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Abstract 

Extensive studies on the rationale, the potential and the technology of nucli-ar 
district heating have been performed in Switierland. Beside economic* the safety 
aspects were of primary importance. Due to the high costs to transport heat the 
heating reactor tend to be small and therefore, minimally staffed and located close 
to population centers. Stringed safety rules are therefore applying. Gas cooled 
reactors are well suited as district heating reactors since they have due to their 
cnaracteristics several inherent features, signifant safety margins and a remarkable 
radioactivity retention potential. Some ways to mitigate the effects of water ingress 
and graphiu corrossion are under investigation. 

General background 
Extensive studies on rationales, potential and technology of district heating performed in 
Switzerland during the first half of this decade have shown that centralized heat supply is 
worthy of further development if substitution of fossil fuels and therefore environmental relief 
can be achieved at a competitive cost level. District heating presently covers actually only 
a small fraction of the heat market in Switzerland (approx. 3%) and is generated mainly in 
fossile fuel and refuse incineration plants. Depending on the scenarios considered, a potential 
share up to 30% of the heat market is predicted for district heating in the next dure decades. 

The postulate of fossil fuel substitution can be satisfied by nuclear district hearing. In a 
first approach the existing nuclear plants can feed district networks with heat produced in 
a cogeneration mode. Cogeneration is economically attractive, since only 12 to 20% of the 
heat generated corresponds to not produced electricity. The 50 MW REFUNA-network, which 
supplies 8 communities at the lower Aare valley with hot water from the Beznau NPP has 
clearly demonstrated the feasibility and economic competitiveness of nuclear district heating. 
The experience gained by REFUNA is reflected in two additional networks, TRANSWAAL 
(also fed by Beznau and almost reaching Zurich, 30 km SE) and FOLA (fed by ihe Gosgen 
NPP), which are both in the detail planning phase. 



Unfortunately, besides the restricted amount of heat, which could be theoretically extracted 
at economically interesting conditions from the 5 NI'P actually in operation in Switzerland 
another restriction results from the heat and friction losses in the nelwork, which can hardly 
be extended over distances longer that 30 to 40 kin. Due to historical and geographical 
reasons the major pan of the swiss population is living in small agglomerations, with less 
than 5000 inhabitants (fig. 1). This demographic situation in connection with the restricted 
length of a district hearing network led to the concept of small nets (consisting practically 
onlv of secondary distribution lines) fed by small nuclear reactors dei!' ited to produce heal 
at low temperatures. 

Figure 1: Repartition of the agglomerations in Switzerland 

Design objectives of small heating reactors 
The design objectives common to all small heating reactor concepts investigated in Switzer 
land had as primary function to assure that the development goals on safely, reliability and 
efficiency are met 11). These objectives resulted from following factors: 

• Demographic conditions as decisive factor of the heat demand in a certain region along 
with the goal to maximize the nuclear fraction of the heat market led to an optimal 
power level between 10 and 50 MW. 
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• Already existing district heating networks and the need to integrate them along with 
new ones determined the main thermodynamic characteristics of the new systems i e 
pressures and temperatures, 

• Economic considerations made necessary the minimization of both investment costs 
(mainly on the network side) and operation costs (mainly on the plant side I. The first 
led to a location of the plant as close as possible to the population center:,, the latter 
to the tendency to reduce personnel, with totally unmanned operation as the ultimate 
goal. 

Safety premises for small heating reactors 
In order to make the unmanned operation and the vicinity to population centers of such small 
dedicated heating reactors acceptable to the public, increased safety must be offered by their 
promoters and guaranteed by control of the authorities. The Swiss Regulatory Commission 
has therefore issued regulatory statements specific to smill heating reactors in form of a / 
collection of protection goals and design criteria [2], The most important of them, with direct 
impact on die chosen design solutions are cited below: 

• The plant should be designed in such a way, that a major release of radioactive sub
stances to the environment can be excluded. . 

• The reactor core must be sufficiendy cooled at any time for all events to be considered. I 

• The following dose rates for individual persons of the population should not be exceeded j 
during normal operation and for design base accidents: 

- Normal operation: 2 mrem/a 
- Events with frequency > 10"'/a: 2 mrem/jvent 
- Events with < 10~2/a frequency > 10~Va: 10 mrem/event 
- Events with frequency < 10"Va: 1 rem/event 

(These values are set one order of magnitude lower than limits usually considered 
for large NPPs). 

• The collective dose for operation and maintenance should not exceed 5 man-rem/a; the 
collective dose can be averaged over several years. 

• For all events to be considered 

- for water-cooled reactors, a core dry-out leading to fuel pin damage should be 
excluded. 

- for gas-cooled reactors, the fuel temperature should remain below the value above 
which a significant release of fission products can occur 

• The effects of failures on the reactor protection system should be mitigated by means of 
inherent properties of this system or automatic processes, i.e. without involving active 
components. 



• l;or all safety relevant events and failures of the reactor operation and of the safely 
systems the actions necessary to the protection of the reactor and the population should 
be minuted automatically. 

• All systems necessary for reactor shut down and heat removal during the first 100 hours 
after occurence of an event should be classified as systems essential for safety. They 
have to be designed against single failure and should accomplish their task, even if an 
additional active component (whose non-availability can not be identifi' d immediately 
or within one day during normal operation and repaired within one additional day) fails. 

• Systems essential for safety should possess following properties: 

- Automatic shut-down of the system should be prioritary over manual commands. 
- Active components, which need electric energy to accomplish their safety function, 

should remain operational even if case of failure of the external power supply. 
- After shut-down of the systems, the reactor shutdown and heal removal should be 

ensured by means of passive components and self-acting processes. 

• The reactor has to be provided with two independent, as diversified as possible shutdown 
systems. 

Design aspects of HTR-based heating reactors 
The desired high degree of inherent safety of dictrict heating reactors can be met in a high 
extent by gas cooled reactors. Their main beneficial features are the high heat capacity of the 
ceramic core structure as well as the high temperature r gins of the furl elements. 

The fuel elements consist of graphite spheres in which nuclear fuel in form of coated parti
cles is embedded. Due to their structure the fuel spheres are extremely stable even at high 
thermal ratings. Up to temperatures of 1600°C (significantly higher than normal operation 
temperatures) fission products are completely retained in the coated particles. The primary 
fission product barrier fails above 2000°C and the mechanical integrity of the fuel elements 
is maintained up to 3000°C . 

On the other hand the graphite present in the matrix and the coating of the fuel elements, in 
the moderator elements and in the core reflector represents a huge mass, which in connection 
with the high specific heat of graphite results in a considerable heat reservoir, thus allowing 
a large time interval for the reactor to find a new thermal balance between cooling capacity 
and heat production after a disturbance. 

In the safety analysis of a standard large UTR, water-ingress is of minor importance as its 
probability of occurence is very low and as other accident sequences (core heat-up, depres-
sunzation) are more probable. However due to the more stringent safety requirements for 
the gas-cooled district heating reactor (GHR) water-ingTess is a safety aspect one has to con
sider Water could penetrate into the core either after a leak of the heat-exchanger or the 
liner coo!me. or from the blower. When the core is hoi only small amounts of water can 

cnler it since it would evaporate and build up picssure 11|. During shut clown ami sianup 
however larger water quantities can enter the core. Waier in a hot con- can lead lo chemical 
reactions creating explosive gases. Water-ingress will also have an cited on ihe reactivny 
This reactivity effect will be further discussed in the following 

The addition of water into the core effects the reactivity simultaneously in three ways: 

• The addition of water creates a spectral shift by increasing the slowing-down of neutrons 
from high to low energies. This reduces the fast flux and increases the thermal flux. 
In other words ';ss neutrons are absorbed in fertile material and more neutrons arc 
absorbed in the thermal range and may thus lead to fission; the reduced absorption 
in the fertile material and the higher fission increases the reactivity. This positive 
reactivity due to water ingress is enhanced by a high conversion ratio and by a strongly 
undermoderated core [4). 

• The presence of water in the core reduces the neutron I ':age. This is also a positive 
contribution to reactivity and it is stronger the more undermoderated the system is. 

• On the other hand the addition of water leads to an increase of the parasitic neutron 
absorption. 

Figure 2 shows the influence of the addition of water on k„ (5). For small C/U-ratios (under-
moderated system) the positive reactivity effect due to spectral shift is larger than the negative 
constribution due to the increased thermal absorption, whereas for high C/U-ratios absorption 
effects are prevailing. Since the original design was based on a well undermoderated core, 
one is confronted with a positive reactivity contribution in case of water-ingress. This effect 
is reinforced by the high leakage of the small GHR-core. Figure 3 shows the total reactivity 
effect of water-ingress into the core. The calculations were based on typical HTR-500 fuel 
at room temperature with 10 gr of uranium per fuel element and an enrichement of 11% . 

In order to reduce the amount of reactivity added to the system in case of water-inirress one 
can increase the moderation ratio, i.e. increase il.c number of pure graphite sphetes in the 
core. A C/U-ratio of 1505 e.g. corresponds to a mixture of one fuel-element and three mod
erator elements: a ratio of five graphite spheres for each fuel sphere represents a QU ratio 
of 2258, which according to figure 2 does increase reactivity but insignificantly. However 
such a strong moderation ratio, which would lead to prohibitive core dimensions, is probably 
not required since power excursion after small reactivity insertions is limited by the large 
negative temperature coefficient of these reactors. 

These considerations have to be made in view of the limitation of a possible power excursion 
due to water ingress but also taking into account the implications on the core size, on the 
conversion ratio and on the amount of burnable poison. 
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Figure 2: Multiplication factor in function of moderation ratio 
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Figure 3: Reactivity effect of water ingress in function of the water content in the inter-sphere 
155 volume 

ll is therefore proposed that a clover look is ni.ule upon the accuracy of the calculalionul ineih 
*H1S lor the eriiicaliiy oi l.lill-HTK luel anil i is reactivity l>chaviour lor waler lOyress This can 
hesi IK' accomplished through an intcriuiiitiii.il ellurl |XH>hnt; the analytical and experimental 
knowledge ami all learning from the |Oinl work 

Status of (JCH-Development in Switzerland 

Over the last 15 years most of the activities of Swiss industrial firms and of the Paul Scherrcr 
Institute formerly the Swiss Federal Institute for Reactor Research (EIR) in the field of Gas 
Cooled Reactors have been linked to the German HTR Development Programme. It has been 
agreed by the German and Swiss partners to continue collaboration in the planning phase of the 
Project HTR-500. Support by the Swiss authorities for a considerable R&D contribution by the 
Swiss partners in the planning phase has already been granted. For the construction phase, 
substantial deliveries and services by Swiss industrial firms will be provided. 

In the past 2 to 3 years the activities of the Swiss partners have been restricted to preliminary 
studies and experiments in anticipation of the planning phase of the HTR-500. Work has been 
performed by industry on the following topics: 

Steam generators and auxiliary heat exchangers: Development of new designs and advanced 
methods for thermal and mechanical analysis; investigations in the field of material behaviour 
and surface protection. 

Prestressed concrete pressure vessels: Contributions to development and design calculations: 
tests on the behaviour of concrete at temperatures up to 120 oQ tests for the determination of 
anchoring characteristics and on the behaviour of the liner at singularities. 

Reactor core and ceramic components: Investigation of the dynamic behaviour of the pebble 
bed and of the side-reflector under seismic exitation; development of computer programs for 
the structural analysis of the core bottom-plate under normal and accidental conditions. 

The Paul Scherrer Institute (PSI), in addition to its other activities in directly supporting industrial 
firms, has performed significant work in the fields of high temperature materials and reactor 
theory. 

However, the PSI's most recent significant contribution was its initation of the nuclear feasibility 
studies for district heating. Together with industrial partners, three district heating reactor con
cepts were developed; together with government agencies these concepts w e t analysed in respect 

http://intcriuiiitiii.il


J5§ to their safety-aspects and their operational and economical characteristics. Among the two con 
cepts which were recommended for funhcr development is the gas-cooled district heating reactor 
concept (GHR) Us advantage is the desired high degree of inherent safety due to the Doppler 
coefficient, the large heat capacity and the structural integrity up to high temperatures. 
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Abstract 

The MHTGR is an advanced reactor concept being developed under a 
cooperative program involving the U.S. Government, the nuclear industry, and the 
utilities. The design utilizes the basic HTGR features of ceramic fuel, helium 
coolant, and a graphite moderator. However, the specific size and configuration 
are selected to utilize the inherent characteristics of these materials to 
develop passive safety features that provide a significantly higher margin of 
safety than current generation reactors. The design meets the U.S. 
Environmental Protection Agency's Protective Action Guidelines at the site 
boundary, hence precluding the need for sheltering or evacuation of the public 
during any licensing basis event. This safe behavior is not dependent upon 
operator action and is insensitive to operator error. 

The MHTGR Licensing Plan agreed to with the U.S. Nuclear Regulatory 
Commission (NRC) is discussed with particular attention to the framework of the 
preapplication review. The objective and scope of each key document prepared 
for the NRC review is presented. A surmary is provided of the safety response 
to events challenging the functions relied on to retain radionuclides within the 
coated fuel particles. The regulatory interaction process and results are 
discussed through the NRC staff, NRC contractor, and ACRS reviews. 


