant at Barsebeck has been studied, with the transfer

of 235 MW heat over the 15-kilometre distance. The alternative is a 100 MW(e)

oil-fired heat and power station at Lund.
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The analysis shows that the two alternatives balance economi-

cal lv at an oil price of about 1.50 \'- dollar per Goal. The pipt-lines

(700 mm diameter) from Barsebeck are then assumed to run mainly above

ground, giving a cost for the lines of 7 million U« Hollars. Running

tb<? pipeline in a concrete channel below ground would increase the total

cost by 2 million I'S dollars, changing the balancing oil price to iust

below 1.70 I'1-" dollar per Gcal.

In the choice, environmental effects from the two alternative

solutions must also be considered. An oil-fired plant would undoubtedly

increase the air pollution in the I.und area, whereas an above-ground pipe

line in a landscape mainlv consisting of agricultural piains would be

considered as un-aesthetic. Planning and environmental authorities have

been informed about the results of this study, and no final decision

between the two solutions will be made until these authorities have

declared their opinions.

The possibility of supplying the city of Malmo with district

heat from the Barsebeck plant has also been studied. This project is,

however, judged to be uneconomical on account of the great distance,

slightly over 30 kilometres. As public opinion is strongly against further

oil-fired power plants in urban areas, a nuclear heat and power station in

Malmo has been proposed. This plant would then be sited near an existing

oil-fired power plant, Oresundsvurket, in the northern part of the city.

From this site, it would also be possible to transfer district heat to

Lund, 15 kilometres away.

A preliminary analysis of the economy of a 600 MW(e) unit,

with 500 to 600 MW steam extracted for heating purposes, will soon be

started. Both light-water and gas-cooled reactors will be studied. The

latter - AGR or HTGR types - have process data more suitable for heat

extraction, and might also be favourable from safety aspects. The start

of operation for a nuclear power plant at Malmo is not likely to be before

1980.
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APPENDIX B

DAILY LOAD CYCLE CALCULATIONS

In the literature, many references are made to the ease of

incorporation of energy storage capacity into a district heating system

by the use of hot water tanks or steam accumulators. Because of the

importance of this aspect, it was considered worthwhile to analyze a

practical case. The case analyzed is based on the postulated require-

ment to supply heat to the Toronto load centre from the Pickering

location. Figure B.I is a schematic diagram of the model used. It

consists of a reactor, a pipeline, the required load, a storage tank,

and a return pipeline. In all the calculations the length of the supply

and return mains (including expansion joints) was taken to be 50 km; the

diameter was 1 m, and the average load transmitted was 500 MW(t) (although

these parameters do not correspond exactly to those used in other parts of

this study, the results are not significantly affected). The daily load

cycle assumed was that of the Toronto hospitals system (from reference 2).

Fluid properties were assumed constant so the load and reactor

power were proportional to temperature differences which are plotted in the

figures discussed below. The reactor outlet temperature was fixed and for

the power flattening calculations it was assumed that the storage tank was

placed after the load since this minimizes reactor power fluctuations.

Figure B.2 contains plots of the daily load cycle behaviour for three cases

- no storage tank, with a 10,000 m3 storage tank, and with a 100,000 m3

tank. Two major effects are apparent - attenuation and phase lag. The

attentuation is due mainly to the storage capacity of the system, and the

phase lag is due mainly to transport delay. Both the effects are beneficial

to load flattening. If many loads with identical daily cycles were situated

varying distances from the reactor, the effect of transport delay alone could
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cause load flattening. Alternatively, when rapid response is required, it

would be possible to use flow variation instead of temperature variation.

The power curves in Figure B.2 show that it would take about 100,000 mJ of

hot water storage capacity at the load centre to cause almost complete

flattening of the power cycle. By comparison, one heating system (in

Plymouth ) has an accumulator with a storage capacity equivalent to

about 40,000 ra3 per 500 MW of average load.

Figure B.3 illustrates the benefits to be realized from the heat

storage capacity in terms of protection of supply when the reactor shuts

down. In this case, two tanks were used - a 25,000 m 'load stabilization'

tank placed before the load, and a similar 'reactor stabilization' tank

placed after the load. It was assumed that the load continued to extract

heat as specified by the load curve; consequently the supply temperature at

the inlet to the load heat exchanger drops. However, in a 12-hour reactor

shutdown, the supply temperature drops by only 83°C to a supply temperature

of 114°C. After the minimum supply temperature is reached it takes about

20 hours for the supply temperature to return to normal. There is scope

for optimization of tank sizes and locations; however the results do

indicate that a reasonable storage capacity does provide some security of

supply. The time delays inherent in the system would also enable preventative

action to be taken such as a shutdown of an industrial load about 8 hours

after a reactor shutdown.

For these calculations of daily load cycle behaviour, a widely

fluctuating load characteristic was chosen. The load demand from many

customers is naturally less fluctuating.
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FIGURE B1 MODEL OF DISTRICT HEATING SUPPLY
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APPENDIX C

DETAILED POWER STATION COSTS



STATION COST (k$)

(assuming the most likely capacity factor)

THERMAL

(k$)
THERMAL/ELECTRIC

(kS)

THERMAL/HEAT PL'MP

Site and Improvements

Reactor building
Concrete calandria vault
Turbine building
Cooling water structures
Service building
Spent fuel bay

Water treatment building
Administration building
Miscellaneous structures

Fuel channel assembly
Calandria end shield assembly
Calandria tube assembly
Reactivity control units
Installation & maint. equip.
Moderator system
Primary H.T. auxiliary system
Steam generators
Pipe, feeders and headers
Primary pumps
Primary auxiliary systems
Fuel handling
Boiler steam & water systems

Turbine generator
Main condensing system
Feedwater & auxiliary systems
Turbine auxiliary system

Electrical power systems

339.2 339.2 694.6 694.6 366.4 366.4

3962.0
352. 3
N/A
N/A
865.6
166.1
219.4
74.0

178.7

2755.3
1017.2
714.0

1231.4
271.8
970.0

1236.1
3033.2
1274.5
1662.8
1175.8
3168.9
441.2

N/A
N/A
N/A
N/A

1666.6

5818.1

18952.2

H/A

1666.6

8113.2
721.5

5390.3
4479.1
3545.0
340.1
449.4
302.8
366.0

5642.3
2083.0
1462.1

2521.7
556.7

1986.2
2531-3
6211.4
2609.9
3405.1
2407.7
6489.2
903.5

35530.3
3614-0
9845.5
125.5

6325.5

23707.

38810.

49115.

6S25.

4

1

3

5

4279.8
380.6

2843.4
2362,8
1870.0
179.4
237.0
159.7
193.0 12505.7

2976.4
1098.8
771.3

1330.2
293.6

1047.7
1335.3
3276.6
1376.7
1796.2
1270.1
3423.1
476.6 20472.6

18742.6
1906.4
5193.6

66. 2 2:5908. 8

3600.5 3600.5

continued



STATION COST (continued)

THERMAL
(kS)

THERMAL/ELECTRIC
(k$)

THERMAL/HEAT PUMP
<k$)

Instrument & control systems

Water systems
Heat & ventilation systems
Miscellaneous common services

Station total direct
capital costs

Moderator D2O inventory
Primary circuit D2O inventory
Spare parts
Taxes
Construction indirects
Engineering
Commissioning
Contingencies
Escalation after Commitment
Interest during construction

Station total indirects
capital costs

Total direct & indirect
capital costs

Capital charge rate (%)
Station capacity factor (%)

1654.4 1654.4 6775.7 6775.7 3574.3 3574.3

1833.
634.

1653.

8106.
5011.
2415.
2380

16162.
9480

14962.
5140
15000
23000

10.61
35

4
7
2

0
9
6

3

2

4121.

32551.

85495.

118047.

3

8

7

5

6257.4
2599.3
5642.3

16600.0

10263.2
4946.7

17180.0
33096.8
45577.0
30639.2
19973.6
60875.0
91737.5

10.61
80

14499.

140427.6

330889

471316.6

3300.
1371.
2976.

8756.
5413.
2609 =
9062.

17458.
24042.
16162.
10536.
32112.
48392.

10.61
35

8
2
4

2
9
4
5
8
3
5
3
1
4

7648.4

74076.7

174546.4

248623.1

continued

Ul

1



STATION COST (concluded)

Unit Energy Costs (thermal)

Unit fuel inventory costs

Unit fuel" operating costs

Unit operating & maintenance costs

Unit capital costs

Total unit energy costs

Thermal
m$/kWh

0.168

.366

1.807

6.804

9.145

Thermal/Electric
m$/kWh

.347

.311

.456

3.24

4.354

Thermal/Heat Pump
m$/kWh

0,995

0.679

1.845

14.330

17.849

in

f

(1) Unit fuel inventory cost is the sura of fabricated fuel inventory, spent fuel inventory, initial
fuel inventory and final core credit. The above examples assume zero final core credit.
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APPENDIX D

OPTIMIZED PIPELINE COSTS

TRANSMISSION

The thermal energy produced is transported to the district

heating system by a heat transport fluid passing through a pipeline. The

distance between the nuclear station and the district heating system was

chosen as 40 km. The overall pipe length, considering supply and return

lines with expansion joints, is expected to be about 105 km. It was

further assumed that the supply and return lines would be placed in a

common trench wide enough to handle both lines and deep enough to be

below the frost line.

Since the pipeline is long and represents a large cost

component to the district heating system, an optimization was carried

out to determine the effects of pipe diameter, heat losses, pumping power,

heat transport fluid, type, etc., on transmission costs. The following

table gives an optimized comparison of pipelines using 0S-84, water and

steam as the heat transport fluid. All costs are based on a commitment

date of 1974 and a start-up date of 1979 using a capital charge rate of

10.61%. Escalation for materials, labour and services has been factored

in under the directs column. The results show that hot water is the most

economic fluid for the transport of heat.

Table D.I gives the technical parameters for the pipeline.
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TABLE D.I

OPTimZEO, PIPELINE COSTS

OS-84

DIRECTS (millions of dollars)

Hot
Water

Steam With
Condensate
Return

Pipe material (including conduits)
Insulation
Trenching
Transportation
Welding
Inspection, insulating & jacketing
Laying of pipe
Pumping station
"DHS" grid tie-in
Reactor tie-in

Sub-total

115.787
11.395
1.810
0.405
2.630
1.527
0.160
8.737
0.245
0.245

142.941

80.584
8.106
1.272
0.405
1.838
1.329
0,160
11.640
0.245
0.245

105.824

87.898
8.680
1.451
0.405
1.819
1.404
0.160
5.768
0.245
0.245

108.075

INDIRECTS (millions of dollars)

Design
Purchasing
Commissioning
Interest during construction

Sub-total

TOTAL DIRECTS & INDIRECTS

TOTAL DIRECTS & INDIRECTS (M$/a)

OPERATING (M$/a)

Personnel costs
Power costs
Other operating costs

(Insurance, etc.)

Sub-total

TOTAL ANNUAL STATION COST (M$/a)

TOTAL UNIT ENERGY COSTS (m$/kWh)

PIPELINE SIZE (mm)

0.1
0.05
0.05
11.583

11.783

154.724

16.415

0.1
0.05
0.05
8.567

8.767

114.591

12.157

0.1
0.05
0.05
8.756

8.956

117.031

12.416

0.225
2.989
0.100

3.314

19.729

10.717

1168

0.225
2.013
0.100

2.338

14.495

7.874

813

0.225
3.380
0.100

3.705

16.121

8.757

1168 - 457 return
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APPENDIX E

DERIVATION FOR THE COST OF THERMAL ENERGY FOR
DISTRICT HEATING SYSTEMS USING THE COMBINED
THERMAL/ELECTRIC GENERATING STATION CONCEPT

In the example discussed (Section 4.1.3), the maximum fission

power that the core will provide is 2200 MW(t). If a combined capacity

factor of 80 percent is assumed, the annual thermal energy production from

the core will be:

2200 x .8 x 8766 = 15.428 TWh/a

106

The power supplied to the customers from the grid is 600 MW(t),

of which 106 MW(t) is lost in transmission and distribution. Therefore the

core must supply 706 MW(t) at a capacity factor of 35 percent, giving an

annual energy requirement of:

706 x .35 x 8766 = 2.166 TWh/a
106

The excess energy (15.428 - 2.166 = 13.262 TWh/a) is converted

to electrical energy and sold at the rate of 14.7 mS/kWh for each kilowatt

of electrical energy, or at 4.28 m$/kWh for each kWh of thermal energy

(see Section 5.3.2).

Therefore the cost of energy for district heating can be

calculated as:

( E D H S x C W + <EExCE>



whore
DHS

EE

CDHS

Therefore:

GS
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annual energy requirement for ihc
district heating system

annual sale of electrical energy
to the utilities

annual production of thermal
energy by Che station

the cost of thermal energy to
the district heating system

the price paid for electric
energy by the utilities

the average cost of energy
from the generating stations

and where all the energy units are kWh thermal.

"DHS

"DHS

- (ET • CGS) " (EE X S
EDHS

(kWh/a)

(kWh/a)

(kWh/a)

(m$/kWh)

(m$/kWh)

(m$/kWh)

= 15.428 x 109 x 4.35 - 13.262 x 109 x 4.28
2.166 x 10-

cnuc = 4-78 m$/kWhUna

The rate at which the district heating systems customers would

be charged in order to pay for the thermal/electric generating station

assuming that all electrical energy can be sold at a rate of 14.7 m$/kWh

(4.28 m$/kWh thermal) is 4.78 m$/kWh of thermal energy. These values do

not incorporate any mark-up for profit but reflect only the break-even

point.



- 63 -

The overall efficiency for the thermal/electric generating

station is calculated as follows:

Energy Usefcully Utilized Eer Year
11 Total Energy Supplied Per Year

Energy usefully utilized can be broken down into 1.841 TWh/a

to the district heating sy«tem, and 13.262 x .291 = 3.859 TWh/a of

electrical energy to the utilities (this assumes that all surplus power

can be sold as electrical energy).

Energy Usefully Utilized = 5.7 TWh/a

Total Energy Supplied = 15.428 TWh/a

n - 5.7 x loo o
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APPENDIX F

ELECTRIC HEAXINGCOSTS

m LOAD "FACTOR"

Section 5.7.1 of the text showed that Incorporation of a.n

extra electric heating load into a system would, because of its seasonal

nature, depress the system load factor from 76.3 to 67.9 percent. If the

selling price of electricity at the higher load factor was 27.4 m$/kWh

then, assuming 80 percent fixed charges, the rate at the lower capacity

factor is

27•* (0-S x 76.9 + 0.2) = 30.1 m$/kWh
67.9

F.2 COST OF ELECTRIC HEATING IF EXTRA COSTS ARE CHARGED TO
ELECTRIC HEATING ALONE

The data of Section 5.7.1 are assumed with costs of electricity

at the higher and lower load factors of 27.4 and 3.01 m$/kWh respectively.

Total resistance heating load per annum

9274 - 8575 = 699 GWh

Annual increase in costs due to extra resistance heating load

(9274 x 106 x 30.1 x 10~3) - (8575 x 106 x 27.4 x 10~3) = $44.3 x 106

Thus cost of energy for resistance heating alone

44.3 x 106 x 103 = 63.4 m$/kWh

699 x 106


