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Abstract –The research committee on “Safety requirements for HTGR design” was 
established in 2013 under the Atomic Energy Society of Japan to develop the draft 
safety requirements for the design of commercial High Temperature Gas-cooled 
Reactors (HTGRs), which incorporate the HTGR safety features demonstrated using 
the High Temperature Engineering Test Reactor (HTTR), lessons learned from the 
accident of Fukushima Daiichi Nuclear Power Station and requirements for the 
integration of the hydrogen production plants. The safety design approach for the 
commercial HTGRs which is a basement of the safety requirements is determined 
prior to the development of the safety requirements. The safety design approaches 
for the commercial HTGRs are to confine the radioactive materials within the 
coated fuel particles not only during normal operation but also during accident 
conditions, and the integrity of the coated fuel particles and other requiring physical 
barriers are protected by the inherent and passive safety features. This paper 
describes the main topics of the research committee, the safety design approaches 
and the safety functions of the commercial HTGRs determined in the research 
committee. 

 
I. INTRODUCTION 

 
The safety of nuclear reactors is a prime concern 

worldwide following the accident at the TEPCO’s 
Fukushima Daiichi Nuclear Power Station. New 
Regulatory Requirements for Light Water Nuclear 
Power Plant was enforced in July 8, 2013 in Japan to 
include measures against beyond design basis 
accidents, to enhance design basis and strengthen 
protective measures against natural phenomena, etc. 
by the lessons learned from the Fukushima Daiichi 
accidents [1].  

The High Temperature Gas-cooled Reactor 
(HTGR) [2] is a helium cooled and graphite 
moderated reactor employing a ceramic coated fuel 
particle with high temperature capability, and has 
attractive safety features based on its inherent safety 
characteristics. The HTGR has received the attention 
in Japan after the Fukushima Daiichi accidents due 
to its inherent safety characteristics. The new 

Strategic Energy Plan of Japan issued in April 2014 
regards the HTGR as one of technologies for which 
research and development should be intensively 
conducted in order to implement measures related to 
energy supply and demand in a comprehensive and 
systematic manner in the long-term, and states that 
“facilitates R&D of nuclear technologies that serves 
the safety improvement of nuclear use, such as high-
temperature gas-cooled reactors which are expected 
to be utilized in various industries including 
hydrogen production and which has an inherent 
safety features” [3]. 

Japan Atomic Energy Agency (JAEA) has been 
developing the HTGR technology and the hydrogen 
production technology using the thermochemical 
water splitting Iodine Sulfur (IS) process, and is 
accumulating the valuable data on the HTGR safety 
features through the operation and the safety 
demonstration tests using High Temperature 
Engineering Test Reactor (HTTR) [4], Japanese first 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-81150 
 

 

HTGR type test reactor. The safety requirements for 
the design of HTTR were developed based on those 
of Light Water Reactor (LWR) by implementing new 
HTGR specific requirements and eliminating the 
LWR specific ones because the safety features of 
HTGR are different from those of other type of 
reactors. However, the safety features of HTGR 
were not fully incorporated into the safety 
requirements for the design of HTTR because there 
was no experience of the construction and operation 
of the HTGR type reactors in Japan at that time. The 
safety requirements for the design of the commercial 
HTGRs are expected to be developed fully taking 
into account of the safety features of HTGR, and 
authorized by the regulatory authority prior to the 
construction of a lead plant of the commercial 
HTGRs. 

The research committee on “Safety requirements 
for HTGR design” was established in 2013 under the 
Atomic Energy Society of Japan to develop the 
safety requirements for the design of commercial 
HTGRs, which incorporate the HTGR safety 
features demonstrated using the HTTR, and lessons 
learned from the Fukushima Daiichi accident. The 
high-temperature heat utilization such as a hydrogen 
production using HTGR is expected as a new 
application. Some safety concerns will be appeared 
to connect the heat utilization facilities such as a 
hydrogen production plant to the nuclear reactors [5]. 
The requirements to assure the reactor safety when 
the abnormal events occurs in the heat utilization 
facilities will be discussed and incorporated into the 
safety requirements for the commercial HTGRs 
design.  

This paper describes the overview of the research 
committee and first year’s outcomes to develop the 
safety requirements for the design of commercial 
HTGRs. 

 
II. SAFETY REQUIREMENTS FOR HTTR 

 
The safety requirements for the design of HTTR 

was developed based on “the review guideline for 
the safety design of commercial LWR in Japan” by 
implementing new HTGR specific requirements and 
eliminating the LWR specific ones.  The difference 
between the review guideline for the safety design of 
commercial LWR and the safety requirements for 
the HTTR design are summarized in Table 1.  

The requirements on the reactivity control 
system especially to maintain the structural integrity 
of the reactor coolant pressure boundary, reactor 
coolant supply system, emergency core cooling 
system and reactor containment heat removal system 
required for LWR are not applied to the safety 
requirements for the HTTR design. Note that the 
core cooling during the accidents is required for the 
HTTR, and it is considered in the requirements for 
the residual heat removal systems.  

New requirements for the secondary helium 
cooling system and the irradiation specimen and 
experimental equipment are added.  The latter is a 
specific requirement to use the HTTR as a test 
reactor. 

The safety requirements for the HTTR design is 
utilized for the development of the safety 
requirements for the commercial HTGRs design in 
the research committee as valuable information. 

 
Table 1: The difference of the safety requirements 
for the design of HTTR compared to that of LWR. 
Category Guidelines 

Not 
applied 

Reactivity control system (requirements to 
maintain the structural integrity of the reactor 
coolant pressure boundary) 
Reactor coolant supply system 
Emergency core cooling system 
Reactor containment heat removal system 

Revised 

Design 
consideration 
against 
environmental 
conditions 

Add the requirements for 
the structure and 
components that exposed 
to high temperature 
coolant 

Reactivity 
control system 

Consider the mitigation 
function for the control 
rod ejection 

Systems for 
controlling  
containment 
facility 
atmosphere 

Revise the term of 
“hydrogen or oxygen” to 
“combustible gas” taking 
into account of the 
generation of CO 

New 
clauses 

Secondary 
helium cooling 
system 

Consider the mitigation 
of the release of FP in the 
primary coolant in the 
case of rapture of heat 
transfer tube in IHX 

Irradiation 
specimen and 
experimental 
equipment 

Consider the 
implementation of 
irradiation tests, etc. as 
the test reactor 

 
III. THE RESEARCH COMMITTEE ON 

SAFETY REQUIREMNTS FOR HTGR DESIGN 
 

II.A. Overview of the Research Committee 
 
The research committee on “Safety requirements 

for HTGR design” was established in 2013 under the 
Atomic Energy Society of Japan by the proposal 
from the Research Association of High Temperature 
Gas Cooled Reactor Plant (RAHP), and is scheduled 
for two years to develop the draft of the safety 
requirements for the design of the commercial 
HTGRs. It consists of more than 20 committee 
members from universities, industries (e.g., the 
heavy industry company, the fuel manufacture, the 
graphite maker, the construction company, etc.) and 
research institutes. Their specialties are the HTGR 
related technologies, the LWR safety, the Fast 
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Breeder Reactor (FBR) safety, the heat application 
technologies, etc.  

 
II.B. Objective 

 
Figure 1 shows the category of the International 

Atomic Energy Agency (IAEA) Safety Standards. 
The objective of the research committee is to 
develop the draft of the specific safety requirements 
(SSR) for the design of commercial HTGRs 
analogous to the IAEA SSR for LWR design (IAEA 
SSR-2/1) [6] taking into account the HTGR safety 
features so as to provide the safety requirements and 
guide for designers and regulators, and to show the 
safety advantages of HTGR to the future HTGR 
users as well as nuclear experts in other fields.  

 
 

SF

GSRs

SSRs

GSGs

SSGs

General Safety Requirements

Specific Safety Requirements

General Safety Guides

Specific Safety Guides

Safety Fundamental

IAEA Safety Standards 

Target of the 
research committee

 
Fig. 1: IAEA Safety Standards. 

 
II.C. Reference Plant 

 
 The specifications of the reference plant for the 

safety requirements for the design of the commercial 
HTGRs are summarized in Table 2. It covers the 
prismatic type HTGR using Uranium or Plutonium 
fuel for the power generation by using helium gas 
turbine and steam turbine, and the heat application 
for hydrogen production, process steam, desalination, 
district heating etc. The reactor power level is 
ranged from about 50 MWt to 600 MWt. The reactor 
outlet temperature is ranged from about 750 oC to 
950 oC. The pebble bed type HTGR is not included 
in the target of this research commit because 
Japanese designs are only the prismatic core. 
However the developed safety requirements may be 
applied for both HTGR types (i.e., prismatic and 
pebble bed) because the developed safety 
requirements is a high level of functional 
requirements, and IAEA SSR-2/1 can be applied for 
both boiling and pressurized LWRs without any 
interpretations. 

 

Table 2: Reference plant. 
Items Specifications 

Reactor type  HTGR 
Core Prismatic 
Fuel Uranium, Plutonium 

Reactor power 50 – 600 MWt 
Reactor outlet 
temperature 

750 – 950 oC 

Utilizations 

Power generation; helium gas 
turbine, steam turbine. 
Heat application; hydrogen 
production, process steam, 
desalination, district heating etc. 

 
II.D. Process to Draft the Safety Requirements 

 
Figure 2 shows the overall process flow scheme 

to discuss and draft the safety requirements for the 
design of the commercial HTGRs. The safety 
objective and safety principle shall be the IAEA 
Fundamental Safety Principles [7]. IAEA SSR-2/1 
and its draft revision, DS462 [8], are used as a 
reference for drafting the safety requirements for the 
design of the commercial HTGRs (e.g., items of 
requirements, reactor-type neutral requirements, 
depth of documentation, etc.).  

The safety design approach for the commercial 
HTGRs which is a basement of the safety 
requirements is determined prior to draft the safety 
requirements. The safety requirements for the 
commercial HTGRs design will be developed 
utilizing the knowledge of the safety requirements 
for the HTTR design, the experimental data obtained 
by the safety demonstration test using HTTR, the 
safety design of the commercial HTGRs designed by 
JAEA (i.e., the GTHTR300 series [9, 10]), etc. 

The safety requirements for the reference system 
(i.e., HTGR for the power generation using uranium 
fuel) will be developed at first. Then the safety 
requirements for the heat utilization such as 
hydrogen production will be implemented into the 
safety requirements for the reference system. Finally 
the safety requirements for use of Plutonium fuel 
will be discussed. Some other topics described in the 
next section will be discussed through the course of 
the drafting the safety requirements. 

 
II.E. Main Topics 

 
The main topics to develop the safety 

requirements for the design of the commercial 
HTGRs in the research committee are as follows. 

  
(a)  Safety design approach 

The safety design approach for the commercial 
HTGRs will be determined taking into account the 
inherent and passive safety features of the HTGR so 
as to develop the safety requirements for the HTGR 
design without sticking to the safety design approach 
of the other type of the reactors.  



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-81150 
 

 

(b)  Mechanistic source term 
The mechanistic source term was not applied for 

the evaluation of fuel failure rate during the normal 
operation (i.e., initial condition of the accident) in 
the safety analysis of HTTR. The applicability of the 
mechanistic source term for the evaluation of fuel 
failure rate during the normal operation will be 
discussed based on the data obtained in the research 
and development (R&D) on the HTTR fuel and the 
HTTR operation. 

 
(c)  Safety requirements for barrier to retain 

radionuclides 
 The level of functional requirements for the 

containment system in the HTGR can be relaxed by 
applying the coated fuel particle which has high 
level of radionuclide containment performance. It 
means the low-leakage confinement can be applied 
for the HGTRs instead of the leak-tight containment 
vessel (CV), though CV is equipped for the HTTR 
as well as LWR. The safety requirements for the 
containment system will be determined. The safety 
requirements for the fuel will be also determined 
consistent with the safety requirements for the 
containment system.  

 
 
 
 
 
 

(d)  Safety requirements for design extension 
conditions  
The design extension conditions (DECs) must be 

considered in the design for the commercial HTGRs, 
though the safety against DECs is assured not by the 
design but by the accident managements in the 
existing LWR. The safety requirements for the 
design to assure the safety during not only the design 
basis accidents (DBAs) but also DECs will be 
determined.  

 
(e)  Safety requirements for HTGR coupling with 

hydrogen production plant 
The safety requirements for the coupling the 

heat application facilities (e.g., hydrogen production 
plant) with the nuclear facility will be determined so 
as to assure the nuclear reactor safety regardless of 
the application (i.e., electricity generation, hydrogen 
production, cogeneration, etc.).  

 
(f) Safety requirements for use of Pu fuel 

The innovative plutonium burner system based 
on the HTGR technology is proposed as a new 
application of HTGR to consume surplus plutonium 
accumulated in Japan effectively [11]. The safety 
requirements to use the plutonium as a fuel instead 
of uranium will be determined. 

The criteria to regulate the heat application 
facilities not by the nuclear regulatory but by the 
conventional industry regulatory will be discussed to 
promote the heat application using HTGR.  

 

Fig. 2: Overall process flow scheme to draft the safety requirements. 
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III. SAFETY DESIGN APPROACH 
 

III.A. Level of Safety 
 

The concept how to assure the safety in HTGR 
must be different from other type of reactor (e.g., 
LWR, FBR). The concept proposed by Lidsky [12] 
is referred to the level of safety to be the 
fundamental of the safety requirements for the 
design of the commercial HTGRs as follows; 

“No need for active systems in event of subsystem 
failure; immune to major structural failure and 
operator error”. 

It means that the safety (i.e., no core meltdown or 
no significant radionuclides release) shall be assured 
not by the active systems or operator actions but by 
the inherent and passive safety features even if 
major structural failure such as the rupture of the 
reactor coolant pressure boundary occurs. 

 
III.B. Approach for DEC 

 
 The safety against DECs shall be assured in the 
design of the commercial HTGRs. The safety design 
approach for DECs is as follows; 

• Plant event sequences that could result in 
significant radiation doses or radioactive 
releases must be practically eliminated, 

• Confinement function of coated fuel particles 
shall be ensured, 

• Safety functions shall be ensured based on the 
required level of safety. 

 The commercial HTGRs are designed not to lead 
the significant release of radionuclides. The most 
significant difference in the safety design approach 
compared with that of LWR is that the radionuclides 
are contained by fuel in the commercial HTGRs 
even for DECs, though the radionuclides are 
contained by CV in LWR. The coated fuel particle is 
designed to maintain its integrity against the 
postulated conditions for DECs so as to eliminate 
the significant release of radionuclides to the 
environment. The structures, systems and 
components (SSCs) related to the safety are 
designed to perform its safety functions to assure the 

conditions which postulated for the design of the 
coated fuel particles. The safety is assured by 
inherent and passive safety features. 

 
II.C. Approach for Barrier to Retain 

Radionuclides 
 
The safety design approach for the physical 

barriers to retain radionuclides during accidents is 
determined as follows. The multiple physical 
barriers to retain radionuclides are not synonym for 
the defense in depth, though they are closely related. 
The CV is not required if the coated fuel particle has 
enough performance to retain radionuclides during 
accidents (i.e., if the public dose satisfy the 
regulatory criteria).  

Two fundamental approaches for the physical 
barriers to retain radionuclides are proposed as 
shown in Fig. 3. The commercial HTGRs are 
indicating the HTGR which is expected to be 
deployed in the near future such as the GTHTR300 
series. The radionuclides are contained by the 
combination of the multiple barriers such as the 
coated fuel particle, the core graphite, the reactor 
coolant pressure boundary and the confinement. The 
future HTGR is indicating an ideal HTGR concept 
such as Naturally Safe HTGR [13]. The coated fuel 
particle is the only physical barrier to retain the 
radionuclides to satisfy the regulatory requirements 
for the public dose during the accidents in the safety 
analysis. 

 
II.D. Defense in Depth 

 
The concept of defense in depth shall be applied 

to the safety design of the commercial HTGRs to 
prevent the accidents and mitigate the consequences 
of the accidents as well as other type of reactors. The 
first level of defence to prevent deviations from the 
normal operation and the second level of defence to 
detect and control deviations must be applied as well 
as other type of reactors. The detailed application of 
the third and fourth levels of defence for the HTGR 
is under discussion (e.g., the associated plant 
condition categories, accident management, etc.).  

Functional containment

Coated fuel particle (CFP)

CFP

Core graphite

Reactor coolant pressure boundary

Confinement

Commercial HTGR Future HTGR

Fig. 3: Concept of physical barrier to retain radionuclides. 
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VI. SAFETY REQUIREMENTS DEVELOPMENT 
 

VI.A. Procedure 
 
Figure 4 shows the detailed process flow scheme 

to draft the safety requirements. The methodology 
for the development of the safety requirements is the 
objective provision tree method [14] which is a 
fundamental methodology to implement defence in 
depth and develop the safety requirements. The 
safety functions need to be maintained, challenges 
which have an impact on the intended performance 
of the safety function, and mechanisms whose 
consequences creates challenges to the performance 
of the safety functions will be identified. Then a list 
of provisions that should be implemented to prevent 
the mechanisms from the occurring and to prevent 
challenges to the safety functions will be derived 
based on the safety design approach. A proper set of 
provisions (not all provisions) are applied as the 
safety requirements.  

The requirements for fuel are derived based on 
the safety design approach. Then it is applied to the 
safety requirements taking into account the related 
provisions listed by the objective provision tree 
method.  

Safety Functions

Challenges 

Mechanism 

Provisions

Safety Requirements

(1) Level of Safety

(2) Approach for DEC

(3) Approach for barrier to 
retain radionuclides 

(4) Defense in Depth

Mechanistic Source Term

Requirements for Fuel

Safety Design Approach Objective‐provisions tree

 
Fig. 4: Process flow scheme to draft the safety 
requirements using objective provision tree method. 

 
VI.B. Requirements for Fuel 

 
For LWR (IAEA SSR-2/1), it is required that 

fuel elements and assemblies shall be designed to 
maintain their structural integrity, and to withstand 
satisfactorily the anticipated radiation levels and 
other conditions in the reactor core, in combination 
with all the processes of deterioration that could 
occur in operational states (i.e., normal operation 
and Anticipated Operational Occurrences (AOOs)). 

For HTGR, the coated fuel particle shall be 
designed to maintain their confinement performance 
of radionuclide not only in operational states but 
also accident conditions.  Fuel design limits shall 
include limits on the fuel integrity (e.g., the fuel 
failure rate) in each plant state, which is determined 
taking into account of the performance of other 
physical barriers and radionuclide transport 

mechanism from the fuel to the coolant through 
coating layers, so that the radionuclide releases are 
kept below the acceptable limits in each plant state. 

For the quality control for fuel manufacturing, 
the fuel design limits shall include limits such as the 
following parameters; 
• Maximum allowed coated fuel particle defect 

fraction from manufacture, 
• Maximum allowed heavy metal contamination rate 

outside the intact fuel particles due to manufacture. 
 

VI.C. Safety Functions 
 

Figure 5 shows the master logic diagram to 
develop the safety functions to ensure the control of 
the radiation exposure and the release of radioactive 
material in the design of nuclear plant. The control 
of the radiation exposure from reactor core, and the 
release of radioactive material depend on the reactor 
type, though the control of radioactive effluents and 
radioactive waste and the control of fuel handling 
and storage should be independent of the reactor 
type. The control of the radiation exposure from 
reactor core and the release of radioactive material 
are categorized as the control of the radiation 
exposure from reactor core and the control the 
release of radioactive material. The shielding against 
radiation, the control of the release of radioactive 
material from intact barriers, and the control of the 
release of radioactive material from failed barriers 
were selected as the safety functions 
deterministically. The safety functions to ensure the 
integrity of physical barriers were analyzed as 
follows.  

The safety functions are derived using a similar 
manner to the objective provision tree methods as 
shown in Fig. 6. At the top of the diagram is the 
physical barrier to retain the radionuclides, which 
are the coated fuel particle, the core graphite, the 
reactor coolant pressure boundary and the 
confinement in the commercial HTGRs design. The 
second one is challenges which are physical 
phenomena that degrade confinement function of 
physical barrier. The third one is mechanisms whose 
consequences create challenges. The provisions 
which are measures to prevent challenges are 
defined as the safety functions.  

The safety functions for each barrier are shown 
in Fig. 7 through Fig. 10. The safety functions of 
control of reactivity, heat removal from core and 
RPB, maintain core geometry and control stress are 
the same as those of LWR. On the other hand, the 
safety function of the control of chemical attack and 
the control of combustible gas, which are derived 
from the challenges of oxidation of the coating layer 
of coated fuel particle and core graphite, are 
determined as the HTGR specific ones.  
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【Safety objective】
Protect people and the environment from harmful effects of ionizing radiation

Control the release of 
radioactive material

Control of the radiation 
exposure from reactor core 

Control of fuel 
handling and storage

Control of radioactive 
effluents and 

radioactive waste

【Design of nuclear plants】
Control of the radiation exposure and the release of radioactive material

Control the radiation exposure from 
reactor core and the release of 

radioactive material

Shielding 

against radiation

< Normal operation>
Control the release of 

radioactive material from 
intact barriers

< All plant conditions>
Ensure the integrity of 

physical barriers

< Accident conditions>
Control the release of 
radioactive material 
from failure barriers

(see Fig.7 through Fig.10)

Safety functions

Control the release of 
radioactive material 
from intact barriers

Control the release of 
radioactive material 
from failure barriers

 
 

Fig. 5: Master logic diagram to develop the safety functions. 
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Fig. 6: Method to develop the safety functions. 
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Fig. 7: Safety functions to ensure the integrity of the coating layer of the coated fuel particle. 
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Fig. 8: Safety functions to ensure the integrity of the core graphite. 
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Fig. 9: Safety functions to ensure the integrity of the reactor coolant pressure boundary. 
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Fig. 10: Safety functions to ensure the integrity of the confinement. 
 
 



 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-81150 
 

 

V. CONCLUSION 
 
The HTGR has been received attention owing to 

its inherent safety characteristics following the 
Fukushima Daiichi accident. There are no authorized 
safety requirements and guidelines for the design of 
the commercial HTGRs. Therefore, the draft safety 
requirements for the design of the commercial 
HTGRs are being developed in the research 
committee on “Safety requirements for HTGR 
design” established under the Atomic Energy 
Society of Japan. 

The safety design approaches for the commercial 
HTGRs are to confine the radioactive materials 
within the coated fuel particles not only during 
normal operation but also during accident conditions, 
and the integrity of the coated fuel particles and 
other requiring physical barriers are protected by the 
inherent and passive safety features. The safety 
functions for the commercial HTGRs are derived 
using a similar manner to the objective provision 
tree method which is a fundamental methodology to 
implement defence in depth and develop the safety 
requirements.  

The safety requirements will be developed based 
on the safety design approach and the safety 
functions using the objective provision tree method. 
The draft safety requirements developed by the 
research committee will be discussed in an IAEA 
Coordinated Research Project (CRP) on HTGR 
Safety Design, which will be started from 2014. 
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