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PERFORMANCES OF NUCLEAR POWER PLANTS FOR COMBINED PRODUCTION OF ELECTRICITY

AND HOT WATER F09 DISTRICT HEATING.

Stig Brozen

1. Preface.

In this paper possible district heating engineering in the future based

upon nuclear power plants is discussed. Depending on necessary space limitations

this discussion must be a brief presentation. The paper will therefore only

give an idea of part of the present research activities at the Division of

Heat and Power Engineering, Lund Institute of Technology. The research activi-

ties are supported from the Swedish Board for Technical Development.

2: Introduction. 'ï\

Planning and design of a large number of nuclear power plants are now

announced. In many countries nuclear energy seems to be of great importance

in the future particularly to supply the increasing demand for electricity..

It nas also been said that nuclear power plants are competitive compared

with other power plants for basic load, e.g. oil-fired ones.

Studying the heat demand', one can observe that there is a large number

of areas, where the heat demand today or in the near future will be about

1000 or 2000 HW* Of course, a district heating system has a lot of advantages

in such an area. If a district heating system of this size exists or is planned,

it must also be discussed how to supply the heat demanded. Commonly the pro-

duction units consist of fossil fuelled hot water boilers or fossil fuelled

combined heat and power plants or both of them. However, an interesting

development is to adapt a nuclear power station for combined production.

With respect to the actual problems of air pollution, it is probable that
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a nuclear heat.source has more possibilities to be accepted in a future

heating system than an oil-fired boiler has.

Because of environmental causes it is not possible/however, to use

urban siting today. Whether the reasons are of psychological nature or a

matter of radio-activity they are not the main questions here. The fact

is that urban siting of nuclear power stations is not allowed. That is why

the hot water for district heating must be transported over a rather long

distance. Compared with conventional district heating engineering it is

probable that this long distance hot water transportation requires some

work of development.

3. Heat demand.

A cormran size of a nuclear power plant is today about 600-800 F1W

electrical output. In this paper 600 MW gross output for ons block has been

chosen. If the reactor is of the LWR-type with a net thermal efficiency of

33 %,this 600 MWe corresponds to a thermal load of about 1700 MW. Owing to

the condensing process 1100 of this 1700 W will be wasted to the cooling

water as heat-surplus due to the thermal process.

If one tries to make use of all wasted heat, at least two main problems

must be analysed. Firstly, is it possible to dispose the whole heat load from

a nuclear power plant for district heating purposes? Secondly» is it possible

to make use of all heat, which can not be transformed to electrical energy,

for district heating purposes?

}r:i '?.-s

To answer the first question, one can use a prognosis made for the heat

demand in the area. If there is a dasire that most of the heating in a town

should be done with district heating, it looks as if it was possible to

estimate the heat demand to about 4-6 kW ner capita. In a city with 100.000

inhabitants the maximum heat load will then be about 400-600 MW. With 500.000

inhabitants the highest heat output can be estimated to 2000 or 3000 VU and

with 1 million to about 4000 or 6000 MW. It must be observed that it has been
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supposed here that most of the heating will be done with district heating

and that all figures mentioned above apply to the maximum heat output.

Since the heat demand among other things depends on the outdoor tempera-

ture, there is a big difference between surrmer and winter. The yearly heat

load duration curve for a representative area is shown in figure 1. It must

be noticed that the duration curve has a very marked peak. This fact and

the growth trend in heat demand are two very important factors for an optimiza-

tion of a nuclear dual-purpose plant for heat and electricity production.
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The second problem concerning the possibility to make use of all neat,

which can not bs transformed to electrical energy, is more complicated. It

seems impossible to give a simple answer. The turbine design is of importance.

A main question is also the connection between heat and electrical outputs.

Whether the two commodities, heat and electricity, will be dependent on each

other or not, i.a. whether the extractions will be regulated in such a way

that they are free or not free in relation to each other, is a very significant

question.

4. Hot water temperature.

In order to get an idea of where the extraction points can be applied,

the steam process for an actual reactor type must be analysed. If a BWR plant

has been chosen, the steam expansion of the turbine process looks like that

in figure 2. Ahead of the high-pressure turbine the steam temperature is about

2B5 C and after the turbine about 165 °C. With a superheater between the high-

pressure and the low-pressure turbines, it is possible to reach a steam tempera-

ture of about 260 C ahead of the low-pressure turbine. The exhaust temperature

of this turbine does not usually exceed 3Q °C. Such a low temperature is of

course not useful for district heating. An extraction must obviously be done

somewhere after the high-pressure turbine or during the steam expansion in

the low-pressure turbine. The temperature level of this extraction to the

district heating system is one of the main questions in the whole problem.

It is not possible to decide this level without studying all components of
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.th'è distribution chain. In figure 3 these components (in the syster.) are

shown from the dwelling to the consumer service unit, the local distribution

sy'stem, the local heat production plant, the regional distribution system

and the regional heat and electricity production plant.

, Starting out with a desirable room temperature, i.e. 20-25 C, there is

a great problem to choose an extraction tenperature.All the conponents in the

distribution chain mentioned above have to be analysed. Two altemstivss can

be observed in such a study. A high steam extraction tenperature and thereby

also a high hot water tenperature can be advantageous because it makes it

possible to use smaller dimensions in some components. In the dwellings the

heating equipment needs less space and so on. Also with regard to the existing

district heating system a high temperature level can be necessary. This old

system often consists of hot water boilers for heat production and here there

is no desire to diminish the high water.temperature and the high terrperature

difference between the delivery and the return temperatures.

i

On the other hand the combined heat and electricity production requires

a low water temperature and this depends on economical reasons. But a success-

ful operated district heating system with a moderate hot water temperature

obviously needs some development work on new conponents. In a growing system,

however, it seems to be very economictl to choose a rather low hot water

temperature. . "

Planning a new dual-purpose plant, it is obviously not possible to

optimize the hot water temperature without taking the existing system into

consideration. But on the other hand it can not be realistic to design a

new plant and new district heating systems merely with regard to the old

system. " •

. It should also be said that sub-optimizations of the district heating

system are not of interest. The optimizing problem is an economic one and

can not be solved without judgement of energy policy.
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5. Extraction conceptions.

Before studying the ratio of net electrical output to the heat output

some possible extraction points will- be discussed taking the turbine design

into consideration. In figure 2 some possible extraction points have been

marked. In the first alternative shown in figure 2 the extraction steam is

taken fron the exhaust of the high-pressure turbine. This extraction seems

to be rather easy to arrange and will not disturb the steam expansion in the

turbine causing additional losses. But the steam temperature is very high

here, which means a large influence upon the electrical output.

A second alternative shown in figure 2 is an extraction from the low-

pressure turbine. This interference in the steam expanson can involve losses.

If the plant is designed for a large heat output, but also with the condition

that the turbine must be able to generate full electric effect, when in

condensing operation, reconstruction of the existing low-pressure nuclear

turbines can be necessary. With a large heat output it is oossible that

steam extraction in one point is unsuitable and because of that the district

heating system should operate in two stages with different steam temperatures.

With a large but very divergent heat load, steam extractions in the low-

pressure turbine will cause many difficulties. In that case a special back-

pressure' turbine will have advantages. This third alternative is also shown

in figure 2. With moisture removed, but without superheating, steam is ex-

tracted from the main steam expansion and feeds the back-pressure turbine.

If this one is of the double-flow type, heating of the hot water in two stages

is possible. Besides the special back-pressure turbine is, however, a lpw-

pressure turbine of high capacity necessary. Therefore, this third alternative

seems to be more expensive than the second with one or two extractions in the

low-pressure steam expansion. If full condensing capacity is required, the

third alternative must have one turbine more than the first and the second

alternatives.

Before choosing one alternative as the most suitable, characteristical

differences between a condensing power plant and a combined heat and power plant
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have to be analysed. Owing" to the heat output all of the three alternatives

mentioned above can be attractive. For the-actual BOD MW reactor it seems

that the alternative consisting of „extractions in the_low-pressure turbine

is advantageous, if the maximum heat output is about 30D or 40Q MW. With a

larger heat load, e.g. 100D MW, a special back-pressure turbine is useful.

If a high hot water temperature is required, an extraction from the exhaust

of the high-pressure turbine can solve the problem.

A nuclear back-pressure turbine alone requires a very large heat demand.

The heat output from such a block in full operation is about 1200 MW. If the

yearly generating time should be more then 5000 h, a nuclear combined plant

without condensing turbines will need a population area with more than 1

million inhabitants.

6. Combined heat and electricity output.

It has earlier been said that the heat, when leaving the nuclear power

plant as cooling water, is of such a low temperature that it is of no value

from a district heating point of view. For that reason an extraction has to

be done somewhere in the steam expansion of the turbine process. This means

that some of the heat, which could be transformed to electric energy, is

taken away from the steam process. The ratio between the loss in electricity

output and the extracted heat output depends on where in the expansion process

the steam extraction has been done. In the next example the following tempera-

tures of the hot water, laaving the combined power plant, has been chosen:

B0, 100, 120 and 160 °C. Depending on the temperature difference required

between the extracted steam and the hot water produced, the steam tempera-

ture must be some degrees above the water temperature. Here, a difference of

5 C is presumed, i.e. the extracted steam temperatures will be 85, 105, 125,

and 165 °C.

Presupposing that the heat extraction is done in one stage and that no

influence in the condensing pressure of the low-pressure turbine will occur,

the missing electricity output per 100 MW heat output can be estimated as

1
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folioles. With extraction in the low-pressure turbine the electric loss will

bs 13 MW at B5 °C, 17 MW at 1D5 °C and 20 MW at 125 °C. For the special
S E E

'back-pressure turbine the loss in electricity output can be estimated to

10 MW at B5 °C and 15 MW at 105 °C. Extracting steam from the high-pressure

turbine exhaust will cause an electric loss of 25 MWe at 1B5 C.
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From these figures it is evidently so that a special back-pressure turbine

seems tp hcive the most efficient operation. The reason for this is, that the

steam, feeding this turbine, has not been superheated; only the'moisture is

removed. The greatest loss shows the high-pressure steam extraction, but here

the main reason is the high temperature level.

As mentioned earlier no influence of variations in the condensing pressure

is assumed when' calculating the ratio of electricity loss to the heat output.

But a steam extraction for heat production causes a decreasing steam flow to

the cooling water condenser. That is why the exhaust loss in the low-pressure

turbine is reduced. For the actual BOO MW reactor a steam extraction

corresponding to 100 MW heat output, will decrease the low-pressure exhaust flow

about 8 %. Therefore, the electricity loss will be reduced with some'megawatts

and the efficiency correspondingly increased. But it is not sure that this

recovered electric output will be of the same magnitude at all loads. Probably,

it is only at full load and with a rather small steam extraction that the

effekt can be observed.

Furthen an increasing efficiency is received by water heating in two

stages. A more complicated equipment is required, but the electricity loss can

be reduced between 10 and 20 %.
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A special quality of combined heat and electricity production in a plant

designed with extraction systems is the possibility of intermittent operation

as regards the heat output. If all heat production is broken off, electric

peak load operation is possible. A heat output of 300 MW corresponds in this

situation to an electric peak load of 40-60 MW. These figures can be compared

with the output from a large gas-turbine.
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7. Hot water transmission.

To transmit the heat loads previously discussedi varying from-200 to

1000 MW, hot water pipes with diameters ranging from 700 to 2000 mm, are

required. Compared with conventional engineering this pips dimension seems

to be very large. Because of their size and their less well-known technique,

it is probable that the water pipes will be rather expensive. However, since

urban siting of a nuclear power plant is not allowed, a long transmission

pipe for hot water is necessary. In order to decrease the investment cost

it should be advantageous if the pipe did not require underground location.

But if the transmission distance from the regional nuclear plant to the local

district heating system is long, e.g. 20-40 km, environmental aspects also with

regard to the transmission pipes must not be neglected.

When designing the hot water transmission arrangements all components

in the distribution system are to be observed. Figure 3 shows the main parts

of the system. Technical characteristics of the hot water pipe are besides

the heat load also water velocity, v.ater temperature, water flow and pressure

drop. The influences of variations in these variables are shown in figure 4.

Here, the pressure drop as a function of the pipe diameter is illustrated.

The temperature difference between the delivery and the return temperatures

together with the water velocity are parameters. The diagram shows the case

when the transmitted heat load is 500 MW. At low water velocity and low

temperature difference it is obvious that the pipe diameter required•approaches

15G0 rrm vsry quickly. If the water velocity is 2 m/s and the temperature

difference is only 30 °C, a pipe diameter of 1650 nro is needed. But on the

other hand the pressure drop is only about 20 N/m per meter pipe length

or 0,20 bar/km. With double velocity the pipe diameter required has decreased,

but the pressure drop is now about 1 bar/km. If the temperature difference

is chosen to 60 DC instead of the previously used 30 °C, a high water velocity

is no longer advantageous. The profit from a smaller pipe diameter will soon

disappear while the pressure drop now is increasing very rapidly.

/ - B - /

' i . 1 '
I V-
I •

I
A'.



Depending on the pipe length the complete pressure drop will be rather

large. Calculating with 20 km of double pipe, 40 km total length, and heat

exchangers at both ends, the corrplete pressure drop -For transmission of SOD MW

heat load at 30 °C temperature difference and at 2 m/s water velocity, will

bë about 10 bars. For the same heat load but with the double water velacity

the complete pressure drop will be about 40 bars.

These large pressure drops will obviously cause another important problem.

The heat transmission requires a rather big pumping effect. For the studied

case the circulating pumps need between 5 and 20 MW, depending on pipe dimension,

water velocity and temperature differences. When designing the pipe, the equip-

ment for operating the system, has also to be calculated. In this case turbine-

driven circulating punps seem to be advantageous as they can be installed in

the combined plant. However, the water pressure mentioned above is higher than

conventionally used in district heating systems and this will need some develoo-

ment in pipe constructions.

i !

S. Sumrary.

The possibilities for using nuclear power plants for combined production

of heat and power seem to be very good in the future. With the chosen B00

MWg BWR plant a heat output up to 1200 MW can be arranged. An alternativs,

consisting of steam extractions from the low-pressure turbine, offers a

flexible solution for heat and power generation. With this alternative the

combined plant can use components from normal condensing nuclear power plants.

The flexible extraction design also offers a real possibility for using the

combined plant in electric peak generation. However, urban siting requires

long distance heat transmission and the pipe design for this transmission

is a major problem when planning and optimizing the whole nuclear contsined

heat and power plant.
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Figure 1; Load duration curve for heat demand.

Flpure 2; Steam expansion of turbina process; possible points
i l lustrated.
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Fipure 3: Main components
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PRESSURE DROP AND WATER VELOCITY
AS FUNCTION OF PIPE DIAMETER AND
TEMPERATURE DIFFERENCE.
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