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1 Introduction

When can a reactor be considered as "safe"?

A reactor is considered as safe and is licensable in

the Federal Republic of Germany, if verification has

been furnished that the requirements contained in § 7

of the Federal German Atomic Energy Act are met for

this reactor:Demonstration of sufficient precautions

against damage required according to the actual state

of the art, and especially compliance with the dose

limits for normal operation and accidents.

These requirements result in a deterministic

multi-stage safety concept with specified requirements

for the engineered safety systems. It is claimed in

these requirements that the plant has to be designed so

as to withstand specified accidents. A difference is

made between plant-internal accidents and accidents

resulting from external impacts. In this concept it is

aimed at establishing a high tolerance of the plant

with regard to technical failure and human error. This

is preferably to be obtained by physical inherent

characteristics (such as e.g. self-shutdown of the
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reactor) and by automation ( 30 rain without operator

action).

This concept has been further developed by creating a

fourth level dealing with improved plant-internal

accident management (Table 1).

In recent years, however, proposals for enhanced safety

of nuclear reactors or a radical change in safety

philosophy have been made, e.g./I/. This is

characterized by the slogans:"inherently safe", "super

safe" and similar expressions. A quantitative

definition of these requirements has not yet been

established, but it has crystallized as a common

objective that even in the event of beyond-design basis

accidents evacuation, relocation, and large-scale

contamination of ground should not occur.

The defition of an"extraordinarily safe" reactor was

suggested in /2/ , a reactor which fulfils these

criteria can be more acceptable and suitable for

erection near urban centers, as serious consequences

outside the plant are ruled out even in the event of

accident sequences of an extremely low frequency of

occurrance. This results in a proposal of quantitative

requirements and procedures, respectively:

1. Observance of dose limits which are below the

recommended values for plant-external protective

actions (sheltering within buildings, evacuation,

long-term relocation, areal decontamination) i.e.

1(- 10) rem as a 7-days whole-body dose

10(- 100) rem as a 30-days whole-body dose.

The identification of the accident sequences should be

performed using PRA/PSA methodology in a range which

can be "seriously analysed", i.e. assuming < 10~8/a as

cut-off criterion. X
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2. Verification of low sensitivity to

deterministically assumed technical failure and human

error (including sabotage) and extreme external impacts

by means of hazard analysis.

This means an extention of the current multi-stage .

concept of safety precautions in nuclear power plants

with respect to low-frequency envents ( see Fig. 2).

The consequence of this concept is a reactor with

enhanced inherent safety characteristics, since

exclusive reliance upon active engineered safety

systems results in a restriction to lower safety

margins. The high-temperature reactor as developed in

the Federal Republic of Germany has the potential to

fulfil these more stringent safety requirements.

2. Safety of the THTR

Although the basic concept of the THTR-300 was designed

20 years ago when these extremely stringent

requirements were not yet in existance, this potential

has been demonstrated in practice for the THTR.

Comprehensive subsequent investigations have shown that

the THTR at least meets the short-term requirements of

these high safety objectives in practice. This was

verified by two official safety evaluations:

- Determination of radiation doses in the environment

of the THTR-300 resulting from a postulated core

heat-up accident (1984) as a basis of emergency

protection planning

- Safety verification of the THTR by the Reactor Safety

Committee (1988).

2.1 Emergency Protection Planning

Upon an order of the responsible State Minister the

radiation doses were calculated which would have to be

considered in the event of a hypothetical reactor

accident in the environment of the THTR-300. In the

same calculation the time intervals were determined

which would be available for taking countermeasures.

These two parameters have been used as a scientific

basis for the planning of appropriate emergency

measures /3/.

A spontaneous irreparable failure of the reactor core

cooling at full power operation was assumed as a

representative accident sequence. As a result of this

accident the reactor core temperature and the helium

pressure would slowly rise.In addition it was assumed

that the helium purification system which is normally

used to control the primary pressure is not available

and one of the safety valves in the connecting line

fails to close again after having opened eight hours

after the beginning of the accident. The overall effect

would be a discharge of coolant gas with unfiltered

release of radioactivity from the reactor through the

stack for about two days. The probability of occurrence

of such a scenario is extremely low.

After opening of the safety valve mainly noble gases

and iodine would be released in the beginning. Release

of cesium and strontium would start only more than

30,respectively 50 hours later. The overall amount of

hazardous fission products would be relatively low. The

radiation doses were pessimistically estimated for an

exposure time of 7 days: The whole-body dose remains

below 5 rem. The thyroid dose remains generally below

25 rem, if a prohibition of consumption is issued
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within 8 hours after the beginning of the accident,

(see Fig.3, recommended values of the hazard classes

for emergency protection are indicated for comparison.)

The doses determined by these calculations have to be

considered as a kind of upper limit which - with a high

probability - would by far not be reached in the event

of a real accident . In any case the accident seguence

leaves sufficient time for detecting and analysing the

accident situation, measuring the actual radiation and

initiating appropriate measures.

As the Federal Guidelines have been revised, the

emergency planning for the THTR-3000 will be reviewed.

For this purpose the cited study will be updated and

extended within the next two years.

2.2 safety Review by the Reactor Safety CoMissioiL

As a conseguence of the Chernobyl accident the safety

of all the nuclear power plants operating in the

Federal Republic of Germany has been reviewed including

their behaviour in the event of beyond-design basis

accidents. This analysis was performed by the Reactor

Safety Commission (RSK) and has been completed for the

THTR in 1988.

In the final evaluation of the RSK the HTR-specific

safety characteristics have been fully confirmed/4,5/.

A special safety potential is attributed to the

prestressed concrete reactor vessel and inherent

reactivity control. The verifications furnished for the

analysed accident sequences initiated by

- depressurization accident with air ingress

- reactivity accidents
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- steam generator tube rupture

- steam generator depressurization or

- activity confinement

have been satisfactory.

For a further enhancement of the plant safety some

minor hardware changes were recommended in order to

permit reali2ation of the following measures:

- Filtering of the inlet air for the control room

- Emergency feed of the liner cooling system by fire

extinguishing water

- Possibility of discharge of the primary gas into the

helium storage system

- Filtered discharge of primary gas through the stack.

In addition, a state-orientated procedure was

recommended for the way of handling accidents in the

Operating Manual

These backfits are , however, not a technical

prereguisite for safe plant operation. They do not

represent necessary supplements to the safety concept

but plant-internal measures to support the emergency

protection planning so as to further reduce the anyway

low residual risk also in the range of beyond-design

basis accidents.

3. Safety Contribution from the Avp

The AVR has proven convincingly in more than 20 years

of operation the feasibility, functional capability and

safety of HTRs with spherical fuel elements.In view of

its plant availability of almost 70 % averaged over the

years, it has also furnished the most important and

comprehensive contribution to the HTR-specific

operating experience which can also be used to confirm



the reliability parameters for components exposed to

primary gas. Further aspects which have been useful for

the safety evaluation are disturbances which entailed

unintended plant conditions. By far most of these

disturbances were of no safety relevance. The three

most important events of this type were:

- Unintended feed of air (1971)

- Refueling error (1974)

- Water ingress (1978).

Specific experiments which were performed in the AVR

have also been very useful for the safety evaluation

and demonstration of relevant safety characteristics.

Especially the safety concept of small modular HTRs is

mainly based on AVR experience./6/.

4. Hew Concepts

The HTR concepts currently under development are based

on this experience. Depending on the application and

si2e of the plant, different technical solutions are,

however, adopted to meet the safety objectives.

4.1 HTR-Modul

The HTR-Modul is a reactor unit designed with a rated

thermal output of 170 to 200 MW each, depending on its

application, a core power density of 3 MW/m3 and a gas

outlet temperature of 700 °C. Several units can be

combined to form a station of the desired plant size.

For the HTR-Modul proven technology has been applied on

the basis of the AVR reactor in Julich, the operation

of the THTR-300 and the construction and operation of

light-water reactors:
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The main design characteristics are as follows:

- The design of the reactor core ensures that in the

event of any potential accident the fuel element

temperature of 1620 °C is not exceeded.

- Active core cooling is not required for decay heat

removal in the event of accidents; it is sufficient to

let the decay heat dissipate by passive heat transfer

mechanisms (such as heat conduction, heat radiation,

natural convection) to a water-cooled surface cooler of

simple design, which is arranged outside the reactor

pressure vessel in the reactor cell.

- Shutdown of the reactor by absorber elements which

are gravity-released upon demand into bore holes in the

side reflector outside the reactor core.

In the HTR-Modul the core and the steam generator are

installed in separate steel pressure vessels in a

side-by-side arrangement connected by a coaxial steel

duct (Fig. 4). The high standard of quality assurance

developed for LWRs according to the principle of "basis

safety" has been transferred to HTR conditions and

applied to all units. Therefore, spontaneous rupture of

the pressure vessel units can be ruled out.

The concrete of the reactor cell is lined with a

water-cooled surface cooling system (3 x 100 %)

designed to absorb heat losses during normal operation

and decay heat transported from the inner core to the

reflector and further through the vessel wall. This

system is of no relevance to safety but only to the

protection of components, mainly to keep the maximum

temperatures of the pressure vessel at its bearings

within the design range of about 400 °C in case of



total loss of forced core cooling.

Even if this system should fail, the core temperatures

would stabilize inherently (maximum 1620 °C, almost

similar to the temperature conditions with the concrete

cooling system in operation); a loss of structural

integrity is practically not to be expected.

Accident control by means of inherent or passive safety

has been the guiding design principle for the

HTR-MODUL, essentially:

No active system is needed to remove the decay

heat from the (slim) core or to keep maximum

temperatures of fuel elements below failure limits

under all conceivable accident conditions.

Arrangement of the different pressure vessels of

the primary circuit to suppress natural convection

and to limit the amount of water potentially

ingressing into the reactor core.

- Core design ensuring reduction of positive

reactivity introduced by withdrawal of absorber

elements or by water ingress.

Thus it is ensured that no hazard to the environment

can arise from the HTR-MODUL power plant, neither

during normal operation nor in the event of accidents

or beyond-design basis accident sequences.

4.2 MR-BOO

The HTR-500 nuclear power plant, a 550 MW steam cycle

plant with a core power density of 6.6 MWth/m3 and 700

°C gas outlet temperature, has been developed as an

electricity generating plant offering the possibility

of process steam and district heat extraction.
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The HTK-500 is based to a large extent on the

technology licensed and realized in the THTR-300.

The reactor with its pebble bed core and the six-loop

primary circuit is integrated into a massive

prestressed concrete reactor vessel (PCRV) equipped

with a leak-tight insulated steel liner which is

water-cooled by the Liner Cooling System (LCS).

Two independent shutdown systems with simplified drive

mechanisms are provided - one with reflector rods for

control and hot shutdown, the other with in-core rods

for cold shutdown.

Nevertheless, the HTR-500 design will feature

significant improvements compared to the THTR-300, e.g.

it will be equipped with a two-loop independent

auxiliary system for decay heat removal making use of

natural convection under operating pressure. The

allowable failure times for the decay heat removal

system and the liner cooling system without impairing

the safety are estimated to be 5 and 24 hours,

respectively.

The HTR-500 plant concept has been modified in the

meantime compared to the former design stage (1983) in

view of a higher economics as well as an enhanced

safety engineering concept.

To obtain a further reduction of radiation exposure to

the public in case of malfunction of plant components

or in case of accidents, the pressure relief system of

the prestressed concrete pressure vessel was modified

so that the primary coolant exhausted from the safety

valve is directed into the helium storage facility

instead of the reactor building so that no



radioactivity is released.(see Fig.5). Only if the

helium storage facility is not available, an additional

safety valve opens into the relief line with metal

fiber aerosol filter and the helium content is

discharged directly from the primary circuit via the

stack to the atmosphere.

The ventilation system was backfitted with an accident

filter system (metal fiber filter and molecular sieve

bed). Thus in the event of a depressurization accident

with subsequent core heat-up, the residual primary

coolant ascaping from the primary circuit can be

discharged through that filter system via the stack.

This filter system does not need any active components

but makes use of the differential pressure between the

reactor building and the atmosphere.

For the HTR-500 core heat-up accidents resulting from

loss of forced convection in combination with

depressurization dominate the source terms. Privided

that the primary circuit is depressurized from the

beginning, a few percent of the fuel elements reach

temperatures (viz. 2500 °C) after about two days, which

cause total failure of the essential barriers against

release of fission products, i.e. of the coatings of

the particles in the fuel elements. But 50 % of the

fuel elements are exposed to uncritical temperatures

not higher than about 1600 °C.

per
The frequency of this event v.ith escape of

radioactivity to the atmosphere is less than 10

reactor year. The effluent radioactive medium is

filtered before it is released via the stack.

It has been proven by experiments in combination with

theoretical investigations that the prestressed

concrete reactor vessel of the HTR-b00 will not be

damaged by loss of forced convection to any degree that

could affect the accidental radiological consequences,

even if in addition the liner cooling system would not

be available. Conservation of the integrity of the PCRV

even in the event of conceivable beyond-design basis

accidents furnishes the essential basis for activity

confinement.

4.3 Source Terms

In case of the advanced HTGR concepts the source terms

of severe accidents are up to several orders of

magnitude lower than the values specified in /7 and 8/

for new light-water reactors. This can be seen from the

table below:

Release in Percent of Core Inventory
— 8 —7

Probability 10 to 10 per year.

Reactor Type

HTR-MODUL

HTR 500

LWR /7/8/

Sr

io~5 %

io"4 %

10"1 %

CS

10~3 %

lO"3 %

1 %

I,Br

10~4 %

io"3 %

1 %

Xe,

10

1

10

-4

+ 2 %

Sureaary

It can thus be summarized:

Clearly defined conditions can be stated for the new

requirements for an enhancid safety of nuclear power

plants.

The HTR has not only the potential to meet these
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requirements, but these requirements have already been

verified and confirmed in practice to a large extent in

the AVR and the THTR.

The new HTR plant concepts meet these requirements in

different ways:

.the HTR MODUL mainly by limitation of the

maximum fuel element temperatures

.the HTR-500 by making use of the high safety

potential of the prestressed concrete reactor

vessel.

6. W.Kroger, VDI Berichte 729, pp 255 - 270, ISBN

3-18-090729 - 0,1989.

7. J.E Speelmann, J.A.Heil and J.Hejn, "Severe Reactor

Accidents Reconsidered: The Source Term". ECN-PB-88-16.

8. Stuurgroep Project Herbezinning, "Summary of the

Nuclear Engergy Review Project, May 1988".

Thus the potential activity release for both reactor

concepts is about 2 - 3 orders of magnitude lower than

the values recently specified for LWRs, and this for

accident sequences with probabilities of occurrence of

10~7 to io"8/a.
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2. W. Kroger, Nuclear Engineering and Design 109 (1988)
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3. Fassbender et al., Jul - Spez-275,1984

4. Final Report on Results of Safety Review of NPP in
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Recommendation by the RSK, Nov. 1988

5. W.KrSger, H. Nickel, Safety/Licensing Reviews in the

Federal Republic of Germany with Emphasis on THTR-300

(accepted for publication in Nuclear Safety, Vol. 4,

1989)
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Do

Extended Multi-Stage Concept for Safety-
Precautions in Nuclear Power Plants

Design

Plant conditions Safety precautions

Level 1

Normal Operation

Level 2

Quality Assurance

Operational
disturbances

Level 3

Inherently safe response
Accident prevention

Design basis
accidents

Level 4

Plant Protection System
Safety equipment

risk reduction
(as supplement to
licensing procedure)

Beyond - design
basis accidents

(beyond
licensing
procedure)

in-plant accident management
(prevention of core damage,
protection of containment)

i"

Beyond — design
basis accidents

off- site
emergency planning

Fig. 1

Events (plant condition) / Event sequences

Frequency (mean, per reactor - year)Method to demonstrate
compliance
(superior)

Statistics
or verifiable
PSA

Description

• normal or to
be expected
for single plant

1 0 * -

• not to fte ex-
pected for single
plant, but prac-
tically not to
be excluded tor
savfrti plants

PSA-verifiable
contributors/
key events

'practically, not
entirely to be
excluded for
several plants

10 « -
PSA-
taxonomy,

> entirely to be
excluded but

rough estimates mechanisti-
cally plausible

Postulates, «not mechanistl-
worst-ease/ Cally plausible,
hazard ana- but Imaginable
lyses

3-10*

Operation +

Incidents

10'
Design basis

accidents

(KTA-UA-SF proposal)

Beyond-deslQn

basis accidents

(KFA-ISF I
proposal) a

10' 10°
30mrem/year
(§45)

I 101

Srem/event

(§28.3)

10*

Consequences (whole - body long-term dose, rem)

Requirement for 'Extraordinary Safe' Nuclear Power Reactors
of Next Generation (frequency-oriented dose limits)

Fig. 2
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F i g u r e 3a: Thyroid dose from inhalation of kxiine and tellurium

after release of activity in the event of a postulated
core heat-up accident of the THTR 300
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Figure 3b: Whole-body dose after activity release in the event

of a postulated core heat-up accident of the THTH
as a function of the distance. (Main contribution :
inhalation of Sr 90 ). ( ////// : plant site)
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A
~7Z2 OHRS - Decay heat removal system

HCS - Main cooling system
LCS - Liner cooling system
GPP - Gas purification plant
GS - Gas storage
RS - Relief system (PCRV)
VS - Ventilation system
RB - Reactor building

GS

Fig. 5 : HTR 500 Modified plant concept
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