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ABSTRACT

In many cases district heating is both
economically and environmentally supe-
rior over directly burning of fossil
fuels in individual furnaces primarily
because of the efficiency of ':'ne usual
applied co-generation principle with
regard to fuel utilization and flue gas
clean up. In principle, this argument
should carry even greater weight in
conjunction with nuclear energy. The
major draw back of dedicated heating
reactors as seen up to now concerns the
high specific capital cost for the app-
lication-dictated small reactor size.
The paper discusses by way of a specific
example in what directions solutions are
being sought.

1. The Benefits and Problems of Nuclear
District Heating

There are a number of countries with
a long tradition in district heating
where a substantial fraction of the
required low temperature energy is ex-
tracted from the steam cycle of fossil
fired power stations (co-generation). In
the Federal Republic of Germany, for
instance, the peak capacity of 504 indi-
vidual heating grids stood at 33,000 MWt
in 1982 / 1 /. The yearly consumption
varies slightly from year to year and
totaled 48 TWh in 1982. This figure, in-
turn, corresponds approximately to 6 %
of the total energy consumption for
heating, indicating a definite potential
for further expansion into the remaining
94 % still dominated by individual,
building-bound heat sources such as gas,
oil, electric, or even coal furnaces in
some cases. Peak capacity of district
heating grew an average of about 4 % per
year between 1975 and 1985. For the
future a minimum annual growth rate of
3 % is expected 12 1.

The fact that hear, for domestic and
industrial purposes, particularly at the
low temperature end. amounts to -a signi-
ficant fraction of the total heat. con-
sumption may be appreciated from tabic 1
for the situation in tiie FRG in 1084
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Table 1 Structure of Heat Consumption,
tee, in the Federal Republic of
Germany (198'0

The consumption of 159 Mio tons of
coal equivalent (tee) for heating is to
be compared with the figure of 246 Mio
tee for all net energy use, that is
including that in form of electricity
and for motive power such as traffic.

The benefits of district heating are
both economic and environmental. Econo-
mic, since under proper circumstances
the revenues from selling heat extracted
from the lower end of the steam cycle
are larger than the associated losses in
generator output. The environmental be-
nefits derive from the fact that the
clean-up of flue gases, for instance, is
more easily and more economically accom-
plished in the larger-sized power sta-
tions than in the small individual fur-
naces. From an energy strategy point.of

180



view, an additional benefit results for
certain countries in as much as the
import depenciance on the predominant
fuels oil and gas for individual heating
is lessened.

All the positive arguments of above
can be put forward for nuclear energy en
a much stronger basis. As far as econo-
mics is concerned, because the preferred
fuels oil and gas tend to become more
expensive in the long range, in spite of
the current glut. Äs to environmental
aspects, nuclear energy is in principle
superior to fossil fuels because of the
almost complete absence of environnen-
tally undesirable effluents. The rela-
tive merits of the different types of
heat generating technologies in this
latter aspect can be seen from table 2.

pulverized-coal fired
power plant, 1 x 750 MW

pulverized-coal fired
power plant NO x and SO 2
removal, 1 x 750 MW

fluidized bed coal combustion
plant, 3 x 250 MW

combined-cycle power plant
with coal gasification
1 x 750 MW

domestic heating with light oil

nuclear heating plant

mg/m3

2450

400

<400

50

600

-

NOx
mg/mJ

800

200

150-320

90

800

-

Table 2 Effluents for Different Types
of Power Stations

The potential problem associated
with the use of nuclear energy for dis-
trict heating basically concerns adequa-
tely low cost which in turn results from
the most prominent difference between
transporting electricity and transpor-
ting sensible heat in the form of hot
water. The latter is far more expensive,
leading to small and localized distribu-
tion grids as opposed to a large, inter-
connected high-voltage transmission
system. Extracting low temperature heat
from a big nuclear power plant located
closely by the customer, as f.i. in
Stade (FRG) and Gösgen (Switzerland) for
industrial purposes, results in the
lowest possible on-site cost. This is a
direct consequence of the economies of
scale associated with a large nuclear
reactor. However, since nuclear power
stations are usually located far off the

centers of substantial heat consumption,
big feeder lines are necessary which are
expensive and, in some cases, publicly
objected to. Therefore investigations
are underway in many places to develop
relatively small nuclear reactors for
directly supplying existing grids with
low ten:p ?rature heat. Such reactors must
be small because both of the grid size
limitation and of the less favourable
annual load distribution. For orienta-
tion, the cecii cated reactors must have
specific capital cost per kilowatt-
thermal that are not above those for
large nuclear power stations in order to
be competitive.

The actual course to be taken with
respect to providing the required hea-
ting energy may be different from coun-
try to country and must be decided on a
case by case basis after careful analy-
sis of the pertaining local conditions.
In the FRG, for example, an important
question is how to fit a NHP into an
existing grid. In the other extreme, in
countries where new grids have to be
built, the appropriate reactor size is
of lesser importance. Instead, logistics
questions dominate such as the availabi-
lity and tolerability of fossil fuels as
alternatives. The criteria not only
concern cost and emission standards but
also infrastructure requirements like
fuel transporation, advanced flue gas
clean-up technologies, peak and reserve
facilities.

2. Solutions under Discussion

Based on arguments similar to those
outlined above, various'institutions in
different countries have, to different
degrees of intensity, begun in recent
years to address the development of such
dedicated heating reactors as is evident
from table 3. Several general observa-
tions can be made which will all have a
strong bearing en that most critical
item: low specific capital cost. Reactor
size varies from extremely small as
exemplified by the Slow Poke Concept
(Canada) to rather large as in case of
the first AST 500, now nearing comple-
tion in the USSR. Light water reactor
technology dominates as reference, but
there is also a 10 MWt-HTR contender
based on the German pebble bed reactor
development. The designs proposed cover
a wide spread of technical maturity,
from conceptual to close to be ready for
operation, e.g. the Geyser concept in
Switzerland and the AST 500 at Gorki in
the USSR. Apart from a few exceptions as
f.i. for the Swedish concept, publica-
tions are still relatively scarce such
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Country,
Company

Canada
AECL

PR China

Fiance
TechnlCdtoTW

FR Gflrmany
KWU

HRB

Gesamthochschule
Essen

Swarlnn
ASEA-A'sm

Switzerland
EIR

BBC

SIN

USSR (Comecon)
Atomenergoexporl

Designation

SLOWPOKE

LTR

THERMOS

NHR

GHR

HERE

SECURE

SHR

GHH

GEYSER

AST 500

Type

swimming pool

Integrated natural circulation
reactor on BWR-bir1*

Intograted PVVH with
lorcad circulation

Intan/dlic* natural clrcutallon
coaclul on BWR-basIl

HTfi pebble bed »oactor

Integrated natural circulation
raactor on PWR-basIs

loop typ« PV/R In water pool

Integrated natural clrculallon
reactor on BWR-basts

HTR pebble bad reactor

Integrated natural rlrculatlon
reactor on PWR basis

raictor on BWR basis

Size,
System Pressure

2 • 10 MW,
airnosphorlc

4S0 MW
15 bar

100 MW
8.S bar

100-500 MW
15 bar

10 . 50 MW,
15 bat

300 MW
15 bar

100 • 400 MW
7 bar

10 . 50 VW
15 bar

10 . 50 MW,
15 bar

10 - 50 MW,
hydrostatic

500 MW
16 bar

Status

demonstration roactor

4S0 MW oemcnstrptlon reactor In planning

concept developed; ready for bids

concept developed, ready lor bids

conceptual study

concept dovelopnd, ready lor bid«

Ihree different concepts under
development

Gorki, Woronesch under construction; smaller
sizes unosr study In Comecon countries

Table 3 Activities in the Field of Nuclear Heating Plants

that a reviewing assessment of the en-
tire spectrum of heating reactors is
still somewhat difficult to perform. It
is primarily because of this situation
that the remaining part of this paper
discusses the rather detailed KWU design
for which KWU is ready to bid. The em-
phasis in the paper is on how to achieve
the necessary low specific cost for a
nuclear application that, being 2C0 MWt
in size, is about a factor of twenty
smaller than what is standard for nuc-
lear power stations. 200 MWt were selec-
ted as a compromise between the two
conflicting requirements as large as
possible to benefit from the economies
of scale and sufficiently small for
fitting into existing heating grids. To
appreciate the engineering task to be
faced it should be noted that the speci-
fic capital cost of heating reactor must
not exceed that for the big power sta-
tion in terms of DM per installed kilo-
watt-thermal .

3. Salient Features of KWU's Nuclear
District Heating Plant (MHP)

The goal of low specific cost has
been achieved by judiciously tailoring
components and systems of KWU's big PV/R
and BWR stations to the specific charac-
teristics and requirements of district
heating: small absolute power, low tem-
peratures and pressures and modest load

following demands. The evolved design
for a 200 MWt NHP, which can easily be
adapted to sizes between 100 and 500
MWt, has the following salient features

- an intermediate circuit between reac-
tor and heat distribution grid to keep
the latter free of radioactivity as
part of a fully integrated primary
system for compactness and reduced
requirements for engineered safeguards

- a full-pressure, low-volume contain-
ment for keeping the core covered with
water u'.der any accident condition,
with decay heat removed in natural
circulation in all circuits up to the
ultimate heat sink

- an extremely long fuel life signifi-
cantly reducing fuel handling and
storage requirements, thus resulting
in a very small reactor building

- a simple logic system for coping with
design basis accidents. Independent of
the initiating event, always only two
actions are required to bring the
plant into a safe shutdown condi-
tions: de-energizing the control rod
drives to have them drop into the core
by gravity and opening the valves to
the aircoolers to establish decay heat
removal in natural circulation.

182



4. Specific Design Details and System
Parameters

The reactor pressure vessel is de-
signed for an operating pressure of 15
bar. The core is located at its bottom
with 12 intermediate heat exchanger
bundles arranged on the periphery in the
upper part cf the vessel (Fig. 1". The
straight tube, cross flow heat exchan-
gers are equipped with relatively small
tubes in a tight triangular pitch to
gain compactness. Both diameter and
pitch have been selected within proven
technology for welding, inspection and
insite repair. The core is composed cf
45 fuel ducts that are about two core
heights in length extending into the
upper plenum. The lower rart of each
duct contains four BWR type fuel ele-
ments. The upper part serves both as a
chimney for natural circulation and as a
packing position for th« cruciform con-
trol blades.

Intermediate
circuit

Chimney

Spent
fuel rack

Core

Pressure
vessel

Biological
shield

Area for
fuel element
inspection
Heat
exchanger

Fig. 1 NHP Reactor System

The drive for the rods is hydraulic
with the pertaining cylinder/piston ar-
rangement incorporated iiuo the lower
part of the fuel cell. The fluid for the
drives is primary water extracted from
the vessel just below the heat exchan-
gers and pumped back to the individual
driver- via a set. of distribution valves
incorporated into the vessel flange.

The control rod drive proper con-
sists of a stationary hollow piston
fixed to the core grid plate and a mo-
vable inverted cylinder to which the
control blades are affixed. The inner
surface is equipped with a number of
defined constrictions over a part of its
length. The piston has constrictions
over its entire length. To hold a sta-
tionary position, the control rod drive
requires a certain mass flow. In order
to withdraw the control rod by one step,
additional flow is provided by actuating
the corresponding electromagnetic valve
over a predetermined short period of
time. By-passing the hold flow by tempo-
rarily opening the insertion valve
causes the control rod to move into the
core by one notch. Scram is accomplished
by simultaneously opening this electro-
magnetic valve over an extended period
of time and switching off the pumps.
With respect to a loss of offsite power,
scram is initiated by a fail safe mode.

Because of the low linear heat rate
of the fuel typical for natural circula-
tion cores, only two cores are needed
for the entire life cf a plant that
operates for '40 years at 5000 hrs per
year. The fuel elements of the spent
first core remain in the RPV They are
stored in racks around the fuel ducts of
the active core. Inspecting and, if
necessary, repairing fuel elements can
be done within the pressure vessel.

For self-pressurization and to en-
hance natural circulation the coolant is
allowed to boil. However, on account of
the low system pressure, nearly all heat
has to be removed in the liquid phase.
The core inlet temperature is thus
strongly subcooled which is very benefi-
cial from a safety point of view. The
entire primary system is tightly en-
closed by a cylindrical steel contain-
ment in order to keep the reactor co-
vered with water after all primary leaks
inside the containment. All penetration
pipings with primary coolant are equip-
ped with two isolation valves outside
the containment.
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1 Operating hall
2 Reactor protection system
3 Nuciearauxiiiary systems
4 Control desk
5 Access to controlled area
6 Switchgear and ventilation

systems

Fig. 2 NHP Building Section

The auxiliary systems which are
necessary for a safe and proper opera-
tion of the plant as f.i. the purifica-
tion, the off-gas and the radioactive
waste treatment systems are designed on
the basis of the experience with large
power reactors. However, for most of the
auxiliary systems the requirements for
the design can be reduced compared to
those for power reactors in accordance
with the specific features of this type
of reactor.

The building concept consists of
only one building complex. This complex
is subdivided into three parts which are
the reactor building embedded into the
ground, the reactor building hall from
which the reactor pressure vessel inter-
nals can be manipulated and a switchgear
and auxiliary systems tract (Fig. 2).
The embedded part of the reactor buil-
ding contains in essence the reactor
cooling system together with the inter-
mediate circuits and the heat exchangers
to the heating grid. Additionally, it
contains all auxiliary systems contai-
ning radioactivity and the systems and
components which are necessary for a
safe reactor shutdown and decay heat

removal, together with their electrical
power supply. The embedded part of the
building is a reinforced concrete struc-
ture and designed to cope with external
events. Some of the characteristic de-
sign data are presented in Table 4.

Pressure, bar
Thermal power, MW
Core mass flow, kg/s
Number of fuel elements
Fuel element type
Active core height, mm
Core subcooling, K
Average volumentric steam
content core outlet, %
Maximum heat flux, W/cm2

Maximum linear heat rate, W/cm
Average power density, kW/l
Average specific power, kW/kg
Number of control rods
Control rod type

15
200

1030
180

8x8 BWR
2350

40

26
67

260
20
10
45

BWR

Table U Selected Data of Thermohydrau-
lic and Nuclear Physics Design
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5. Safety and Licensing

On account of its application re-
lated characteristics the NHP has a high
degree of inherent safety, requiring
very few and simple measures for coping
with accidents. These measures comprise
in essence reactor shutdown and opening
of the valves in the decay heat removal
system to start natural circulation to
the air coolers (Fig. 3). Even with
assumed leaks in the primary system, a
sufficient water inventory is perma-
nently available for adequate decay heat
removal in natural circulation without
the need for having the lost coolant re-
plenished. The core, always staying
covered with water, never "sees" an
accident, so to speak, and clad tempera-
tures practically never exceed operating
temperatures.

Heating grid

' Intermediate circuit
(3 parallel loops)

Reactor building -
(protected against
external events)

Primary f -1
circuit

j-Reactorpressure
vessel

: - Reactor
I containment

signed for are earthquake, airplane
crash, explosion pressure wave and sabo-
tage .

Because of the small size oi' the
reactor, and due to the selected layout,
the system has an unusual large thermal
inertia, particularly since a large
fraction of the water inventory is high-"
ly subcooled. After a scram, the reactor
pressure always decreases. Two of the
three provided aircoolers are sufficient
for removing the decay heat.

This means that all design basis
accidents are controlled without the
need of operating the safety relief
valve of the primary system (Fig. 4).
The relief valve is primarily designed
for coping with low probability events
such as anticipated transients without
scram. Even in such cases the amount of
fluid lost has no detrimental effect on
adequate cooling of the core which in
such instances is made subcritical by
injecting a liquid absorber. The steam
blown off is condensed in an atmospheric
water tank.

For speedy licensing KWU intends to
have the NHP licensed in accordance with
rules and regulations established in
Germany for standard LWR's. Most rules
are directly applicable. In the very few
instances where this is not. possible the
intention of the rules can be met, how-
ever, on account of the specific cha-
racteristics of the NHP (e.g. no coolant
injection after a primary leak). I.t is
planned to license the NHP with as few
partial authorizations as possible. No
more than two such steps are considered
necessary. Detailed accident analyses
done at KWU have demonstrated the excel-
lent safety characteristics of the NHP.
In table 5 the radiological consequences
of some of the major events are listed
that have to be analyzed.

Fig. 3 NHP Flow Diagramm

The total number of events to be
considered for the safety analysis is
small compared to electricity generating
plants. In addition to the already men-
tioned primary leaks, events such as
uncontrolled motion of control rods,
partial or total loss of the main heat
sink have to be considered. To cope with
external events, in principle the same
measures are sufficient as described
before. Events which the plant is de-

Type of events

- Loss of power

- Control rod withdrawal

- Intermediate circuit leakage

- Primary circuit leakage

• Fuel handling accident

Radiological consequence
whole body dose In mrem

none

none

4 E - 1 / 5 E - 4 *

6 E - 1 / 1 E-5

7 E - 3 / 8 E - 3

* y-radiation: ground deposition/airborne

Table 5 NHP Accident Consequences

185



Pressure

Reactor operating pressure

10
1 min 10min 1/2h 1 h 5 h 10h 1 d

Fig. '4 NHP Response to Heat Removal Transients

The results indicated in this table show
a very low environmental exposure after
heating reactor accidents. In addition
to KVJU's own analyses, a safety assess-
ment by Gesellschaft für Reaktorsicher-
heit (GRS) in 1985 concluded that ]icen-
sability in the Federal Republic of
Germany can be expected.

6. Economics

Implementation of a first NHP re-
quires a 18 months planning phase fol-
lowed by JO months construction and
st'i-t up phase. irollow-on plant
i''Ui 1.1 at a much faster pace.

can

The NHP is an excellent example for .the
policy of charging industry with the
tnsk of furthering and expanding the
application of nuclear technology.

The NHP has been sufficiently de-
tailed for providing a reliable cost
estimate. Turnkey cost for a 200 MWt-
plant amount to 200 Mio DM (1985). Ta-
king fuel cycle cost of about 1 Dpf/kW'nt
and an annual usage of 5000 hours in
baseload, one arrives at generating
costs of about 40 DM/kWht during the
first year of operation. This figure
includes the cost for a relatively small
plant staff of about 25. Staffing can be
small on account of the simplicity of
the NHP, its moderate operating parame-
ters and its high degree of passive /
safety.

The above mentioned generating cost
is considered to be quite competitive,
particularly if a present worth compari-
son were done which tends to put the
fossil fuelled alternatives to a large
disadvantage when anticipating further
cost increases for such fuels.
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