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Abstract

Basic principles of SMR development are discussed and relevant design features of a 200
MW(th) heating reactor and of a 600 MW(e) BWR are presented.

1. Introduction

There are two major development tasks to be achieved which are the prerequisites of
the success of any development of Small and Medium sized Reactors (SMR). They are
low capital cost, and a high safety level. Both tasks are to be seen as equivalent in
importance yet both are different In the difficulty to be achieved. Since the safety level
of the plants is already high and a higher safety level is easier to achieve the smaller
the plant, the goal to achieve acceptable capital cost for a small plant is a much bigger
challenge. It is the aim of this paper to discuss some principles, how one can meet
these challenges. In addition the current status of the design studies is shortly
described.

2. Approach to low heat and/or electricity generating costs for small units

In order to reach competitive heat and/or electricity generating costs the most important
task is to concentrate as much as possible on the question how to reach low capital
costs. Fuel costs are of second importance only. In addition an approach how to
reduce the plant erection time and how to guarantee high reliability and availability of
the plant should be considered.

As we know from the scaling laws and as it is illustrated in Fig. 1 qualitatively, one
would move along the the upper branch of the capital cost curve without changing of
the concept of a plant [1]. With this strategy it is impossible to reach the cost target if
one considers smaller units. One only can break through this laws if one would look for
advantages which result from the fact that the individual design features of most
components and systems have technological discontinuities even though the basic
concept remains unchanged regardless of size and duty. For this phenomenon the
turbine is a simple example. At a certain size one switches from full speed to half speed
designs. The half speed design is physically larger and thus more cost expensive. At
the point of cross over, the specific cost of the half -speed design is higher than that of
ist full-speed counterpart. Only on account of the increase in output now possible the
specific cost can be lowered to a new minimum.

Another example is the use of passive systems or components which are much better
to achieve at low power and small sizes. Such behavior is displayed by many technical
components and systems. When designing a small nuclear plant, it is for precisely such
discontinuities that one must look to achieve a jump to a lower specific cost level. This
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FIG. 1. Specific cost as a Junction of size for a given point in time.

new lower level represents a technological solution that is only possible with the smaller
size or duty of the unit in question.
A second consideration would require the following: in attempting to cut costs, it is
better to eliminate certain components and systems altogether, even if those remaining
become larger, than to attempt to make everything a little less expensive. The marginal
cost increase associated with the remaining equipment is smaller than the savings
represented by what is eliminated.

As a third design rule we propose to use the experience gained with components,
materials and equipment as much as possible also if one designs new components.
This does not mean that one only should use existing designs, but one should carefully
decide whether one leaves proven designs and equipment especially such where
specific nuclear technology experience has be accumulated like fuel, fuel elements,
materials or design and safety principles. If one considers this, high availability of new
plant designs can be expected with the benefit to be able to contribute to the goal to
reach competitiveness in cost. In case that developing countries want to introduce
SMFTs which have not already gained this experience, they can participate of this
experience by cooperation and technology transfer with the corresponding companies
and institutions which have this experience.

For SMR plants, the components and equipment are expected to be physically smaller
compared to larger plants. Therefore the possibility of prefabrication of systems and
prearrangement can be considered in a larger extend compared to the big plants. This
could considerably reduce the erection cost of the entire plant.

In case that from a country like Germany SMFTs will be exported an appropriate portion
of national supply and services should be considered in order to be able to reduce the
cost. In such a case one should optimize the import and national portion together with
the cost for technology transfer.
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Another and very fundamental general design consideration becomes evident when
looking at the fuel cost component in the unit generating cost versus plant size
relationship like it is shown in Fig. 1. At small unit sizes, this part of the generating cost
is even less important than with a standard size nuclear power plant which is in contrast
to fossil fired stations. Nuclear fuel assemblies exhibit all the characteristics of high-
technology mass-produced goods. Their scaling relationship tends to be much flatter
than that for the custom-tailored plant proper. This fact should have for the designer the
consequence that one should not-try to minimize the fuel cycle cost as a single design
goal. One should rather look how one can reduce the capital cost even if this specific
design feature increases the fuel cost.

3. Approach to a high safety level

It is one of the basic requirements of SMR's that this kind of plants from the size of view
are fitted to specific applications which normally are also very closely situated to
densely populated areas. Therefore the necessity exists to increase the degree of
safety level for such kind of plants. This objective is also in line with the ongoing
development of large power reactors.
In case of SMR's there are two design features which can be introduced and which are
the easier to be achieved the smaller the plant is. One is to use large water volumes in
order to increase the grace periods in case of malfunctions. The other one is to use
passive systems and components The reason for this is the fact that natural circulation
which is one of the important phenomena that must come into force is much easier
achievable for smaller sizes and consequently smaller decay heat ratios. In line with the
longer grace periods and the higher water volume normally the core power density is
also reduced. This again enables longer reaction times in case of malfunctions and
consecutively simpler designs for the actuation of safety systems with very high
reliability to be expected.

4. Characteristic features and application potential of a nuclear heating reactor

Under consideration of the above described design principles the following design
features of a heating reactor with an power of 200 MWth were fixed (Fig. 2):

- the primary system is fully integrated for compactness and for greatly reducing the
requirements for engineering safeguards. Boiling is permitted for self-pressurization
and enhancement of natural circulation. Hydraulic driven control rods are
located inside the reactor pressure vessel (RPV)

- the reactor has an intermediate circuit to keep the distribution grid free of radioactivity

- natural circulation has been selected for the primary circuit and for those parts of the
secondary circuit which are needed for decay heat removal

- the reactor containment fits tightly around the RPV so that any postulated coolant
leak is limited in such a way that the core cannot become uncovered

- the primary system has a very high thermal heat capacity, eliminating most of the
usual engineered safeguard systems
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FIG. 2. Nuclear heating reactor: Primary circuit.

- the reactor requires only two cores for the entire lifetime of the plant. This reduces
significantly the requirements for fuel handling and storage, which in turn leads to a
very compact small reactor building

The main data are summarized in Table 1.

The application for which the concept was originally designed has been seen mainly in
district heating (Fig. 3). But there is also a potential to use it as a heat source for
desalination plants. For this puropose also rough analyses have been performed. A
flow scheme and different concepts for the design of a desalination plant [3] have been
analysed (Fig. 4) considering f. i. the multi stage flash process (MSF).

Outstanding safety features

The large water volume and the relatively wide subcooling margin result in a high heat
capacity of the primary system. Since the primary heat sink of the reactor is in the
immediate vicinity of the core, the heat transport mechanism, by means of natural
circulation, is maintained during all typs of events, including loss of coolant accidents
(LOCAs). The relatively small amount of decay heat can easily be transferred via the
intermediate circuit and aircoolers to the environment by natural circulation. The high
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TABLE 1. SELECTED DATA OF THE NHR THERMOHYDRAULIC AND
NUCLEAR PHYSICS DESIGN

Pressure
Thermal power
Core mass flow
Number of fuel assemblies
Active core height
Core subcooling
Average volumetric steam content at core outlet
Maximum linear power rate
Average power density
Average specific power
Number of control rods
Control rod type

(bar)
(MW)
(kg/s)

(mm)
(K)
(%)

(W/cm)
(kW/l)

(kW/kg)

15
200

1030
180

2350
40
26
75
20
10
45

BWR

Air cooler

Heat exchanger-—f
(twin bundles)

Heating grid

Intermediate circuit
(3 parallel loops)

Supplementary
condenser
(single circuit loop)

Reactor building
(protected against external events)

Pi—— Reactor containment
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FIG. 3. Nuclear heating reactor: Flow scheme.

fission product retention of the low-rated fuel, together with the low corrosion rates,
leads to low primary coolant radioactivity content.
For reactor shutdown two independent and diverse systems are installed. Each of the
systems is able to bring the reactor into a cold subcritical condition. The control rods
are used as the first and principal shutdown system. This hydraulically driven system is
fail safe in a way that after loss of electric power and postulated breaks in its piping
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FIG. 4. Seawater desalination with heating reactor (Q=200 MJ/s).

system, the rods will fall into the reactor core by gravity. A regular shutdown initiated by
the reactor protection system is performed by interrupting the electric power supply to
the running pump and by actuating the insertion valve. Each of these measures is in
itself sufficient to cause the rods to fall into the core. As a second shutdown capability,
a boron injection system is installed, which is designed to shut down the reactor after
anticipated transients without scram ATWS).
In case of applications for district heating, the main heat sink is normally available after
reactor shutdown. This is especially true for plant internal events, including LOCAs.
However, it does not apply to events leading to failure of the heat transport capacity of
the heating grid, such as loss of electric power or external events. For those cases in
which the main heat sink is not available, a separate decay heat removal system is
provided. As already described, this system is connected to the intermediate circuit and
works by means of natural circulation. During normal operation the system can operate
in bypass to the intermediate circuits in order to prevent freezing of the outside heat
exchangers. On demand, the system will start up after one of the two parallel valves
installed in each train is opened.

5. Development status of the NHR

The NHR concept was originally developed for the application in Germany in the first
half of the 80th. The status of development reached until the end of the decade can be
characterized as Basic Design quality for the essential components of the primary
circuit, the nuclear physics and thermohydraulic design and the safety analyses. For
the hydraulic control rod drive which is a complete new design a large test program was
performed. A drive of original size and material has performed about 500000 steps
under operating pressure and temperature and about 2000 scrams were sucessfully
performed. During these tests, ultrasonic position indicators have proven their function
,too. An expertise performed by T0V Bayern used the criteria given in the appropriate
nuclear standard (KTA 3103) had the result that no aspects were found, which indicate
malfunctions of the hydraulic control rod drive or a loss of the shutdown margin.
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Prefeasibility studies for some German cities have been performed which showed the
potential of econonic feasibility. But no order could be placed in Germany up to now
and cannot be expected within the next future.The reasons are as follows:

1. Within about 10 years from the first idea of a NHR all fossil fired power plants had
to implement expensive backfitting measures caused by new emission standards.
At the time when the decisions had to be made, the NHR was not at a design
status able to be discussed as a serious competitor.

2The German NHR development was also negatively affected by the slowdown of
the nuclear business in general. This made potential customers hesitate to engage
themselves in a new and controversary technology. This in particular because
many district heating facilities are owned by communal utilities which thus far
have very little, or no nuclear experience.and which are much more exposed
than private utilities to the split that runs through the big political parties on
the application of nuclear power in Germany.

In the framework of the German-Chinese cooperation in the field of nuclear technology
which was envisaged at that time, prefeasibility studies together with the Institute of
Nuclear Technology of the Tsinghua University in Beijing were performed. In 1991 a
feasibility study with different Czechoslovakian partners especially Skoda, Pilzen was
performed for an NHR application for the city of Pilzen. Up to now no final decision has
been made on this project.

6. Characteristic design features of a small boiling water reactor

In cooperation with the German utilities a boiling water reactor concept is under
development since the beginning of the 90th which mainly uses the principles outlined
above. Special emphasis is put on an improved safety concept, the function and
availability of which shall be assured by simple and unsensitive safety features. The
concept is based on the extensive range of experience which has been gained from
boiling water reactor (BWR) plants currently in service. It makes use of systems and
component designs which have proven their reliability in operation. Certain systems will
be simplified on the basis of proven operating experience. The new safety concept
which supplements the active safety systems implemented to date, is characterized by
the following four main accident control features:

1. A higher degree of safety is achieved through the introduction of passive systems for
accident prevention and control

- these systems function according to basic laws of physics, such as gravity and heat
transfer, without need of operator intervention or power supply.

2. Good plant behavior is ensured in the event of transients or accidents.
- this is achieved by means of a lower core power density, a large coolant inventory

in the RPV and additional water inventories stored inside and outside the
containment. Core cooling is thereby ensured for several days without any need
for external intervention

3. Accident control requires no active intervention
- in the event of an accident, the plant can be left to manage itself. Only after several
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days, external intervention in the form of simple actions becomes necessary. Human
error under accident conditions has no negative effect on plant behavior.

4. Compared to existing nuclear power plants, core melt probabilities are reduced even
further

- this is the result of combining the operation of active non-safety-related systems
and passive safety systems. Despite this high degree of safety, features for core
melt accident control are provided so that evacuation of the population within
the immediate vicinity of the plant would not be necessary.

in Fig. 5 a view of the primary circuit and the containment is depicted.Table 2 shows
some major plant data.[3]

Spent fuel poo<

FIG. 5. Containment with internal structures.
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TABLE 2. SWR 600 - MAJOR PLANT DATA

No. of fuel assemblies
Total uranium weight
Active core height
Average power density
Discharge burnup
Average enrichment
Coolant flow rate

Spent fuel storage capacity
Plant design life

wt. %
kg/s 8,000

Outstanding passive safety systems

As already mentioned before, the essential task for the development of the safety
concept of the BWR 600 is to be seen in the improvement of the plant's safety quality
via the introduction of additional passive systems which can take over safety functions
during transients and accidents.
Their systems engineering is in contrary to existing reactors much more simplified, their
function is independent of electricity supply and control by I&C systems. The
characteristic feature of these passive systems, is the use of laws of nature (f.i. gravity)
to fulfill their safety functions without use of any active component. One well-known
example is the flooding of a depressurized RPV from a water pool using only the static
head between the vessels.
The most frequent requirements for the need of flooding and decay heat removal result
from transients. After most of the LOCA's the decay heat is transferred via the leak into
the containment atmosphere. In order to avoid an uncovered core, measures must be
foreseen to inject water or flood the RPV. After most of the transients and other events
the following safety related functions have to be performed:

- shutdown of the reactor
- containment isolation
- RPV pressure limitation or depressurization
- decay heat removal from the RPV
- RPV flooding or water injection
- decay heat removal from the containment

The passive systems which can fullfil these functions are briefly described in the
following chapters (Fig. 6).
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FIG. 6. The passive safety system.
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Pressure pulse transmitter for switching operations

Safety related functions like reactor scram, RPV depressurization and containment
isolation are actuated by a passive device which needs no electricity supply and
instrumentation and control equipment. The function is described as follows: the reactor
is connected to a small heat exchanger via a pipe which cannot be shut-off. This heat
exchanger acts as a passive pulse transmitter. In case of normal water level within the
RPV the tube side of the heat exchanger is filled with water and consequently no heat
is transferred. If the water level within the RPV decreases and as a consequence also
within the heat exchanger tubes, steam will be condensed within the tubes. The heat
exchanged to the shell side leads to a pressure increase which acts via pilot valves on
the main valves in order to perform the required functions.

Emergency Condensers

One important passive component which esspecially can be used for control of
transients are to be seen in the four emergency condensers ( 4 x 63 MW at 70 bar)
which are located within the core flooding pool and which are connected to the RPV via
steam and condensate pipes which can not be shut off. The emergency circuit is
equipped with a so-called cold siphon which prevents circulation of condensate during
normal operation. As consequence of the drop of the water level, steam will condense
within the condenser and the condensate is discharged into the RPV again. The heat
transferred to the water within the flooding pool will increase its temperature slowly.
Even after more than 12 hours the water will reach the evaporation temperature and
consequently lead to a pressure increase within the containment.

Gravity - driven core flooding system

After LOCA's, steam and water/steam mixture is discharged into the containment. In
order to avoid uncovering of the reactor core, a passive core flooding is actuated. To be
able to initiate this type of flooding mechanism a depressurization of the the RPV has to
be initiated first. Afterwards a flooding of the RPV with water from the core flooding pool
via four pipes can take place. The water content of the flooding pool is about 5000m3.
After LOCA this inventory is sufficient to flood the RPV together with the pressure
compartment of the containment until an equilibrium level is reached which is above the
feedwater lines. This has the consequnce that potential locations of leakages will be
flooded and enables the potential of an outside cooling of the RPV, too.

Containment Cooling Condenser

Both after transients and LOCA's the potential of temperature and pressure increase in
the late phase exists. In order to limit the pressure and temperature increase specific
condensers are provided. The condensate will be discharged into the core flooding
pool. The heat sink of the condensers is the water inventory of the dryer-separator
storage pool located above the containment. These condensers close the circuit of a
passively actuated cooling system for decay heat removal within the containment. The
containment condensers enable a heat removal for about seven days without additional
water supply for the storage tank outside the containment. This can be performed if
necessary with relatively simple measures.
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As a result of the above described features and systems this kind of reactor concept
will reach stable conditions even after transients and LOCAs independent from the
availability of I&C systems and the supply of auxiliary power. Active systems which are
installed from operational reasons complete the passive sxstems for accident control.

Provisions to control Severe Accidents
In order to be able to mitigate and control the effects of Severe Accidents which are
postulated, different measures are provided. Hydrogen, which is produced from the
zirconia - water reaction within the RPV in this hypothetical case, can neither burn nor
deflagrate within the containment since it is inerted already during normal operation
with nitrogen. The design of the containment against the resulting pressure can cope
even with a hydrogen mass according to 100% zirconia water reaction and the resulting
pressure within the containment. A containment venting is not considered.
A hypothetical core melt is expected to be stabilized within the RPV by outside cooling.

7. Development Status

For this new reactor concept the conceptual design is finished and the Basic Design is
now under way. The development was started for a plant size of about 600 MWe;
according to the requirements of the customer (German utilities) the work will be
continued for a size of 1000 MWe. In addition it is turned from natural circulation within
the RPV to forced circulation with internal pumps. Nevertheless the basic concept will
be applicable for the smaller size, too. The Basic Design is considered to be finished at
the end of 1999. It includes also a safety report and a technical tender which is seen to
be the prerequisites for the decision on a project.
The cost analyses which have been performed during the conceptual work have shown
that caused by the simple arrangement and simultaneous reduction of the expenditure
for active systems a reduction of the capital costs of the plant can be achieved.
Together with an envisaged reduction of the erection time and the higher fuel utilization
in connection with a two years fuel cycle the electricity generation cost are expected to
be only marginally higher compared with a large 1300 MWe BWR. The economic
calculations have shown that such a medium sized plant is competitive with a large
plant.

8. Conclusion

There is a lot of positive experience available from more than 7000 accumulated
reactor years of operation with nuclear power plants. Using this experience and
considering the priciples which were explained, one can be confident to be able to
reach the goal to design and build economic and safe SMR's. The ongoing
development work shows encouraging results.
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