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INTRODUCTION AND SUMMARY 

On the invitation of the Government of the USA the Technical Committee 
Meeting on Design Requirements, Operation and Maintenance of Gas-Cooled 
Reactors, was held in San Diego on September 21-23, 1988, in tandem with the 
GCRA Conference. Both meetings attracted a large contingent of foreign 
participants. Approximately 100 delegates from 18 different countries 
participated in the Technical Committee meeting, which was chaired by 
Mr. A. Millunzi from DOE-washington. 

The session on design requirements was most revealing in terms of 
displaying the increased international interest in the smaller, modular 
versions of the OTGR technology. In the industrialized countries, utilities 
and energy users consider the smaller systems as primarily another nuclear 
option that better matches future electrical generation load growth patterns 
as well as cogeneration and process heat applications. Papers delivered by 
representatives from the United states (U.S.) discussed design requirements 
for electricity generating plants and also for a cogeneration (electricity and 
desalination) plant. The papers from the Federal Republic of Germany (FRG) 
discussed electricity generation and process heat supply. 

Industrializing countries, on the other hand, foresee these small nuclear 
plants, with their simplicity and passive safety, as a compatible match to 
their grid sizes and their infrastructure capabilities. The electricity 
generation situation in the People's Republic of China was presented and was a 
good example of the potential application of these smaller reactors in 
countries which had these requirements. Financing a nuclear project was 
identified however as the greatest hurdle facing an industrializing country 
and innovative schemes in this area were a major topic of discussion. 
Mitigating the increasingly evident environmental impact of fossil fuel 
burning was a key factor for all countries and was the particular requirement 
emphasised in the presentation from Poland where the environmental impact of 
coal burning is very apparent. 

The operation and maintenance session contained several papers presenting 
the excellent inherent characteristics of gas-cooled reactors. Papers from 
France and Italy discussed the many years of successful operation of 
MAGNOX-type reactors in these countries. The papers from the U.S. on Fort St. 
Vrain and from the FRG on AVR and THTR discussed the nature of both good and 
bad experiences with these high temperature gas-cooled reactors, emphasizing 
that all experiences were very valuable if properly considered in future 
designs. Papers from several countires including Japan, Switzerland, Soviet 
Union as well as the U.S. and the FRG were then presented which displayed the 
various designs that are being developed. Papers covering safety, 
environmental aspects and storage and disposal of spent fuel for HTGRs were 
also presented and discussed in detail. 
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UTILITY/USER REQUIREMENTS FOR THE MODULAR 
HIGH TEMPERATURE GAS-COOLED REACTOR 

V S . BOYER. J.M. KENDALL. H.L. GOTSCHALL 
Gas-Cooled Reactor Associates, 
San Diego, California, 
United States of America 

Abstract 

This paper describes the approach used by Gas-Cooled 
Reactor A s s o c i a t e s (GCRA) in developing U t i l i t y / U s e r 
Requirements for the Nodular High Teaperature Gas-Cooled 
Reactor (NHTGR). As representatives of the Util ity/User 
industry , i t i s GCRA's goal that the MHTGR concept be 
e s t a b l i s h e d as an a t t r a c t i v e nuclear opt ion o f f er ing 
c o m p e t i t i v e economics and l i m i t e d ownership r i s k s . 
Commercially deployed NHTGR systems should then compete 
favorably in a mixed-fuel economy with options using foss i l , 
other nuclear and other non-fossil sources. 

To achieve th i s goal, the design of the MHTGR plant must 
address the problems experienced by the U.S. industrial 
infrastructure during deployment of the f irs t generation of 
nuclear plants. Indeed, i t i s GCRA's intent to u t i l i s e the 
characteristics of MHTGR technology for the development of a 
nuclear a l ternat ive that poses regulatory, f inancial and 
operat iona l demands on the Owner/Operator that are, in 
aggregate, comparable to those encountered with non-nuclear 
options. 

The dominant risks faced by U.S. Ut i l i t i e s with current 
nuclear plants derive from their operational complexity and 
the degree of regulatory involvement in virtually a l l aspects 
of u t i l i t y operations. The MHTGR approach of using ceramic 
fue l c o a t i n g s t o contain f i s s ion products provides the 
t e c h n i c a l b a s i s f o r s i m p l i f i c a t i o n of the p lant and 
s t a b i l i s a t i o n of l i c e n s i n g requirements and thus the 
o p p o r t u n i t y for reducing the r i s k s of nuclear plant 
ownership. 

The paper describes the rationale for the selection of key 
requirements for public safety, plant s ize and performance, 
operations and maintenance, investment protection, economics 
and s i t ing in the context of a risk management philosophy. It 
also describes the ongoing participation of the Utility/User 
in interpreting requirements, conducting program and design 
reviews and establishing priorit ies from the Owner/Operator 
perspect i ve. 

1. INTRODUCTION 
The t r a d i t i o n a l U t i l i t y / U s e r ' * role in supplying 

electricity includes generation planning and the procurement, 
licensing, operation, Maintenance and decommissioning of power 
plants. In conducting these functions, the Utility/User must 
cope with uncertainties in external factors such as load 
growth, interest rates and the regulatory climate, as well as 
internal demands on finances, management and staff. Nuclear 
generation has been particularly vulnerable due to i t s capital 
intensive nature and intense regulation. In recent yeara, the 
nuclear option has been foreclosed because of the business 
risks derived from these uncertainties. 

In February, 1984, the office of Technology Assessment 
(OTA) issued a report entitled "Nuclear Power in an Age of 
Uncertainty" (Reference l ) . The opening paragraph in the 
Overview and Findirgs section statesi 

Without significant changes in the technology, management 
and leve l of public acceptance, nuclear power in the 
United States i s unlikely to be expanded in this century 
beyond the r e a c t o r s a l r e a d y under c o n s t r u c t i o n , 
currently, nuclear power plants present too many financial 
r i sks as a result of uncertainties In e lectr ic demand 
growth, high capital costs, operating problems, increasing 
regulatory requirements, and growing public opposition. 
Gas Cooled Reactor Assoc ia te s (GCRA) i s a u t i l i t y 

organisation that has represented End-User interests in High 
Temperature Gas-Cooled Reactor (HTGR) development since 1*71. 
GCRA u t i l i t i e s recognised the inherent advantages which the 
helium gas-cooled reactor systems offer in resolving the 
problems ident i f ied above and have supported the further 
development of the HTGR. In the fal l of 1*11, Pacific Gas and 
Electr ic (PGtE) company sponsored an "Evaluation of Small 
Modular High Temperature Gas Cooled Reactors Applied to 
Electricity Generation" (Reference 2). This study presented 
the Modular High Teaperature Gas-cooled Reactor (MHTGR) 
concept to a l l U.S. u t i l i t i e s for the f i r s t time. The MNTCR 
approach of using ceramic fuel coatings and inherent system 
character i s t ics t o contain f ias ion products provides the 
technical basis for s impl i f icat ion of the plant and the 
o p p o r t u n i t y for reducing the r i s k s of nuclear plant 
ownersh ip . An outgrowth of the PGtE study was the 
philosophical framework for Utility/User Requirements for the 
MHTGR: Definition of a nuclear option offering investment 
r e t u r n s and r i s k management p o t e n t i a l on a par with 
fossil-fueled alternatives. 

In April of 19(4, the HTGR Program undertook a systematic 
assessment of mult iple HTGR options that resulted in a 
reference MHTGR plant design consist ing of four, 390 MWt 
reactor modules coupled to two turbine generators (see 



References 3 or 4 for a description of the design) . Today, 
the MhTGR concept is in the Preliminary Design Phase following 
extensive reviev of the conceptual design by the Nuclear 
Regulatory Commission (NRC). The design has been developed 
in response to Utility/User Requirements established by GCRA 
(Reference 5). 

2. THE RISK MANAGEMENT RATIONALE FOR KEY UTILITY/USER 
REQUIREMENTS FOR THE MHTGR 
GCRA•a Utility/User Requirements for the MHTGR are 

implemented as shown in Figure 1. This section describes the 
rational* for key requirements. 

A reality for the nuclear option is that it is the only 
energy supply alternative for which formally approved and 
periodically exercised plans for the rapid sheltering and 
evacuation of the public are legally required as a 
prerequisite to power operation (10CFR50.47). in addition, a 
complex framework of operating limits, system oparability 
limits, setpoints, etc. is imposed through the technical 
specifications as a condition for continued operation. It has 
been the industry's experience that the processes developed to 
assure the health and sefety of the public to the satisfaction 
of regulatory authorities represent a major source of 
uncertainty with regard to capital, operation and maintenance 
(04N) costs and, to plant availability throughout the life of 
the facility. 

A quantum step toward eliminating fundamental risk 
differentiations between the MHTGR nuclear option and other 
energy choices is embodied in the balance between Utility/User 
requirements for plant safety and economics. It is required 
that NRC and EPA criteria for protection of the public be mat 
at the plant Exclusion Area Boundary (EAB) of 425 meters 
without consideration of sheltering or evacuation. At the 
same time, it is required that the plant be competitive with 
comparably sized advanced coal plant alternatives. With this 
circumstance, the MHTGR goes a long way in offering the 
generation planner an even choice between nuclear and coal 
alternatives. The MHTGR is thus designed to meet the 
requirements of the risk management philosophy established by 
the GCRA utility organisation. 

The following discussion is presented in the framework of 
the utility's role in 1) generation planning, 2) procurement 
and licensing and 3) operation and maintenance. 

2 . 1 GENERATION PLANNING 

The generat ion planning function within u t i l i t i e s 
forecasts changes in demand for e lectr ic i ty and identifies 
generation options to meet those demands. On a broad scale, 



utilities within a generation region strive for a portfolio of 
supply options as a hedge against availability and/or price 
escalation in any one sector. In the past, a mixed-fuel 
economy consisting of fossil, nuclear and other energy sources 
was considered a rational objective. The practical choices 
consisted then, as now, of coal, nuclear, oil and gas with 
others (hydro, wind, solar, geothermal, etc.) representing 
viable options only under unique geographic circumstances. 

The major source of risk in generation planning is changes 
in the local and general economy which effect load growth and 
the cost of money. while this risk is *>y no means unique to 
the nuclear option, the capital intensive nature of nuclear 
plants results in comparatively greater financial exposure in 
the event of schedule extensions or delays. It follows that 
the larger the unit being delayed, the greater the financial 
exposure. The NHTGR addresses this concern as the reference 
plant produces a nominal electric output of 550 MNe, about 
one-half that of current LNR installations. The size evolved 
from GCRA surveys which showed the size range of highest 
interest for future capacity addition to be in the range of 
400-700 MNe and from participation in the evaluation of 
candidate NHTGR plant concepts. In addition, it is required 
that features be incorporated to facilitate incremental 
capacity additions associated with single or multiple reactor 
modules. Taken as a whole, these provisions result in smaller 
units with shorter deployment schedules and built-in decision 
points. 

A utility considering a nuclear plar.t must also consider 
the demands that would be placed on management and staff. The 
wide range between the best and worst current nuclear plant 
experiences can be attributed, in part, to the diversity among 
Owner/Operator organizations. The OTA report notes that this 
is not surprising since (Reference 1, p. 113): 

"Forty-three utilities operate 84 nuclear power plants, 
and IS additional utilities are in the process of 
constructing their first nuclear unit. Among these 
various organizations can be found a wide variety of 
management structures and philosophies, experience, 
commitment and skill." (Nuclear News, February, 1983) 

The same report goes on to note: 
"The diversity of the utility industry has not created 
major difficulties in managing non-nuclear generating 
plants. Many different organizational styles and 
structures have been used successfully to construct and 
operate fossil fuel stations and distributions systems." 

The utility desire for simplification in the design of the 
NHTGR resulted in a heavy reliance on passive equipment and 
inherent phenomena to meet the stringent requirements for 

public safety. The integrity of the coated fuel particle 
under all normal and emergency situations, togothor with the 
heat transfer characteristics of the graphite cove, enabled 
plant simplifications so that regulatory compliance is not 
dependent on operator action or the performance of AC-powered 

# systems. At the same time, the use of advanced automated 
control systems accompanied by actions of well trained 
operators assure protection of equipment investment as is 
accomplished in a non-nuclear plant. It is expected that 
these characteristics of the HHTGR will permit a substantial 
reduction in operational licensing requirements relative to 
current plants. The result is a more forgiving nuclear option 
that is less exacting and one that is more compatible in size, 
complexity and operational demands with existing utility 
practices, i.e., one that poses organizational demands more on 
a par with those of a fossil alternative. 

2.2 PLANT PROCUREMENT AND LICENSING 
Having made the decision to add nuclear capacity, 

Utility/Users must address procurement and licensing risks. 
The construction of the current generation of nuclear plants 
resulted in a great diversity of plant designs. While several 
larger utilities developed A-E capability in-hcuse, the usual 
situation involved the utility choosing between two reactor 
types supplied by four vendors and about twenty A-Es and/or 
constructors. In addition, many utilities incorporated design 
features in accordance with their individual preferences. 
These combinations resulted in wide differences in design and 
construction practices at a time when the regulatory process 
was still evolving. Except for the early turnkey plants, the 
procurement and licensing risks were borne solely by the 
Owner. 

Utility/User Requirements for the HHTGR address these 
issues by requiring NRC design certification of the Standard 
Nuclear Island. The Nuclear Island contains the reactor 
modules and the safety-related buildings and equipment that 
are subject to security surveillance. This approach requires 
that the Nuclear Island be physically separated from the 
Energy Conversion Area which includes the turbine generators 
and ancillary non-safety- related facilities. Furthermore, 
the reactor modules can accommodate a spectrum of turbine 
plant configuiations in addition to the reference 
configuration which consists of four reactors supplying steam 
to two turbine generators. The design of the Nut-l»ar Island 
and power conversion equipment of ths reference p\ant is 
expected to accommodate approximately 85% of potential 
domestic U.S. power plant sites. 

The intent of these design requirements is to minimize 
licensing risk through certification of a Standard Hucloar 
Island and to nurture the emergence of a vendor entity who 
would construct the Nuclear Island on a turnkey basis. 



Latitude is provided for the Owner to select and procure the 
Energy Conversion Area according to his capabilities and risk 
preferences. It remains the Owner's responsibility to license 
the facility and staff for operation. 

2.3 PLANT OPERATION AND MAINTENANCE 
Operation and Maintenance (OtN) costs for current 

generation nuclear plants are high and continuing to rise. 
Data obtained by GCRA indicate that staffing for nuclear 
plants is 4 or S times larger than that required to operate a 
aou*rn coal plant of comparable also. In addition, data from 
the institute of Nuclear Paver Operations (INPO) show that the 
equivalent availability of operating plants has hovered around 
61% for several years (Reference 6). These circumstances may 
be attributed to the complex and exacting nature of current 
plants, which leads to equally complicated and detailed 
operational licensing requirements and staff training demands 
and to the need for maintaining certain plant components. In 
the recent past, increased staff and extended outages were 
frequently needed for plants to be brought into compliance 
with regulatory imposed backfits. As noted earlier, there is 
a wide range between the best and worst performers. 

These risks are addressed by requirements that lead to 
simplification o; the plant and the use of equipment familiar 
to owners of fossil facilities wherever possible. There is 
less risk to the Utility/User if economic plant operation, 
maintenance and performance can be achieved from a design 
based on irdustry average expectations of staff and 
equipment. Accordingly, the KHTGR is required to deliver 80% 
equivalent availability* with maximum use of practices 
consistent with r.odera fossil-fired facilities and standard 
"off the shelf" components and materials. As noted in Section 
2.1, an outgrowth of the requirement on safety is a design 
insensitive to operator error and the performance of 
AC-powered equipment. These characteristics are expected to 
translate into dramatic simplifications of technical 
specifications and other operation?.! licensing requirements, 
and support a goal for a four module plant staff of less than 
200 personnel, exclusive of administrative, security, and 
clerical support. The intent of these requirements is to 
define a nuclear plant option that will yield an equivalent 
availability of 80% with staff size and training requirements 
close to those of a coal plant. 

•Equivalent Availability as defined for the MHTGR is the same 
as capacity factor for a plant whose output is not restricted 
by the power grid. 

Requirements for the MHTGR also address some concerns 
unique to nuclear facilities relative to plant life extension 
and component replaceability. With regard to plant life 
extension, longer plant life reduces the capital cost and 
decommissioning component of generation as well as delaying 
siting concerns for replacement capacity. While the Atomic 
Energy Act limits the operating license to a period not to 
exceed forty years, a number of nuclear plant owners are 
finding that many plant components will have a high residual 
value at the expiration of the initial operating license. 
MHTGR requirements specify designing for a forty-year service 
life (based on a conservatively projected duty cycle), with 
identification of and provisions for acquisition of data 
needed to support an application for renewal of the operating 
licensing prior to its expiration. As a further contingency, 
provisions are required for the removal and replacement of all 
components, including those within the primary coolant 
boundary. This approach minimizes initial investment in 
extended life components based on speculative data and 
material properties for the long-term duty cycle, and it 
provides a high likelihood that the service life of a well 
maintained and conservatively operated plant can be extended. 

An additional measure of investment protection during the 
operating life of the plant has been taken with a requirement 
to limit the frequency of exceedance of design limita 
associated with safety related equipment. This requirement 
recognizes the financial implications to the User industry of 
a challenge to the licensing basis of the Standard MHTGR. The 
intent is to provide margin relative to the safety analysis 
upon which the operating license is based and thereby minimize 
the risk of a regulatory shutdown of KHTGR plants. 

3. UTILITY/USER PARTICIPATION IN MHTGR DEVELOPMENT 
The preceding Sections describe the rationale for key 

Utility/User Requirements for the KHTGR. It should be noted 
that those discussed represent a subset selected from 
Reference 5 that have a aajor role in addressing utility 
industry issues. The process of requirements development is 
dynamic and requires an ongoing utility participation to 
assure appropriate interpretation and implementation. This 
process is best understood in the light of the nature and 
context of GCRA's role within the KHTGR Program. 

Historically, market forces controlled the introduction of 
new technologies, and the development costs were amortized 
over predicted sales of the product. In most cases, 
transactions occurred with sufficient frequency for the 
requirements of the buyer, seller and regulator to be sorted 
out in the give and take of the market so that a stable 
infrastructure for risk-sharing evolved over time. Because of 
the extended development time, costs and institutional 



commitments required for deployment, the trial and error ot 
the market place is not an efficient route for 
commercialization of a future nuclear option. 

Within the DOE funded MHTGR Program, vendor/supplier 
interests are represented through DOE design development 
contractors, while GCRA has primary responsibility for 
infusing the perspective of the Owner/operator. This 
arrangement fosters normal buyer/seller viewpoints within the 
Program while interactions with the NRC permit each to gauge 
the implications of an emerging regulatory environment on the 
future market. In doing so, the Program positions both buyer 
and seller interests to identify and address their risks as 
groundwork for a project initiative in response to market 
opportunities. 

The principal means used by GCRA to interact with the DOE 
Program are 1) the development of Utility/User Design 
Requirements. 2) design evaluations conducted by staff and 
utility representatives, and 3) the identification of utility 
priorities for annual and long term planning. Each of these 
activities is conducted with the intent of identifying and 
minimising risks to the End-User in the arecs of generation 
planning and plant procurement, licensing, operation, 
maintenance and decommissioning, i.e., the relevant areas of 
the traditional Utility/User's role in supplying electricity. 

An essential element to bringing the Owner/Operator 
perspective to the Program is the participation of experienced 
utility management and senior technical people in these 
activities. Major design decisions for the MHTGR plant are 
regularly reviewed with utility personnel, along with the 
results of competitive economic analyses and the status of NRC 
interactions. in addition, GCRA utility personnel frequently 
participate in meetings with the management of vendor/supplier 
companies and DOE to assess Program strategy and progress 
toward disposition of open areas. 

As the design of the MHTGR has progressed, more 
ccmprehensive utility technical assessments have been 
undertaken. At the completion of Conceptual Design, GCRA 
conducted a Utility Design Review (Reference 7). The panel 
was composed of senior technical representatives, and the 
review focused on operations and maintenance activities. This 
process lead to the recommendation that a continuing review of 
the design by utility representatives experienced in power 
plant operation and maintenance be established. A Utility 
Working Group was subsequently organized to deal with these 
and other issues related to operations and maintenance in an 
on-going basis. 

From these activities and from staff participation in 
Program design reviews, the GCRA staff develops a perspective 
on the interpretation and implementation of User requirements 
and other issues of principal importance to the Utility/User. 

A statement of the issue with a recommended approach for its 
disposition is cotrmunicated to the DOE Program in controlled 
documentation that is updated quarterly. In this way, an 
optimum design is developed which will assure safe, efficient 
operation at minimal cost while meeting ail regulatory 
requirements in an effective manner. 
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REQUIREMENTS FOR ELECTRICITY PRODUCING 
GAS-COOLED REACTORS IN THE 
FEDERAL REPUBLIC OF GERMANY 

D.K J. SCHWARZ 
Vereinigte Elektrizitatswerke Westfalen AG, 
Dortmund. Federal Republic of Germany 

Abstract 

The paper describes requirements to a high-temperature gas-cooled 
r « .-tor fron the view-point of a u t i l i t y in the Federal Republic of Germany 
The requirements presented in the paper address different areas including 
plant size* availabil ity* safety and economics. 

Only considered: The HTGR 

When speaking of future Gas-Cooled Reactors for the production of elec
tricity in th* Federal Republic of Germany, only High Temperature Gas-
Cooled Realtors (HTGR) are reflected. For this, there are two reasons: 

Firstly, our experience is restricted to HTGRs. This experience is good: 
The AVR, an experimental 15 MWe - HTGR at Julich, has produced elec
tricity sir.ee the end of 19/S7 with high availability, although it was also 
used for testing and training purposes. It has proven the feasibility of 
pebble bed HTGR, it has been operated at a medium gas outlet tempera
ture of 950 'C since 1974, it has shown that it can routinely be shut down 
with the negative temperature coefficient only, and has delivered many 
more practical results with respect to fuel, fission product transport, safe
ty properties and so on. 

The THTH 300. a prototype 300 MW -HTGR at Hamm-Uentrop (formerly 
Schmehausen), has sent its first power to the grid at the end of 1985. 

After an extensive testing period, partly prolonged through political irritj 

tions in the wake of Chernobyl, the plant started commercial operation in 

June 1987. There have been a few prototypical problems; most of tiicm 

have been resolved up to now and the rest will be resolved by the end of 

this year. We therefore expect that availability will rise from average to 

good. Cumulative power production until August 1988 has been 2,7 TWh. 

Besides experience, we think that the HTGR has some technical and eco
nomical advantage over other Gas-Cooled Reactors, which is our second 
reason for concentrating on the HTRG. Our opinion rests upon 

higher power density of medium siie HTRGs vs. modern AGRs, which 
leads to a smaller specific pcrv-volume despite the space consuming 
lay-out of steam generators with THTR and HTR soo 

simple core structure that also allows shorter construction time 

non-corrosive, equipment saving, though more expensive coolant 

less expense tor measures against coolant-induced vibration 

simple once through refueling with HTR 500, only three large pene
trations through the pevr for this purpose 

£ood fission product retention, also with rare transients, saving ad
ditional expense for the retention of radioactive matter 

good neutron economy, high burnup, simple fuel disposal, though 
higher specific cost of fresh fuel. 

In addition, we value the possibility to gasify coal and - in the long run -
split water with the assistance of HTGRs. 

Although we only look at the HTGR when speaking of Gas-Cooled Reac 

tots, our requirements are general in nature and could be applied to 

(nearly) every reactor type. 

It is obvious that any plant has to 

fit the purpose 
be safe and 
economical. 

http://sir.ee


Fitting the niicr>oscj_T*'- '.it.ht.'ize 

In the Federal Republic of Germany recently built single purpose, electri
city producing power plants have net capacitives between 750 MWe (coal) 
and 1250 MWe (nuclear). However, with slackening rise of power demand, 
power plants ot medium size male sense again from an economical point 
of view. We therefore investigate the HTR 500. an HTGR with a net ca
pacity of 550 MWe. 

If still more than 1000 MW should be needed at a time, we could also 
build a two reactor-one turbine plant, thus reducing expense on the balan
ce of plant and on auxiliary equipment. 

In addition, German utilities also investigate small HTGRs of 80 - 100 
MWe, mainly for dual purpose - electricity and process steam or district 
heating. For such purposes demand at one site is usually not big enough to 
justify larger sizes. Applications other than electricity will be discussed in 
the paper of Dr. Schad. 

Fitting the purpose: Availability 

We aim at an availability of 8000 h/a and require a minimum of 7000 h/a. 
These numbers apply approximately to the maximum and average availabi
lity of German LWRs. 

Availability is mainly a question of experience. With future HTGRs, we 
therefore would stick as closely as sensible to the concepts of the experi
mental, small AVR and the orototype, medium size THTR. 

Onload refueling, which is the normal mcdc with pebble bed HTGRs, would 
help to attain high availability. However, we have to take care that this 
advantage is not used up for other reasons. The plant should be de^igucu 
in a way that downtime for inspection and revision as well as for pro
blems with the balance of plant and control should be minimised. This 
implies: Components with little weir and fatigue, experimental proof that 
assumed damage because of undiscovered deterioration is of little conse
quence, codes that do not require inspections with little protective value, 

possibility to inspect during plant operation as well as high standards of 
quality also with the balance of plant and control. 

Safety 

Speaking now of safety, we dot not have an absolute yardstick. Our yard 
stick is the safety standard of recently licensed German LWRs which we 
think is perfectly satisfactory. So we are content, if the HTGR is at least 
as s f c as German LWRs. We concede that the excellent safety properties 
of HTGRs be used to cut down safety related expenses. The philosophy is 
that you can only capitalize on HTGR safety when you build an HTGR, 
and this you can only do, if its costs are not prohibitively high. 

Having proceded in this manner, we look at the result: Already for the 
prototype pebble bed HTGR, the THTR joo, we can release all the helium 
coolant above 1 bar 10 the stack, with 0.7 mSv population dose close to thai allowed 
for normal operation (0.3 mSv/a). Even in hypothetical cases — prolonged 
failure of all means of decay heat removal and failure of pressure relief 
into empty storage tanks - we would stay well below population dose li
mits that have been defined for the case of an accident (50 mSv). Thus, 
an evacuation would not be necessary even in such a case. Ncverthelass 
evacuation planning was carried through for a radius of 5 km (about 3 mi
les) for political reasons. The HTR 500 will be better than the THTR 300; 
so we expect to convince our politicians that we could do without evacua
tion planning. This holds even more for the HTGRs of 80 - 100 MWe. 

Personnel dose will also be satisfactorily low as has been demonstrated 
with THTR 300. There cumulative personnel dose amounted to 0.044 man 
Sv (4.4 man rem) in 1986 and to 0.103 man Sv in 1987, the larger value 
being due to a modification which resulted from the prototype character 
of the plant. This is one to two orders of magnitude smaller than with 
L W K S . 

High standards of safety, as a general rule, also implies a low risk to 
loose your capital investment. Here again, we want to be as good as new 
LWRs or even better. In this case, however, we have specified a .lumber: 
We require that the loss of investment risk be less than 10" /a. 



Economics^ 

As HTRGs can be built lor any purpose and to any required standard of 
safety, economics turn out to be the crucial question. Here we have to 
distinguish between economical risk and economic; as such. Economical 
risk is more important, as it could turn a small advantage into a large dis
advantage. 

One of the major economical risks stems from the licensing procedure. Es

pecially with THTR 300, this has led to vety large cost overruns. We have 
learnt our lesson from that and require that no safety question be left 
open before start of erection. We shall work at this in two steps: In a 
first step, we intend to clarify generic questions by letting one of our 
state governments review the main properties of the proposed plant with
out naming a site (S 7a procedure according to German Atomic Law); with 
the HTR module (80 MWe) this is already well under way in Lower Saxony. 
In a second step, we want to work out all the evidence necessary to get a 
one step license before erection. This, we think, would largely eliminate 
risks from the licensing procedure. 

Another economical risk is of technical nature. It appears when you do 
new things for the first time. This risk will be minimized by using proven 
technology of AVR and THTR as closely as commercially allowable. De
viations from that route would mainly consist of simplifications, of well 
proven alternatives and, in a few cases, of successful new developments. 

Turning now to economics as such, we require that HTGRs be competitive 
with other plants that fulfil the same purpose. In the case of single pur
pose, electricity producing plants, current must cost no more than that of 
large LWRs. Fringe benefits, however, would be taken into account. Such 
benefits would mainly result from the smaller unit size and would include: 

better fit to load growth, less surplus capacity at the brginning, less 

early financial commitments 

less reserve capacity for the case of disconnection of a producing 

unit 

less investment into the grid 

better management of the project, not so many partners that share a 

larger plant. 

In case a large plant is really wanted, large LWRs could be compared to 

two reactor-one turbine HTGRs as stated above. 

Another benefit could be higher availability because of onload refueling, 

which has also been discussed above. This, however, would only be taken 
into account after it had been proven. 

After all the kW-price of a medium size HTGR could be a little bit higher 

than that of a large LWR, but not very much. How could this possibly be 

achieved? 

One important point is that user requirements are sensible, i. e. not too 
stringent. I have already mentioned the safety philosophy which does not 
requite more from the HTGR than from the LWR. Also the operational 
requirements are not too ambitions: For the HTR 500 as the only possible 
single purpose, electricity producing competitor to large LWRs we have 
accepted: 

reduced access and repairability in areas with low stationary loads 
(reactor internals) 

replacement of steam generators only with special measures 

less than 40 year life time of high fatigue high temperature compo
nents outside the pressure vessel 

low excess reactivity which restricts minimum load to 50 %. 

Sensible user requirements have been combined with the following measu
res of the supplier: 



Economic! of scale through maximum extrapolation of THTH joo 
technology 

simplification, introduction of new and better proven technology, 
special developments in restricted areas (sec discussion of technical 
risk above) 

introduction of special decay heat removal loops, thus making it 
possible to scale down quality requirements in the main water-steam-
cycle. 

When looking at fuel cycle cost, we find that natural uranium and enrich
ment requirements pet kWh are similar to LWR values. At the time, fuel 
fabrication costs per kWh are higher with HTCRs because of the small 
quantity of fuel produced. As the pebble is a small fuel element, mass 
production will be possible already with a few HTGRs installed, and with 
mass production costs will come down. As to the fuel disposal costs, 
pebble bed HTCRs will have a clear advantage: The fuel will not be re
processed, because this does not pay. The pebbles will be put in cans after 
discharge, stored at the site for about 10 years, the gaps in the cans will 
perhaps be filled with sand, and then the cans will be sent to their final 
storage place underground- This is simple and cheap. 

Taking all points together, there is a chance - according to the manufac
turer a good chance - that HTGRs will meet the most difficult require
ment: Competitiveness. 

For small HTGRc (80 - 100 MWe) the commercial situation - starting with 
the possible competitors - is different. This will be discussed in the paper 
of Dr. Schad. 
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Abstract 

This paper d e s c r i b e s the approach used by Gas-Cooled 
Reactor Associates (GCRA) and tha Metropolitan Water District 
of Southern California (HMD) in developing Uti l i ty/User (U/U) 
Requirements for t h e Modular High Temperature Gas-Cooled 
Reactor (MHTGR) Desalination Plant. This i s a cogeneration 
plant that produces fresh water from seawater, and e l e c t r i 
c i ty . The U/U requirements for the reference MHTGR plant are 
used except for those changes necessary to: 

• prov ide low-grade heat t o a seawater desalination 
process, 

• enable s i t ing in a Southern California coastal area, 

• t a k e advantage of reduced weather extremes where 
substantial cost reductions are expected, and 

• use seawater cooling instead of a cooling tower. 

The result ing requirements and the differences from the 
r e f e r e n c e MHTGR requirements are d i scussed . The nuclear 
portion of the design i s e s sent ia l ly the same as that for the 
reference MHTGR design. The major differences occur in the 
turbine-generator and condenser, and for the most part, the 
d e s i g n parameters for the reference plant are found to be 
conservative for the desalination plant. The most important 
d i f f e r e n c e in requirements i s in the higher seismic l eve l s 
required for a Southern California s i t e , which requires re
as ses sment and possible modification of the design of some 
reference plant equipment for use in the desalination plant. 



I. INTRODUCTION 

T h e M e t r o p o l i t a n Water D i s t r i c t of S o u t h e r n C a l i f o r n i a 
(MWD) and t h e U.S. Department of Energy (OOE) are c o s p o n s o r i n g 
a s t u d y t o e v a l u a t e t h e t e c h n i c a l and economic f e a s i b i l i t y of 
a s e a w a t e r d e s a l i n a t i o n p l a n t u s i n g l o w - g r a d e h e a t p r o v i d e d in 
a c o g e n e r a t i o n a p p l i c a t i o n by a modular h igh t e m p e r a t u r e g a s -
c o o l e d r e a c t o r (MHTGR), and s i t e d in a S o u t h e r n C a l i f o r n i a 
c o a s t a l r e g i o n . Primary m o t i v a t i o n s f o r c o n s i d e r i n g t h e MHTGR 
f o r s u c h an a p p l i c a t i o n a r e t h e enhanced s a f e t y f e a t u r e s t h a t 
s h o u l d a c c o m m o d a t e p e r c e i v e d s i t i n g r e q u i r e m e n t s , e x p e c t e d 
economic g a i n s from improved e f f i c i e n c i e s of c o g e n e r a t i o n and 
t h e r e c o g n i t i o n t h a t f o s s i l f i r e d a l t e r n a t i v e s way w e l l be 
r e s t r i c t e d due t o growing e n v i r o n m e n t a l c o n c e r n s . 

Genera l Atomics (GA), t h e i n d u s t r i a l p i o n e e r of t h e h i g h 
t e m p e r a t u r e g a s - c o o l e d r e a c t o r (HTGR) in t h e Uni ted S t a t e s , i s 
t h e pr ime c o n t r a c t o r , wi th a s u b c o n t r a c t t o B e c h t e l N a t i o n a l 
I n c . (BNI) f o r e n g i n e e r i n g s u p p o r t . A l s o , t h e major d e s a l i 
n a t i o n s y s t e m and equipment v e n d o r s i n t h e U.S. and in o t h e r 
c o u n t r i e s a r e p r o v i d i n g in format ion t o s u p p o r t t h e s t u d y . 

G a s - C o o l e d R e a c t o r A s s o c i a t e s (GCRA), t h e u t i l i t y / u s e r 
o r g a n i z a t i o n s u p p o r t i n g t h e MHTGR in t h e U.S., i s c o n t r i b u t i n g 
t o t h e s t u d y t h r o u g h s t a f f r e s o u r c e s . In c o o p e r a t i o n wi th 
MUD, GCRA i s p r o v i d i n g u t i l i t y / u s e r r e q u i r e m e n t s f o r t h e MHTGR 
D e s a l i n a t i o n P l a n t . 

2 . OVERALL APPROACH 

The fundamenta l g o a l of t h e MHTGR D e s a l i n a t i o n P l a n t S t u d y 
i s t o e v a l u a t e t h e t e c h n i c a l and economic v i a b i l i t y of u s i n g 
an MHTGR t o p r o d u c e s i g n i f i c a n t q u a n t i t i e s of d e s a l t e d w a t e r 
and c o g e n e r a t e d e l e c t r i c a l power in a s a f e , e c o n o m i c a l and 
e n v i r o n m e n t a l l y b e n e f i c i a l manner. To a c c o m p l i s h t h i s , t h e 
n u c l e a r and e n e r g y c o n v e r s i o n p o r t i o n s of t h e p l a n t would b e 
b a s e d on t h e R e f e r e n c e MHTGR Power P lant d e s i g n . The u t i l i 
t y / u s e r r e q u i r e m e n t s f o r t h a t R e f e r e n c e P l a n t (Ref. 1) a re t h e 
s u b j e c t o f an e a r l i e r p a p e r (Ref. 2) a t t h i s m e e t i n g . The 
d e s i g n of R e f e r e n c e P lant equipment would not b e changed f o r 
t h e D e s a l i n a t i o n P l a n t e x c e p t a s n e c e s s a r y t o : 

• p r o v i d e low-grade heat t o a seawater d e s a l i n a t i o n 
process , 

• enable s i t ing in a Southern California coastal area 

• t a k e a d v a n t a g e of reduced weather extremes where 
substantial cost reductions are expected, and 

• u s e s e a w a t e r c o o l i n g i n s t e a d of a c o o l i n g t o w e r . 

Throughout t h i s paper , numerica l v a l u e s t h a t a re e n c l o s e d 
in b r a c k e t s are t o be v e r i f i e d by t r a d e s t u d i e s . 

3 . PLANT CONFIGURATION 

The MHTGR D e s a l i n a t i o n P l a n t would be compr i sed of a 
s e p a r a t e Nuc lear I s l a n d (NI), an Energy C o n v e r s i o n Area (ECA) 
and a Water Product ion Plant (WPP). 

The NI would c o n t a i n four r e a c t o r modules and a l l common 
s u p p o r t equipment , s t r u c t u r e s and f a c i l i t i e s r e q u i r e d t o s e r 
v i c e t h e r e a c t o r modules , produce steam f o r u s e in t h e ECA and 
WPP, and t o accompl i sh a l l n u c l e a r s a f e t y - r e l a t e d f u n c t i o n s . 

The ECA would be comprised of two t u r b i n e g e n e r a t o r s and 
a l l o t h e r e q u i p m e n t , s t r u c t u r e s and f a c i l i t i e s r e q u i r e d t o 
c o n v e r t t h e e n e r g y in a p o r t i o n of t h e s team d e l i v e r e d from 
t h e NI i n t o e l e c t r i c a l e n e r g y . I t would a l s o c o n t a i n common 
a d m i n i s t r a t i v e and o t h e r f a c i l i t i e s t o s e r v i c e and maintain 
t h e b a l a n c e of t h e p l a n t . 

T h e WPP w o u l d e n c o m p a s s a l l e q u i p m e n t , s e r v i c e s and 
s t r u c t u r e s r e q u i r e d t o p r o c e s s raw s e a w a t e r , u s i n q h e a t 
d e l i v e r e d from t h e ECA, and would d e l i v e r f r e s h water a t t h e 
s i t e boundary . The s e a w a t e r i n t a k e and r e t u r n a r e i n c l u d e d in 
t n e WPP s c o p e . 

I t i s b e l i e v e d t h a t t h e method of s e p a r a t i o n of t h e NI 
would e n a b l e t h e ECA and WPP t o be d e s i g n e d , f a b r i c a t e d and 
c o n s t r u c t e d t o c o n v e n t i o n a l , i n d u s t r i a l s t a n d a r d s . The ECA 
and WPP would b e e i t h e r i n t e g r a t e d or s e p a r a t e d a s d i c t a t e d by 
t e c h n i c a l , e c o n o m i c and p o t e n t i a l i n s t i t u t i o n a l c o n s i d e r a 
t i o n s . 

The d e s a l i n a t i o n p l a n t d e s i g n s h o u l d a l low s i m u l t a n e o u s , 
o v e r l a p p i n g or s e q u e n t i a l l y t i m e - p h a s e d c o n s t r u c t i o n of t h e 
r e a c t o r m o d u l e s , t u r b i n e g e n e r a t o r s e t s , and d e s a l i n a t i o n 
u n i t s t o e n a b l e s e l e c t i o n of t h e most e c o n o m i c a l l y optimum 
t i m e s f o r dep loyment of t h e t r a i n s in t h e f i r s t o r any s u b 
s e q u e n t p l a n t . 

4. PLANT PERFORMANCE 

The D e s a l i n a t i o n P l a n t would be d e s i g n e d f o r b a s e - l o a d 
( c o n s t a n t output ) o p e r a t i o n s o v e r i t s d e s i g n l i f e . The p l a n t 
would p r o d u c e a nominal n e t d e s a l t e d w a t e r o u t p u t of about 
[107] m i l l i o n g a l l o n s p e r duy (MGD), or 95 ,000 a c r e - f e e t p e r 
y e a r (AFY), b e f o r e p o t e n t i a l b l e n d i n g , f o r d e l i v e r y t o t h e 
w a t e r u t i l i t y , and a nominal n e t e l e c t r i c a l o u t p u t of about 
[460] megawat t s (MW) f o r d e l i v e r y t o t h e e l e c t r i c a l g r i d . 

The p l a n t would be d e s i g n e d f o r an o p e r a t i n g l i f e of 40 
y e a r s from s t a r t of o p e r a t i o n , and t h e d e s i g n would e n a b l e 
r e p l a c e m e n t of a l l o p e r a t i n g components . 



5. AVAILABILITY 

The d e s i g n e q u i v a l e n t a v a i l a b i l i t y f o r t h e MKTCR D e s a l i 
n a t i o n P l a n t , a v e r a g e d o v e r t h e l i f e t i m e of t h e p l a n t , would 
be r e q u i r e d t o b e at l e a s t 80 p e r c e n t , w i th t h a t p o r t i o n of 
t h e u n a v a i l a b i l i t y due t o s c h e d u l e d o u t a g e s b e i n g no more t h a n 
10 p e r c e n t (same a s c a p a c i t y f a c t o r when p l a n t o u t p u t i s not 
r e s t r i c t e d b y t h e p o w e r g r i d a n d / o r w a t e r d i s t r i b u t i o n 
s y s t e m ) . 

In a d d i t i o n , UNO p r e f e r s a modi f ied f u e l c y c l e t o accom
modate a l l p l a n n e d o u t a g e s b e i n g s c h e d u l e d f o r t h e months of 
N o v e m b e r t h r o u g h March, when water and power demands a re 
l o w e s t . 

I n o r d e r t o mainta in w a t e r a n d / o r e l e c t r i c a l power p r o 
d u c t i o n a t t h e h i g h e s t p r a c t i c a l l e v e l s in s p i t e of e i t h e r 
p lanned o r unplanned o u t a g e s , c o n s i d e r a t i o n s h o u l d b e g i v e n t o 
f e a t u r e s s u c h a s : 

• p r o v i d i n g h e a t i n p u t t o t h e d e s a l i n a t i o n s y s t e m when 
t h e a s s o c i a t e d t u r b i n e g e n e r a t o r i s o u t of s e r v i c e , and 

• t h e u s e of m u l t i p l e , i n d e p e n d e n t d e s a l i n a t i o n modules . 

6. OPERATION 

The p l a n t would normal ly b e o p e r a t e d from a s i n g l e c o n t r o l 
room e x c e p t d u r i n g p o s t u l a t e d e v e n t s t h a t would r e n d e r t h e 
c o n t r o l room u n i n h a b i t a b l e o r t h e c o n t r o l s i n o p e r a b l e . The 
c o n t r o l room would i n c o r p o r a t e f e a t u r e s n e c e s s a r y t o f a c i l i 
t a t e s t a r t u p , shutdown, m o n i t o r i n g and c o n t r o l o f t h e n u c l e a r 
r e a c t o r and o f a l l a s s o c i a t e d s y s t e m s of t h e CCA a n d / o r WPP 
which a f f e c t t h e o p e r a t i o n of t h e r e a c t o r . P r o v i s i o n s would 
b e made f o r shutdown by t h e o p e r a t o r of major s y s t e m s and 
c o m p o n e n t s t o l i m i t i n v e s t m e n t r i s k and p r o v i d e p e r s o n n e l 
p r o t e c t i o n . H o w e v e r , a l l n u c l e a r s a f e t y - r e l a t e d c o n t r o l s 
would b e a u t o m a t i c , and no a c t i o n s would b e r e q u i r e d of t h e 
o p e r a t o r ( s ) in r e s p o n s e t o any n u c l e a r a c c i d e n t c o n d i t i o n . 

The N u c l e a r I s l a n d d e s i g n would p r e v e n t p o s t u l a t e d f a i l u r e 
of any equ ipment or component(s) in t h e ECA a n d / o r WPP from 
i n i t i a t i n g f a i l u r e o f any n u c l e a r s a f e t y - r e l a t e d equ ipment , 
component(s ) or s t r u c t u r e ( s ) . 

The d e s i g n would a l low an i n d i v i d u a l r e a c t o r module t o be 
removed from s e r v i c e , t o be mainta ined , i n s p e c t e d a n d / o r r e 
f u e l e d , and r e t u r n e d t o s e r v i c e wi th a l l o t h e r p l a n t e l e m e n t s 
remain ing in s e r v i c e . 

T h e t o t a l d i s s o l v e d s o l i d s (TDS) in t h e d e s a l t e d w a t e r 
d e l i v e r e d t o t h e water d i s t r i b u t i o n s y s t e m would not e x c e e d 

IS 100 p a r t s p e r m i l l i o n (ppm) b e f o r e b l e n d i n g . 

7 . SITE AND EXTERNAL INTERFACES 

S i t e i n t e r f a c e c h a r a c t e r i s t i c s would have a s i g n i f i c a n t 
i n f l u e n c e on t h e d e s i g n , e c o n o m i c s , and s a f e t y ot a MHTGR 
D e s a l i n a t i o n P l a n t . A l t h o u g h t h e p r e s e n t s t u d y w i l l not 
i n v e s t i g a t e s p e c i f i c s i t e s , t h e s c o p e of t h e s t u d y d o e s 
i n c l u d e t h e e s t a b l i s h m e n t of a s e t of g e n e r i c s i t e c h a r a c 
t e r i s t i c s which would become i n i t i a l d e s i g n p a r a m e t e r s f o r a 
p l a n t t o b e s u i t a b l e f o r s i t i n g in t h e S o u t h e r n C a l i f o r n i a 
c o a s t a l a r e a . 

I t i s assumed t h a t t h e D e s a l i n a t i o n P l a n t would be l o c a t e d 
w i t h i n t h e MWD s e r v i c e area , be tween Ventura and t h e Mexican 
b o r d e r . I t i s a l s o assumed t h a t t h e p l a n t would be l o c a t e d t o 
minimize t h e c a p i t a l and o p e r a t i n g c o s t s t o pump t h e l a r g e v o l 
ume of s e a w a t e r which must p a s s t h r o u g h t h e w a t e r p r o d u c t i o n 
p l a n t . T h i s i m p l i e s t h a t t h e p l a n t s h o u l d be l o c a t e d on or 
v e r y near t h e c o a s t . 

The s e l e c t e d D e s a l i n a t i o n P l a n t s i t e and e x t e r n a l i n t e r 
face p a r a m e t e r s a r e l i s t e d and compared t o t h e R e f e r e n c e MHTGR 
Plant v a l u e s in Table 1. These would be a p p l i e d a p p r o p r i a t e l y 
t o t h e p l a n t d e s i g n and economic e v a l u a t i o n s . 

The major p o i n t s of d i f f e r e n c e b e t w e e n t h e R e f e r e n c e P lant 
s i t e p a r a m e t e r s and t h o s e f o r t h e D e s a l i n a t i o n P lant are d i s 
c u s s e d below: 

S e i s m o l o g y - S o u t h e r n C a l i f o r n i a i s w i d e l y r e c o g n i z e d as 
an a r e a o f h i g h s e i s m i c a c t i v i t y . A fundamenta l c r i t e r i o n 
s p e c i f i e d by t h e U.S. N u c l e a r R e g u l a t o r y Commission (NRC) i s 
t h a t s i t e s which i n c l u d e c a p a b l e f a u l t s are not s u i t a b l e for 
n u c l e a r power s t a t i o n s (Ref. 3) . For t h i s p u r p o s e , a c a p a b l e 
f a u l t i s d e f i n e d in 10CFR100, Appendix A, a s b e i n g a f a u l t 
which h a s e x h i b i t e d one or more of t h e f o l l o w i n g c h a r a c t e r 
i s t i c s : 

(1) Movement a t or n e a r t h e ground s u r f a c e a t l e a s t once 
wi th in t h e p a s t 35,000 y e a r s or movement of a r e c u r r i n g n a t u r e 
w i t h i n t h e p a s t 500,000 y e a r s . 

(2) M a c r o - s e i s m i c i t y i n s t r u m e n t a l l y d e t e r m i n e d w i t h 
r e c o r d s of s u f f i c i e n t p r e c i s i o n t o d e m o n s t r a t e a d i r e c t r e l a 
t i o n s h i p wi th t h e f a u l t . 

(3) A s t r u c t u r a l r e l a t i o n s h i p t o a c a p a b l e f a u l t a c c o r d 
ing t o c h a r a c t e r i s t i c s (1) or (2) s u c h t h a t movement on one 
cou ld be r e a s o n a b l y e x p e c t e d t o be accompanied by movement of 
t h e o t h e r . 

Three major f a u l t z o n e s p a s s t h r o u g h t h e S o u t h e r n C a l i 
f o r n i a area: t h e San Andreas F a u l t , t h e San J a c i n t o Fau l t , and 
t h e w h i t t i e r - E l s i n o r e F a u l t . S e v e r a l s m a l l e r a c t i v e f a u l t 
z o n e s l i e on or c l o s e t o t h e c o a s t : t h e Malibu Coast Faul t , 



Table 1 
S i t e and External Interface Parameters 

This table compares proposed MKTGR Desalination Plant s i t e parameters with those for the Reference MHTGR. The 
Reference MHIGR s i t e paraaeters are intended t o envelope about 85 percent of the prospective s i t e s in the 
contiguous united States . Many s i t e parameters are c a n o n t o both plant types, although sane are not. Also, the 
Desalination Plant would have acne s i t e parameters that are not applicable t o the Reference KtfTGR. Some 
comparisons are made in the tab le with s i t e parameters for the San Onofre Nuclear Generating Stat ion Units 2 4 3 
(SCNGS), the only ruclear plant generating s i t e i n Southern California. 

SITE PARAMETER 

I . s i t e Conditions 

REFERENCE 
MOTOR PLANT VALUE 

DESALINATION 
PLANT VALUE REMARKS 

1.1 Soil Characteristics 

Shear Have Velocity 
Static Bearing capacity 

1000 to 8000 fps 
10 ksf 

1000 to 8000 fps 
10 ksf 

U s e R e f e r e n c e v a l u e s , 
which envelope Southern 
C a l i f o r n i a coas ta l s i t e s 
( e . g . , SONGS s o i l s have 
s h e a r wave v e l o c i t i e s 
between 1000 and 2750 fps) 
for i n i t i a l design. 

P r o x i m i t y t o Capable 
F a u l t s ( a s de f ined by 
10CFR100, Appendix A) 

Not e x p l i c i t l y stated. No capable faults within 5 
miles of the s i t e . 

Per Reg. Guide 4.7, s i t e s 
e n c l o s i n g capable faults 
are not acceptable. Nor 
are s i t e s within 5 miles 
o f f a u l t s i d e n t i f i e d as 
b e i n g c a p a b l e u n l e s s 
evidence t o the contrary 
i s presented. (Evidence 
was p r e s e n t e d that the 
Cr i s t ian i tos Fault, within 
1/2-mile of SONGS, i s not 
a capable fau l t . ) 

1.2 Water Table Normal water table approx
imately 8 f t . below grade. 

1.3 Precipitation (Snow) Snow load: 50 psf. 

1.4 Wind Velocity 

1.5 Air Temperature 

110 nph above 33 f t . e leva
t ion from grade. 

Normal water table approx
imately 8 f t . below grade. 

[Snow load: 50 psf for 
Reference Plant structures 
only.) 

110 mph above 33 f t . eleva
tion from grade for Refer
ence Plant structures; 75 
mph above 33 f t . from 
grade for a l l others. 

Dry Bulb Wet Bulb Dry Bulb Wet Bulb 
110°P 82°F (115°F) 82°F 
-45°r [32°P] — 

1.6 Atmospheric Disper
sion (Average annual 
x/Q va lues a t the 
s i t e boundary) 

• - for normal operations: 
2 X 10" 5 s /m 2 (10 per
c e n t of Reg. Guide 1.4 
value) 

• - for accident evalua
t i o n s : 1.2 X 10" 4 s /m 3 

( 0 - 8 h o u r s ) ; 2 .7 X 
10" 5 s /m 3 (>8 hours) 

Same as Reference Plant 
values. 

Use Reference value for 
i n i t i a l d e s i g n - must 
eventually be evaluated on 
a s i t e - b y - s i t e bas i s . 

No measurable snowfall 3-
record for Southern Cali
f o r n i a c o a s t a l reg ions . 
Re ference Plant des igns 
s h o u l d n o t be modified 
u n l e s s s u b s t a n t i a l c o s t 
benef i t s are expected. 

Conservative for Southern 
C a l i f o r n i a coasta l s i t e s 
(SONGS was designed for 75 
m*i). 

H i s t o r i c a l t emperature 
e x t r e m e s a t Lindbergh 
Field, in San Diego, are 
111°F and 33°F . Eva l 
uate e f f e c t s on Reactor 
Cavity Cooling System and 
potential cost savings via 
reducing low temperature 
i n s u l a t i o n nn outdoor 
plumbing and equipment. 

R e f e r e n c e P l a n t va lues 
enve lope Lindbcrrjh f'irld 
and Los Ange les I n t e r 
n a t i o n a l d a t a . A l s o , 
t r a c e r s t u d i e s at SONGS 
demonstrated X/Q of 1.3 X 
ln~4 . / . ) 10 * s/m 

« 



Table 1 Cont'd. 
S i t e and External Interface Parameters 

SITE PARAMETER 

1.7 Boundaries 

E x c l u s i o n A r e a 
Boundary (EAB) 

P r o t e c t e d A r e a 
Boundary (PAB) 

Low Population Zone 

(LPZ) 

Emergency Planning 

1.8 Stipulation Density 

REFERENCE 
mre» piAwrvMiffi 

DESAXJHKTICM 
PLANT VAIDE 

4 2 5 METERS ( 0 . 2 6 m i l e ) Sane a s Referenoe P l a n t . 
from r e a c t o r r e l e a s e 
point. 

To be determined by site Same as Referenoe Plant, 
layout. 

Sane as EAB. 

Sane as EAB. 
Uniform 500 people /mi le z 

out t o a radius of 30 
m i l e s : c o n s i s t e n t wi th 
Reg. Guide 4.7 (tentative) 

Sane as Referenoe Plant. 

Same as Reference Plant. 

Same as Referenoe Plant 

BBffiBS 

Inherent s a f e t y features 
of the ttfTCR design l imit 
r e l e a s e of radionuclides 
f o r a l l l i c e n s i n g a c c i 
dents to l eve l s at the EAB 
be low P r o t e c t i v e Action 
Guidelines (PAG) she l ter 
ing l imi t s . Thus, c lose -
i n s i t i n g of the p lant 
should be acceptable. 

ter Rag. Guide 4.7, s i t e s 
having population density 
b e l o w 500 p e o p l e / m i l e 2 

are preferred. However, 
s i t e s with greater density 
are not excluded. 

Water Source 

Ultinate Heat Sinlc Nonbracxish river water. 

Seawater Temperature Not applicable. 

S e a w a t e r T o t a l Not applicable. 
Dissolved Solids 

Makeup Water Nonbrackish r iver water. 

Desalinatior. "eed Not applicable. 

Blending water Not applicable. 

1.10 Elevation 

Nuclear Island 

Energy Convers ion 
Area 

H a t e r P r o d u c t i o n 
Plant 

The Pacific Ocean. 

Annual average (for annual 
p r o d u c t i o n e s t i m a t e s ) : 
Mean summer maximum 
6 7 ° F , m e a n w i n t e r 
minimum 55°F. 

34,000 ppn average. 

Supplied by desal inat ion 
p l a n t w i t h backup from 
municipal water supply. 

The Pacif ic Ocean. 

100 t o 6000 f t . above muan 
see level (KSL) 

100 f t . above KSL. 

Net applicable. 

Optional. 

Approximately 30 f t . above 
mean low low water (MZW) 

Sane as above. 

Same as above. 

Change dictated by desa l i 
nation application. 

Data from MJD Bolsa Island 
Study, a t 30 f t . depth. 

From Bolsa Island study. 

P r a c t i c a l c o n s i d e r a t i o n 
f o r desalination applica
t i o n . Minor change from 
Referenoe Plant. 

Dictated by plant s i t i n g 
and application. 

A dependable source of 
b r a c k i s h water (1000 -
3000 ppm) for blending i s 
highly desirable. 

Elevation balances ncFiin! 
p r o t e c t i o n frexn s e i smir 
sea waves (see f l c o l i n j , 
below) and minimization of 
punpinj work on sea water. 

2.1 

M o x i m u r . G r o u n d 
Acceleration 

Safe Shutdown Earthquake: 
0.3 9 
O p e r a t i n g B a s i s Earth
quake: 0.15 g 

Safe Shutdown Earthquake: 
0.7 g 
Opera t ing B a s i s Earth
quake: 0.35 g 

Applies to safety related 
equipment. Might require 
changes vs . Rerence Plant 
designs. Other equipment 
t o be designed t o Uniform 
B u i l d i n g Code, r.one 3 . 
SONGS design values were: 
SSB-0.67 g; 0BE=0.J3 g 



the Palos Verdes Fault, the Newport-Inglewood Zone of Defor
mation, the South Coast offshore Zone of Deformation, and the 
Rose canyon Fault. Because of the ir proximity to the coast, 
t h e s e smal ler fau l t s probably have a potential for causing 
greater ground motion at a desalination plant s i te , if along 
the coast, than do the larger faul ts to the east . This point 
i s f u r t h e r d i s c u s s e d l a t e r here in under the cri terion of 
seismic act iv i ty l eve l s . 

Cooling - Whereas the Reference Plant i s designed primar
i l y with inland s i t e s in mind, and uses non-brackish r iver 
water for cooling and as the ultimate heat sink, the seawater 
desalination application makes i t a matter of pract ical i ty to 
design the Desalination Plant to use seawater for cooling and 
as the ultimate heat sink. Data for the Pacific Ocean waters 
along the south coastal area (Ref. S) show that the annual 
average temperature Is approximately 61°F at a depth of 
about 30 fee t . The average to ta l dissolved so l ids in t h i s 
water i s 34,000 ppm. The re lat ive ly low temperature of the 
seawater wil l be benefic ial for cooling of the plant, but the 
sa l in i ty will require careful review of the materials used in 
Reference Plant cooling system components for compatibility. 

Blend Water - The desalination processes are often capable 
of producing water with TDS l e s s than 100 ppm. Not only i s 
such water well below the l imits on TDS for potable water, but 
i t i s a l s o very highly react ive with most piping materials. 
Therefore , i t i s p o s s i b l e , and even des irab le t o consider 
b lending t h e desalted water with lower cost brackish water 
(1000 t o 3000 ppm TDS) t o achieve a f inal product that i s l e s s 
expensive, i s more compatible with piping materials and s t i l l 
meets the purity l imits for potable water. The avai labi l i ty 
of such a blending water supply would be a consideration in 
se lect ing a spec i f i c desalination plant s i t e . 

Seismic Activity Levels - The seismic acceleration param
eters for design of the Desalination Plant were se lected based 
on a review of corresponding parameters for the San onofre 
Nuclear Generating Station, Units 2 ( 3 (SONGS) (Ref. 4), the 
only nuc lear power s t a t i o n in Southern Cal i fornia . This 
s t a t i o n l i e s approximately f ive miles from the South Coast 
Offshore Zone of Deformation, which i s on a l ine roughly ex
tending from the Newport-Inglewood Zone of Deformation to the 
Rose Canyon Fault. Although substantial evidence e x i s t s that 
these three fault zones are not related, for the purpose of 
conservatively establ ishing the design ground motion cr i ter ia 
for SONGS, the three fault zones were assumed to be associated 
as p a r t s of a s i n g l e , larger hypothetical Offshore Zone of 
Deformation (OZD). A major dislocation of the hypothetical 
0ZD was estimated to result in a ground acceleration at the 
SONGS s i t e of 0.63 g. The selected Operating Basis Earth
quake (OBE), and Safe Shutdown Earthquake (SSE) des ign 
cr i ter ia were 0.3 g and 0.67 g, respect ively . 



For t h i s s t u d y , i t was assumed t h a t t h e s a f e t y r e l a t e d 
e q u i p a e n t f o r t h e MHTGR D e s a l i n a t i o n P lant would have t o be 
d e s i g n e d f o r t h e e f f e c t s of a major n o t i o n of t h e h y p o t h e t i c a l 
OZD. Des ign c r i t e r i a of 0.35 g OBE and 0.7 g SSE were s e l e c 
t e d t o c o n s e r v a t i v e l y bound p o s s i b l e ground motion a m p l i f i c a 
t i o n s d u e t o v a r i a t i o n s in s o i l c h a r a c t e r i s t i c s from t h e S O N G S 
s i t e t o a p o t e n t i a l d e s a l i n a t i o n p l a n t s i t e . T h e s e c r i t e r i a 
• i g h t r e q u i r e m o d i f i c a t i o n s of s a n e s a f e t y - r e l a t e d equipment , 
component or s t r u c t u r e d e s i g n s from t h e R e f e r e n c e P lant , which 
w o u l d b e d e t e r m i n e d by c a s e - b y - c a s e a n a l y s i s . The p r e s e n t 
s t u d y a d d r e s s e s some of t h e most s i g n i f i c a n t a r e a s t h a t would 
r e q u i r e d e s i g n m o d i f i c a t i o n due t o t h e h i g h e r s e i s m i c l o a d s in 
S o u t h e r n C a l i f o r n i a . A l s o , t h e a c c e l e r a t i o n c r i t e r i a g i v e n 
a b o v e may need t o be modif ied a s t h e s t a t e - o f - t h e - a r t of s e i s 
mic t e c h n o l o g y e v o l v e s . 

F l o o d i n g - The R e f e r e n c e P lant i s assumed t o be s i t u a t e d 
on a s i t e wi th a g r a d e l e v e l w e l l a b o v e any p o t e n t i a l f l ood 
l e v e l . For a d e s a l i n a t i o n p l a n t on a c o a s t a l s i t e , however , 
t h e p o t e n t i a l f o r f l o o d i n g must b e r e e v a l u a t e d . Based on d a t a 
f o r SONGS, t h e combined wors t c a s e t s u n a m i , s torm wave and 
h i g h t i d e were e s t i m a t e d t o c a u s e a runup t o +27.5 f e e t above 
mean l o w e r low w a t e r (MLLW) l e v e l . T h e r e f o r e , a t l e a s t a l l 
s a f e t y - r e l a t e d e q u i p m e n t f o r t h e MHTGR D e s a l i n a t i o n P l a n t 
would h a v e t o b e l o c a t e d above t h a t l e v e l , or be o t h e r w i s e 
p r o t e c t e d from f l o o d i n g . The d e s i g n c r i t e r i a s e l e c t e d f o r t h e 
D e s a l i n a t i o n P l a n t was 30 f t . MLLW. 

I n summary, t h e performance and s a f e t y c h a r a c t e r i s t i c s of 
t h e MHTGR make i t p a r t i c u l a r l y w e l l - s u i t e d f o r c o g e n e r a t i o n 
a p p l i c a t i o n s s u c h a s t h e p r o p o s e d d e s a l i n a t i o n p l a n t . The 
h i g h t e m p e r a t u r e c a p a b i l i t y of t h e MHTGR f u e l s y s t e m p r o v i d e s 
i n c r e a s e d o v e r a l l e f f i c i e n c y and min imizes t h e impact on e l e c 
t r i c i t y p r o d u c t i o n f o r a g i v e n s a t u r a t e d steam t e m p e r a t u r e and 
p r e s s u r e r e q u i r e m e n t . T h i s , in t u r n , maximizes t h e p o t e n t i a l 
r e v e n u e f o r t h e j o i n t p r o d u c t s ; water and e l e c t r i c i t y in t h i s 
ca«ie. F u r t h e r , t h e s a f e t y c h a r a c t e r i s t i c s of t h e MHTGR p r o 
v i d e g r e a t e r f l e x i b i l i t y in s i t i n g t h e p l a n t , and a r e e x p e c t e d 
t o p r o v i d e an enhanced b a s i s f o r p u b l i c a c c e p t a n c e . S i t i n g 
f l e x i b i l i t y i s a p a r t i c u l a r l y important c o n s i d e r a t i o n g i v e n 
t h e r e l a t i v e l y h i g h e r p o p u l a t i o n d e n s i t y of t h e M e t r o p o l i t a n 
Water D i s t r i c t s e r v i c e area , and t h e d e s i r a b i l i t y o f l o c a t i n g 
t h e p l a n t w i t h i n a r e a s o n a b l e d i s t a n c e from e x i s t i n g water 
t r e a t m e n t and d i s t r i b u t i o n f a c i l i t i e s . 

With c e r t a i n n o t a b l e e x c e p t i o n s (mos t i m p o r t a n t l y t h e 
s e i s m i c c r i t e r i a ) t h e d e s i g n c r i t e r i a f o r t h e MHTGR D e s a l i -

23 n a t i o n P l a n t a r e e n v e l o p e d by t h e d e s i g n c r i t e r i a f o r t h e 

R e f e r e n c e MHTGR P l a n t . T h i s means t h a t t h e c o n c e p t of 
a p p l y i n g t h e b a s i c d e s i g n of t h e R e f e r e n c e P l a n t t o t h e 
D e s a l i n a t i o n P l a n t i s an a p p r o p r i a t e a p p r o a c h . I t a l s o 
p r o v i d e s a framework f o r t h e d e s i g n c r i t e r i a for t h e water 
p r o d u c t i o n p l a n t . 
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Abstract 

Since It has been claimed that the HHTGR is competitive with coal in 
producing electricity, the HHTGP must be competitive 1n producing 
process heat. There 1s • huge process heat Market and there are quite a 
number of processes where the industrial HHTGR • HTRI could supply the 
necessary process heat and energy. However, to enhance Its introduction 
on the market and to conquer a reasonable share of the market, the HTRI 
should fulfill the following major requirements: Unlimited constant and 
flexible heat supply, no secondary heat transport system at higher 
temperatures and low radioactive contamination level of the primary 
helium. 

Unlimited constant and flexible heat supply could be achieved with 
smaller HTRIs having heat generation capacities below 100 MW-th. The 
process heat generated by smaller HTRIs need not be more expensive since 
the installed necessary heat supply redundancy is smaller and the excess 
power density lower. 

The process heat at elevated temperatures generated by a HTRI with a 
secondary heat transfer system is much more expensive due to the 
additional investment and operating cost as well as the reduced helium 
temperature span available. 

For some processes, the HTRI is not able to cover the total process heat 
requirement while other processes can consume only part of the heat 
offeree". These limitations could be reduced by using higher core outlet 
and inlet temperatures or both. 

Due to the considerably lower heat transfer rates and the resulting 
larger heat tr-v\ifer areas in process plants, the diffusion of nuclear 
activity at elcated temperaturrs may Increase so that a more efficient 
heliuir. cleaning system may be required. 

Introduction 

Since it has been claimed that the MHTGR is competitive with coal in 
generating electricity, the HTGR must in general produce competitive 
process heat! 
There is a huge market for process heat and in order to g'.'t a reasonable 
share of it, the HTGR s operating and design parameters have to be made 
more flexible for competiveness with the requirements of the broad po
tential customer spectrum in mind. 
During a study, financed by the German Ministry of Research and Devel
opment (BMFT), lurgi as a major process-oriented engineering company 
searched for and screened possibilities to provide the heat and energy 
needed for the operation of Industrial plants with HTGRs having an en
ergy supply capacity between 80 - 250 MW-th (« HTRI). 
The processes considered potential candidates for coupling with a HTRI 
were selected on the basis of sufficient heat and energy demand In the 
operating temperature range of the HTRI (750* - 950*C) so that at least 
one HTRI was required. 

The potential processes which could be supplied with energy and heat 
from a HTR! under these conditions are listed in table 1. 
They are devided into three groups: 

In the upper group are the processes requiring virtually no further 
development work as production of process steam and district heat
ing or only a relative small amount since their process tempera
tures are not higher than 500° - 600*T. This means the HTRI could 
from a technical point of view be coupled with them almost immedi
ately. Practically all that is required is competitiveness and 
being accepted. 
The only exceptions are the aluminium oxyd production where heat 
has to be transfered to a powder like raw material at 900*C, which 
is conventionally common practice, and the refinery if hydrogen is 
required for upgrading heavier residues. The reformer for that pur
pose is developed. 
The second group has presently no market or requires substantial 
development work indicating that the prospects for coupling them 
with a HTR! are some what further in the future. 
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• Crude Oil Production 
• Refinery 
• Tarsand-

Retorting 
• Oilsh.le-
• Process Steam 
• District Heating 
• Seawater Desalination 
• Aluminiv m Oxide Production 

• Methanol 
• Ammoniak 
• Petrochemical Plants 

• Cement 
• Iron Ore Sintering 
• Iron Ore Pelletizing 
• Coal Gasification 
e Burning of Clay 

Methanol and anvonia plants are shut down due to over production 
and no change to the situation is at present in sight. Addition
ally they have to be coupled to the HTRI together with other 
plants, since they are able to consume the heat of the upper tem-
peratur range from the HTRI only. 
Petrochemical plants require a heat exchanger very sensitive to 
heat transfer rates around 900°C. 
The lower <;roup has both disadvantages. These processes require a 
'arge amount of development and do not have a market at the moment. 
For some c* *.̂ em the U"RI is only able to supply their process heat 
demand parfal'y i'nee their maximum process temperature is above 
?50'C. 
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Lurqi has built, modernijed and enlarged plants for almost all the 
processes shewn in this table. Therefore, it has sufficient know
ledge about the structural and operational requirements of such 
plants. Nevertheless additionally operators of such plants were 
contacted, especially some of the upper group, in order to discuss 
•ndividually - after explaining to them the capabilities of the 
HTRI - Lurgi's interest in coopling the HTRI with their specific 
type of process plant. The most important points which resulted 
from this discussion are: 

Requests on HTRI-Designers 
First Request: 

Reliable and Flexible Process Heat Supply 
such that the process plant operation is not Influenced by a H TRI 
shut down due to required service or technical problems and 
the HTRI heat and energy generation is able to follow and can be 
adapted to the process plant demand efficiently. 

The average European-size industrial complex requires process heat and 
energy in the range of 400 - 500 MW-th. It is shut down for general 
overhaul only once every four years. 
Two HTRIs (200 - 250 MW-th) could satisfy its power and energy demand. 
However, if one of these two HTRs has to be switched off at least SOX of 
the process plant would drop out of production too. This is highly 
undesireable for the plant owners. They like to be protected against the 
financial loss. 
In principle refineries, chemical and Industrial plants do not usually 
contain only one major heat consuming reactor, but quite n number which 
are interconnected. Such plants are equipped with huge Intermediate 
storage capacity, so that if one of these reactors has to be taken out 
of operation, the others can be supplied with process media and their 
production is not effected as the example of a refinery in fig. 1 shows. 
- The black circles represent tanks for intermediate storage. -
In fact, due to these measures one contacted refinery manager claimed 
proudly, our refinery has been in operation since 1956, despite the fact 
that we increased its production capacity and modernized it. 
At the center of fig. 1 is shown the actual refinery. A nuclear energy 
supply is drawn to size into the refinery plant. It consists of 2 HTRIs 
which supply the refinery components with heat via a secondary heat 
transfer loop. 
To satisfy such plant operator expectations the 
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FIG 1 Layout ol crude oil refinery with HTRI process heat supply. 

Second Request 
is therefore: 

The ^TBI Should be Offered Additiona'ly with Lower Energy 
Output, Possibly Below 100 MW-th. 

For the average european industrial complex this implies 
The plant would be equipped with 5 HTRIs plus one additional 
one or fossil fi-ed helium heater as standby 
Each HTRI could then be serviced or repaired independently 
without influencing the operation of the process plant. 

Figure 2 shows the helium heat supply requirements of the refinery shown 
in figure 1. 

The HTRIs could be selected such that they match the required 
energy demand over the process temperature profile more 
efficiently. This means, if there is f.i. only a small energy 
demand at the high temperature level, perhaps fewer HTRIs 
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FIG.2. Process heat requirements ol a refinery on HTRI (-400 MWth). 

would be required with lower power density for the high tern-
temperature demand, allowing a higher average power density to 
be installed for the heat demand at the lower temperature 
level. In other •• ards getting the HTRI more competitive. 

H,-production between 70CeL' and 950°C 
Stean ceneration fi.:- electricity production between 300° -
7CG CC. 
Crude Oil distillation between 350° and 70U°C etc. 

To match such a power demand with the pre'.ent HTRIs, two HTRIs are 
reeded one with 170 MW for 950°C and one with 220 MW for 700*C. For a 
full redundant back-up power supply a reactor capable of delivering 
170 MW at 950°C as well as 220 MW at 700°C or a fossil fired helium 
heater of equal capability is necessary. This would mean a 10* excess of 
expensive low power density installed for the reactors in operation and 
a redunant power capacity of 44 I (fig. 3). 
This mismatch could be reduced with six HTRIs - one with 72 MW at 950°C 
and four with 80 MW for 700°L and one redundant one also capable supply
ing 72 MW or 80 MW - resulting in only 2t excess low power der.-ity and 
20* redundant power capacity. 
The reduction of both factors may make the version with the smaller 
HTRIs economically more attractive besides its advantage of the higher 
operational flexibility. The six smaler HTRIs could be almost 20* more 
expensive per installed MW as the three bigger HTRs and the complete 
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FIG 3 Possible HTRI size selections for refineries (process heat 
requirements: - 400 MWth). 

power supply would cost the same. May be it is even sufficient to run 
the plant ternporarely with 80X production eliminating the necessity for 
the redundant capacity. 
The second example in figure 4 shows the possible HTRI-size selection 
for an aluminum oxide plant where heat has to coupled in from 770°C -
95CC for the calcination of aiumininum oxide, from 760°C - 770°C for 
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FIG.4. Possible HTRI size selections for an aluminum oxide plant (process heat requirements: 
- 360 MWth). 

heating air, from 485°C - 760°C for generating steam and from 300°C -
«85°C for bauxite digestion. Where low core power density can be used 
only due to the bigger demand at higher temperatures. 



Jl Again two conventional size HTRIs could be employed to capacity. 
However snail size HTRIs would still also have the advantage of less 
redundant power capacity required, 201 against 50*. If necessary, in 
addition to their helgher operational flexibility. 
A request from the process plant buildar, as well as in the 
the reactor builder Is: 

aterest of 

Third Request 

A Secondary Heat Transfer Loop at Plants with Higher Process 
Temperatures Has to be Avoided. 

Figure 5 shows the result of an Iron-ore-sintering plant Investigated in 
this respect. * HTR.I process heat supply without a secondary heat trans
fer system could be competitive with coke breeze, heating gas and elec
tricity as the usual energy sources at a sintering plant requiring two 
to three with 170 - 200 MU-th each. With a secondary heat transfer sys
tem, due to the additional equipment needed and operating costs, the 
HTRI process heat is too expensive. 
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FIG 5 I'on ore sintering cost comparison. 

For maintaining the radioactivity release at any situation below the 
allowable level the 
Fourth Request 

The Primary Helium Cleaning System's as Wei 1 as the Primtry Loop's 
Retaining Capabilities of Nuclear Activity has to be Sufficient at any 
Situation and TimeT 
Due to the lower heat transfer rates and the resulting larger heat 
transfer areas in process plants, the diffusion of nuclear activity at 
elevated temperatures will increase so that a more efficient helium 
cleaning system may be required . - With helium heat transfer rates in 
the range of 450 Watt/m* , 0 C are possible. By transferlng heat to sol'ds 
in the form of powder, 250 watts/m'"C is approximately the maximum. 
Table 2 shows once more the processes where the HTRI could supply the 
heat and energy. Additionally it shows the very theoretic HTRI potential 
for the three groups. 

TABLE 2. ESTIMATED HTRI (200 MWth) POTENTIAL 

• Crude Oil Production 
• Refinery 
• Tarsand -

• 
Retorting 

Oilshale-
• Process Steam 
• District Heating 
• Seawater Desalination 
• Aluminium Oxide Production 

> 2000 

• Methanol 
• Ammoniak ^ *™0 
• Petrochemical Plants 

• Cement 
• Iron Ore Sintering 
• Iron Ore Pelletizing > 500 
• Coal Gasification 
• Burning of Clay 



!n table _ from the alum rum oxide production downwards the introduction 
of *he H TRi could be enhanced by raising the HTP! core outlet and inlet 
terperatures. "he potenti:! or tnese processes ocnprises quite a portion 
of the total HTRI-potent n l . 
!n the case of son* the top process temperature can be provided by con
ventional means only. This means burning gas or oil. Others require heat 
at ^hr high temperature of the HTRI supply only, so that most of the 
heat generated hds to be converted to electricity or another purpose be 
found as mentioned before. This may result in ineffective HTRI employ
ment. 

As table 3 shows, raising the HTRI helium Inlet temperature by 100°C, 
which should be technically possible, and raising the HTRI helium outlet 
temperature by SO* - 100'C would increase the HTRI use. 

TABLE i GAIN OF HTRI USE BY RAISING HEUUM INLET AND OUTLET TEMPERATURES C O 

Inlet Outlet % • Change 

Aluminium Oxide 950 - > 1000 95 - > 100 

Ethyten 950 - > 1000 More Eff. HX 

Methanol 300 - > 400 950 -> 1000 4 6 - > 58 

Ammonia. 300 ->400 950 - > 1000 15 - > 25 

Iron Ore Sintering 950 - > 1050 90 - > 100 

Iron Ore Pelletizing 950 - > 1050 60 - > 75 

Coal Gasification 950 - > 1050 All Types of Coals 

Naturally, process changes have to be investigated too in order to make 
the power supply matchin-j easier. For instance reducing the maximum 
process temperature at the aluminum oxide production. This Is a question 
of what aluminum oxide quality the electro-furnace, producing the final 
product aluminum, can operate sat isfactory with. 

The 

Fifth Request 
is therefore: 

• -LUIIX 

'hnre is * hi:ae potential i.arket "or the HTRI as process heat supplier. 
For receiving jn appreciable share of it , the HTRI should be offered 

• In a smaller unit additionally besides the sizes 170 - 250 HT-tn 
for more 
- efficient power requirement-matching, 
- operational flexibility, 
and 
- operational reliability 

a) With high reliable operation time 
• Without the necessity of a secundary heat transfer loop at higher 

process temperatures 
for 
- competitiveness 

through a very effective helium cleaning system 
and activity retaining capabilities 

as well as 
• With more flexible inlet and outlet temperatures 

for 
- covering more efficient a wider range of applications 

and naturally 
• at a lower price. 
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Abstract 

Consumption of commercial energy and electricity in Bangladesh has to 
grow rapidly in order to attain socio-economic development of tne country. 
Nuclear power is considered to ••• an appropriate proposition due to the 
inadequacy of indigenous prima r> .nergy resources. A technical, economic and 
financial feasibility study on a 300-500 MWe nuclear power plant is underway 
now. Responses from different suppliers in SMPR range were enumerated jointly 
by the Consultants and BAEC under the feasibility study. Criteria for 
selection of technology and the factor influencing the selection of Nodular 
HTR for Bangladesh are described in the paper. Some indicative results of 
cost economic calculations are included to help form an idea about various 
limiting conditions, under which a SMPR with the selected technology could 
become competitive with the other conventional alternatives. Problems in 
decision making associated with the uncertainties in estimating plant and fuel 
cycle costs are enumerated. The implications of not having a reference plant 
via-A-via the advantageous safety features are described to show how these 
aspects can influence the selection of a new technology like HTR for 4 
developing country. 

Financi: is identifiable as the major problem in implementing a nuclear 
power project .1 a developing country like Bangladesh. The entire scope of 
supplies and services may be broken down into components, so that the burden 
oT financing could be shared by more than one exporting country. Some 
indicative ideas about the packaging of supplies and services are presented in 
the paper in order to identify different types of financing sources that could 
be explored for implementation of the project. Some salient features of the 
effect of joint-venture on the project financing and implementation are 
described in the paper. 

1. INTRODUCTION 

Per capita consumption of commercial energy and electricity in 
Bangladesh has to grow fast from its present low base, if tne country has to 
attain a desired level of economic development. The present demand for 
electricity is largely suppressed by the shortage of generation. In fact. 

* This paper ua nor presented jt Ihe meeting 

ovtii the last few ye-iiH the peak demand has been growing 41 4 rate in trie 
ranje ot 10-J0% per annum, which 13 expldinuJ by the partial improvement of 
the supply scenario through addition of a number of power plants to tile 
national grid. According to the projections of different studies, the 
generation requirement of the country will hava attained a level of 4Q0U-7U0U 
MWe by the turn of the century. For the mean value this implies that over the 
same period the per capita generation of electricity will increase to about 
170 KWh as ompared to the present generation of about 50 KWh. 

The national grid of Bangladesh is divided geographically into two 
distinct zones and these are integrated by a East-West electrical 
Inter-connector. Tne known indigenous primary energy resource of tne country, 
namely natural gas, is located entirely in the Eastern Zone, forcing the other 
zone to depend on gas-based electricity generation of the Eastern Zone. 
Moreover, the limited deposit of gas (estimated to be 11 trillion eft., only 
one-third of which is proven, the rest being probable and possible reserves) 
with its deversified uses in different sectors of economy, including 
fertilizer production and industries, is not sufficient to meet the entire 
future demand for power production. As such the country will have to depend 
on imported fuel to meet at least part 01 the demand fur electricity 
generation (1). In this context nuclear power is considered an .".pptopriate 
proposition for Bangladesh. 

Need for introduction of nuclear power in Bangladesh was conceived as 
early as in 1961. A site at Rooppur in the Western Zone of the country was 
selected after duly considering the relevant criteria. Various feasibility 
studies since then reconfirmed techno-econor.ic ''lability of nuclear power. 
The project could not, however, be implementeL. for different reasons and 
financing is easily identifiable as the main prohl*»p». 

Analysis of projected growth rate of peak demand of electricity, 
1 onsideration of committed addition and power plants and system reliability 
indicate that a nuclear power plant of size of about 300 MWe could be 
integrated to the national grid by the year 199b. A fresh study on technical, 
economic and financial feasibility of the nuclear project was initiated in 
1987, which is now nearing completion. The IAEA Project Initiation Study on 
SMPR (2), which identified the potential designers of reactors that could meet 
the requirements of Bangladesh was of special relevance for selection of the 
technology. Information provided in the above ItSA Study and in tne on going 
feasibility study are analysed in the following paragraphs to identify 
advantages and disadvantages of HTR, which could influence selection of a HTK 
for a developing country. 

2. SELECTION OF TECHNOLOGY 

Size of grid in most of the developing countries require that the 
selected technology should preferably be limited to reactors in the SMHR 
range. The immediate implication of this condition is that in contrast to the 
case of larger reactors the nuclear power project cannot be benefited from the 
experience in construction and operation of a reference piant. Proper 
reference may then tie replaced by the concept-*", like use of proven concepts and 
components, results of experiments and rig tests, etc. Infrastructural 
situation iri -;uch cointr itts has also btsarin'j on the selection of technology. 



Above all safety of ti.=i ̂ -riosen des ljn is considered to be an important 
factor. Whi le the extent of local scope in the first nuclear power project in 
a developing country cannot expected to be vory extensive, the potentials, 
extent, opportunities and nature of possible technology transfer may also 
influence the selection. There could be a series of other criteria for choice 
of technology for a nuclear power project in a developing country* some of 
which are discussed in the following paragraphs. 

2.1. Criteria for selection of technology 

2.1.1. Design and Development Status 

This criterion may consider factors like: 
- difference between the proposed plant with any other 

operating plant of the same type 
- development status of prototype, if any 
- rig results and experimental basis 
- Incorporation of proven concepts and components 
- status of development of the proposed design, which 

may influence time schedule for the project, 

2.1.2. Vendor Experience 

This criterion considers past experience of the Vendor in implementation 
of nuclear projects in developed and developing countries, performance with 
respect to project schedule, manufacturing capability, performance of the 
operating plants etc. 

2.1.3. Licensing Status 

Status of preparation, submission and clearance of a non-site specific 
design by the safety authority in the country of the Vendor nay be considered 
as an important parameter for selection of technology. Availability of sucn a 
clearance could add to the confidence of the buyer in the proposed design, 
especially for those reactors for which there is no reference plant. 

2.1.4. Safety 

Special features to be considered under this criterion are the passive 
safety systems based on physical/chemical features of the design, which are 
expected to helj cope with design basis accidents. Adequacy and reliability 
of such systems in contrast with commonly used safety systems (ECCSJ need to 
be evaluated carefully in considering advantage of such a feature. 

2.1.5. Plant Flexibility And Unit Size 

Tnis criterion addresses itself to the capability of tne plant to meet 
specific requiretaents of the grid, like response to possible fluctuations xn 
load, spinning reserve, system rellability, optimization of requirement and 
inventory of spares, etc. 

2,l.o. Ease of Construction 

Problems of nfrastructural base in the buyer country tnat may elt'ect tne 
extent and type of works to be performed locally way be considered under this 
criterion. Designs that can utilize local expertise and experiment in 
performing on-site works may be considered more appropriate and cost efficient. 

2.1.7. Technology Transfer 

While the scope of local participation in the implementation of the first 
nuclear plant in a developing country can not be expected to be very high, the 
experience, intention, extent and mode of technology transfer by the Vendor 
may be considered to be an important factor in selection of technology. 

2.1.8. Fuel Supply 

Availability of fuel over the life-time of the plant is an important 
consideration. A guarantee on life tirae supply/ diversified sources for the 
fuel cycle, cost of fuel, etc, factors may be covered by tnia particular 
criterion, 

2.1.9. Special Materials 

Requirement, sources of supply, make-up, polishing and cleaning, cost, 
convenience in operation and maintenance in ctse of reactors with special 
materials like heavy water and coolant gas hove an influence on the choice of 
technology for the nuclear power plant in a developing country. 

2.1.10 operation and Maintenance 

Points of special consideration under tnis criterion are mode of 
refueling, convenience in operation, maintainability, willingness of the 
Vendor to provide assistance and/or to be associated with tne buyer in 
operation and maintenance for an extended period. Joint Venture arrangements 
with the supplier may be considered to be an additional advantage. 

2.1.11 Waste Disposal and Decommissioning 

Though this problem is common for any type of reactor, yet any speciaL 
advantage proposed by a particular supplier also influence the process of 
selection of tehnology. 

2.1.12 Cost Economics 

This criterion considers the cost of implementation of the project, 
levelized generation cost and other financial and economic indicators, 
construction schedule and its effect on cost in the form of interest during 
construction, possible escalation, firmness of cost, etc. 



* . 1.1J Coroner :ial Conditunii 

Attractiveness of commercial conJitions, continuing asaucidtion twtwotjii 
the Vendor and the buyer, financial assistance, etc. factors way influence in 
selection of technology. Factors like type of contract for project 
Implementation and possibilities of packaging of supply into independent 
components in oruer to distribute the burden of financing among different 
sources may also influence choice of technology. 

3. EVALUATION OF REACTOR DESIGNS 

The above criteria in general cover most of the important factors tnat 
may be considered in selecting • technology for a nuclear power plant project 
in • developing country. Relative importance of these factors will depend on 
the intention, requirements, time frame envisaged for implementation of the 
project, etc. factors relevant to the particular developing country. In 
numerical evaluation of the merit of proposed designs, therefore, relative 
weightage should be assigned to individual selection criterion depending on 
relevance of the criteria to the local co -Jitions. The following weightage 
factors could be considered! 

Design and Development Status 100 
Vendor Experience 70 
licensing status JO 
Safety iao 
Plant Flexibility 50 
Unit size 30 
Base of Construction 50 
Technology Transfer 50 
Fuel Cost so Special Materials so Operation and Maintenance 70 
Waste and Spent Fuel Disposal 70 
Cost Economics 90 
Commercial Conditions SO 

Total 1000 

4. RELATIVE ADVANTAGES AND DISADVANTAGES OF HTR 

Salient features of relative advantages and disadvantages of HTR over 
other types of reactors according to the above selection criteria are as 
follows. 

4.1. Safety 

The HTR designs available now or likely to be ready for export in 
foreseeable future nave negative void coefficient. These designs are 
reported to incorporate passive safety systems based on physical and cnemical 
features of the reactor, independait of systems like ECCS. It is envisaged 
tnat lecay heat could be transferred to reactor vessel through radiation in 

the event or a design basis accident. In this case the maximum temperature m 
not expected to exceml certain safe level, thereby enduring a margin to the 
melting jjoint of uranium. This advantage is reported to be confirmed by t .>j 
tests and other experiments. Such calculations and results should be verified 
to ascertain the adequacy of the mode of heat transfer and affects, if any, on 
the structural materials *n the event of a design basis accident. If such 
verification can confirm the claimed "inherent safety" of the design, then 
this particular advantage can be considered as a redeeming feature of HTH. 

4.2. Fuel Supply 

IITRs use coated particles in their fuel elements, which could be 
advantageous in retaining radioactivity within the fuel elements. Failure of 
such fuel is less likely due to the absence of separate cladding material. 
However, the sources of supply of fuel are limited and the fabrication appears 
to be complicated. On-load refueling is an advantage of HTKs with pebble bed 
fuel, but sampling and withdrawal of spent fuel elements are not easy 
operation. These factors have to be considered duly in the process of 
selection of technoloy. 

4.3. Ease of Construction 

Some of the HTRs in the SMPR range are modular in nature, which 
necessitates substantial shop fabrication. This ensures, better control over 
quality and project schedule. However, the scope of local work and transfer 
of technology could be reduced to a certain extent as compared with other 
reactors. Hays and means have to be found to improve upon this situation, 
probably through involvement of buyer's personnel in different phases like 
detailed designing, shop fabrication yA & £C programs etc. Potential buyers 
can also participate in international studies on development of HTR through 
the auspices of IAEA. This would not only ensure a proper mode of technology 
transfer, but also help incorporate requirements of developing countries in 
such designs. 

4.4. Special Materials 

HTRs use he limn gas, which is inert, efficient as coolant, does not. 
change phase and largely precludes possibilities of chemical interference with 
the properties of structural materials. Inventory and annual make-up 
requirements do not possibly justify the establishment of helium plant in the 
buyer country, sources of supply on commercial basis are known to be 
diversified, which may be considered an advantage over the alternative like 
heavy water. Graphite in the reactor core acts as an additional heat sink. 
However, the accidental situation of ingress of water from steam generator 
into tre core needs careful examination in the process of design evaluation. 
The alternate design consideration of placing the steam generator at a level 
lower than the core can reduce the possioility and quantity of ingress, 
nevertheless the possible consequences can not be ignored totally. 

4.5. Waste disposal 

The problem with reprocessing of spent fuel is more or less the same 
for any type of power reactor and the related technology have not been 



finalised conclusively. However, structural stability and probability of 
failure of pebbel bed fuel elements nay be considered carefully on the basis 
of available statistics. In general such fuel elements are considered to be 
capable to retain structural integrity under varied operating conditions. 
On-site storage of fuel elements spent over the entire life of tne plant need 
to be kept in view in case of a contingency of non-availability of 
reprocessing opportunities in future. For a HTR module with a total capacity 
of 300 (Me, the total space for on site storage of fuel over the life time of 
the plant is estimated to be about 2 hectares. Alternate arrangement like 
sending all the fuel elements to a third country, willing to accept tnem, 
would be advantageous if this could be arranged through bi-lateral of 
multi-lateral agreement with the support of the Vendor. 

4.6. Reference Plant And Operating Experience 

Inadequacy of operating experience and non existence of a proper 
reference plant for HTRa may be considered to be a disadvantge. This has to 
be traded off with its other advantageJ notably safety. Operating experience 
with existing HTRa, though small in number, can however be used as a basis for 
assuming acceptability of the concept in general and the relevant components 
in particular. 

4.7. Time Schedule and Licensing 

The design and development status of HTR appear to be more advanced 
than other types of reactors in the SMPR range. At least in the case of one 
particular Vendor, review of the non-site specific safety report is on the way 
of compl :tion by the safety authority in its country. If such a clearance is 
accorded, then it would facilitate the process of review of Safety Analysis 
Report by the safety authority in the buyer's country. It is estimated that 
such a HTR can be considered for a developing country intending to integrate a 
nuclear power plant into its grid as early as in 1996. 

Other advantages and disadvantages of HTR are more related to the 
particular Vendor to be selected for a developing country. On the basis of 
the criteria considered above, it can be assumed that a introductory nuclear 
power plant. Cost economics and factors and uncertainties that may influence 
the selection of technology are described in the subsequent paragraphs. 

5. COST-ESTIMATES 

•Experience with design, construction and implementation of modular 
HTRs is not significant. Therefore, it could be difficult for a Vendor to 
estimate the cost inspite of its wide experience with other types of 
reactors. The uncertainties in buyers countries usually tempt the Vendor in 
quoting an extremely high cost in order to cover all the risks e . v>ciated with 
such uncertainties. Moreover, the size of the potential marker, id not clear, 
which could influence the supplier to include all its direct and indirect cost 
of M D on the first buyer. For a LWR, for example, a factor associated with 
the economy of scale, may be useful in extrapolating the specific cost of more 
common larger plants. In the case of HTR, however, similar extrapolation is 
rendered difficult, because firstly, there is not sufficient experience of 
constructing such plants and secondly, cost of larger LWRs cannot be used as 

reference for extrapolation to the cost of HTRa <4ue Lo tue fact tnat latter 
design does not include any of the costly components of emergency core cooling 
system and the associated redundancies. Logically this should have a 
significant influence on the specific cost of HTRs. Moreover, many basic R*L> 
programs have been financed by Governments of the developed countries. Also, 
in case of modular plant with 3-4 units serving a single turbine, the residual 
design cost is already expected to be snared by at least these 3-4 first 
units. In case of a larger plant order for 3-4 reactors are more difficult to 
obtain. It is believed that a supplier does not usually invest in design of a 
new concept unless it has preliminary indication about a number of prospective 
buyers, which means that the supplier should set a target to recover its extra 
RtD cost for development of a modular HTR from 9-16 units and tne estimate for 
the plant should be prepared accordingly. It can, therefore, be assumed that 
the specific cost of a modular HTR jhould be at the lower and of the estimates 
of all SMPRs and close to larger LWRs being built presently. Shop 
fabrication, reduction of costs at site, reduction in soft-ware cost etc. 
factors also add to the above justification. An analysis of cost figures for 
different nuclear plants built in Europe (3) show that the specific cost of 
plants of size 1000 MWe lie within a range of $1200-1700/KW (fig.l.). Using a 
scaling factor of 0.2, the specific cost of a HTR could be 27% nigher, which 
means that the specific cost of modular HTR should be in the range of 
$1520-2160/KWh. A mean value of the order of tla50/KWh could be considered as 
the realistic specific cost of a modular HTR. Efforts need to be made to 
construct a plant at this target specific coat. 

The fuel cycle cost of HTRs, which is completely within the control of 
the supplier is also reported to be high. This is difficult to justify, 
because the average burn-up of HTR fuel is of the order of 3-4 times higher 
than the standard PWR fuel, yet the fuel cost per Kwh is about 40% higner for 
the HTR fuel. Such fuel is already in use for a number of years, so that the 
higher cost is also hardly justifiable. If the HTR has to compete with its 
alternative, then the fuel cost must be brought down at least to the level of 
PWR fuel. 

6. COST ECONOMICS 

Preliminary cost-economic calculations show that the levelized generation 
cost of a 320 MWe HTR module, built at a specific cost of $1850/Kw with fuel 
cost at 8 mills/Kwh at a discount rate of 10% is about 44 mills/Kwh. Thin is 
marginally cheaper that a coal-fired plant with Flue Gas Cleaning system and a 
coal price of $45/tonne, for which the generation cost is 52.12 mills/kwh, or 
a oil-fired plant at $lS/barrel of crude, for which the generation co't i» 
S3.44 mills/kwh or a gas-fired steam turbine at $2.90/1000 eft. of natural 
gas, for which generation cost is 54 mills/kwh. The interest rate assumed for 
these calculations is 6.5% with a repayment schedule of 15 years with a grace 
period of 5 years for contsruction (3). These preliminary figures show that 
even for the target specific cost of $1850/Kw, the nuclear plant with HfR 
looses the economic advantage over the conventional alternatives if the cost 
overrun exceeds 10% and fuel price reaches 10 mills/Kwh. Importance of these 
representative calculations is manifested in the fact that the decision of 
potential financiers and also the government could be influenced by tne 
economic advantac.* of the nuclear option over its conventional alternative. 
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TARGET CONSTRUCTION COST OF HTR BASED ON LwR COST IN EUROPE 

e s p e c i a l l y i f the indigenous primary energy re sources i s u n d e r p n c e d or 
s u b s i d i z e d for power genera t ion {as i s done in Bangladesh, where na tura l gas 
i s s o l d a t US$ 60 cent per 1000 e f t , for power g e n e r a t i o n j . 

7 . FINANCING 

Financing is the biggest hurdle in the way of implementation of a nuclear 
power project. A possible solution is to split the supplies into packages and 
to diversify sources of supply accordingly so that the burden of financing is 
showed by a number of suppliers* credit. An indicative splitting could be as 
foilows: 

Nuclear Island 40s 
Turbine 20* 
Electrical e^u Lpment 10s 
Intake channel 4% 
Commissioning, erection 6% 
Civil works 20% 

100% 

Assuming an expenditure curve covering six years (one year for designing 
and five years for construction) with six equal installments of payment, the 
yearly burden on any single financing source will be between 0.6% to 6.7% of 
total plant cost. For a specific cost of US$ 1850/KW this will mean that the 
yearly financial requirement for implementation of the project will be US( 100 
million to be shared tentatively according to the break-up shown above. It is 
felt that the item excepting the nuclear island and civil works could be 
covered to a great extent by suppliers* credits. Part of the cost of the 
nuclear island could be mobilized from the supplier's country and tne rest of 
it could be raised through commercial loans. The local currency cost may be 
provided by the buyer country. in this context it will be very helpful if a 
Joint Venture Company is formed for the project with the local and expatriate 
partners with participation in equity. Such a scheme will help enhance 
credibility of the project and increase confidence of the financiers in its 
viability. The Government of the buyer's country may provide guarantee or 
repatriation of income of the equity share holders, debt servicing and all 
other payments in foreign currency. 

8. INTERNATIONAL COOPERATION 

HTR could be a technology useful to many developing countries provided 
its economic performance is proved to be better than its alternatives. 
Logically the specific cost snould be lower tnan other SMPRs and tnere is no 
reason why such a plant could not be built at a specific cost stated earlier. 
However, the technology, especially with respect to safety and licensing has 
certain point* that need further clarification. Issuance of a non-site 
specific license/design clearance in tne manufacturer's country could add to 
the confidence in the buyer country. The codes, standards and guides 
applicable to HTRs are not as exhaustive as for LWRs, especially the PWKs. it 
is true, a few HTRs have been licensed and are operating in the developed 
countries and some codes, guides and standards could be in existence in those 
countries. These need to be compiled and new ones developed to ensure their 
completeness. IAEA could take a leading role in this connection, because this 
could be achieved only through international cooperation. 
International/collaborative studies may also be carried out on certain 
technical aspects like the applicability and adequacy of the passive safety 
systems in the event of a design basis accident, independent confirmation that 
in the worst case of such a situation the maximum fuel temperature will remain 
far below its melting point, temporary storage and final disposal of waste and 
spent fuel, possibly in collaboration with a third country willing to 
cooperate m this respect, effect on the core in case of water ingress from 



the steam generator, analysis of different case:* of accidents, exchange of 
design information, standardisation of fuel elements, etc. If such 
international collaboration can be materialized and produce positive results, 
then the HTR will have a good prospect in some of the developing countries. 
In parallel, the suppliers should realistically firm up their cost estimation 
and also the fuel cycle cost. International cooperation in solving the 
problem of financing is yet another area, which needs urgent attention. 
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HIGH TEMPERATURE GAS COOLED REACTORS IN CHINA 

Jiachen HE, Jihui QIAN 
Nuclear Power Bureau, 
Ministry of Nuclear Industry, 
Beijing, China 

Abstract 

China has plentiful energy resourcea, but it ia unevenly dis
tributed geographically. 60% of coal resources are concentrated 
in North China, 71# of hydro- power resources in the hardly acce
ssible Southwest China, whereas the densely populated ar.d highly 
industrialised 15 provinces/municipalities along the coast, yield
ing 73% of the gross national product, posses only 10% of national 
energy resources, which makes our railway system hard pressed. In 
fact, about *0% of the railway transport and 50% of the main water
way transport are committed to fuel. Yet the needs of energy in 
the coastal regions can not be met. 

To develope nuclear power is a naturally expected approach to 
solving energy problems in China, particularly in the near ters for 
the coastal regions, where the demand of electricity increases 
sharply and fuel transport from other re£ions is already ter.se. 

t:.inese nuclear circle is interested in MHTGR due to following 
reasons. 
1. Small capacity of ffflTGF is suitable for smal] povrr crH in 
certain areas. 
2. Chinese manufactures are able to provide whole package of con
ventional island ot MHTGR nuclear power plant. 
J. multipurpose MHTGR is attractive for Chinese heavy industries. 
4. MHTGR nuclear power plant can be built in suburbs due to in
herent safety features. 

Regarding the users' requirements in China, it can be summarised 
as: 
1. Mature technologies and easy to get license from nuclear safety 
authority. 
2. Bnerfiency zone as small as possible, even unnecessary. 

http://ter.se


3| J. 200-300 MVe sire desirable. 
4. Big portion of domestic ahare in engineerinG and component supply. 
5. Slightly higher electricity price than coal fired. 
6. laves*—ent and favourable flnancinc conditions Tron: overseas. 
7% BeiaburMaeat of hard currency by countertrade. 

At present, four working groups. Including users, aanufactures and 
nuclear industry circle, bave been established for performing indepen
dent feasibility study on building KBTGB deaonstration nuclear power 
plant in China. 

RESOURCES OF ENERGY AND DEVELOPMENT 
Of ELECTRICITY IN CHINA 

China has plentiful energy resources. The total explored coal resources and 
the hydro power resources are at the third and the first rank respectively in 
the world. The assured uraniua reserves are sufficient to sustain a nuclear 
capacity of at least 13000 MMe running for 30 years, with large areas of the 
territory not yet explored, most probably valuable new uraniua deposits will 
be explored in the coming years. 

Geographically, the energy resources in our country are unevenly distributed, 
60 $ of coal resources are concentrated in North China, more than 70 S of 
hydro power resources are in the hardly accessible southwest of China, whereas 
the densely populated and highly industrialized 13 provinces/municipalities 
are along the coast which yield more than 70 S of the gross national product 
and possess only 10 S of national energy resources. Consequently, 
transporting the northern coal to the south has become a daily occurrence, 
which makes our railway system hard pressed. In fact, about 30 S of the 
railway transport and 40 % of the main waterway transport are committed to 
fuel. Yet the needs of energy in the coastal regions cannot be fulfilled. 

At present, the s. jrtage or energy, particularly the shortage of electricity 
has become one of the restrictions of economic drive in China. Therefore, 
our government pays great attention to electricity generation, as a key issue 

in China's modernization, for instance, in 1986 and 1987 the average growth 
rate of electricity production had reached 11.3 % per annum, but thia figure 
is far from the demand of economic growth. 

CHINA'S POLICY Or DEVELOPING 
NUCLEAR POWtR 

To develop nuclear power is a naturally expected approach to mitigate energy 
shortage in China, particularly for the coastal areas, where demand of energy 
increases sharply and fuel transport from other regions is already tense. 

At present, two PWR nuclear power plants are under construction in coastal 
regions. One is 300 HW Qinshan plant, designed and being constructed by 
Chinese efforts. Host of the equipment are supplied by domestic manufacturers 
with some important compnents imported. This nuclear power plant is expected 
to put into operation in 1990. 

The second is 2 x 900 HW Guangdong nuclear power plant, which is owned and 
will be operated by the Guangdong Nuclear Power Joint Venture Company, 
invested by the Guangdong Nucelar Investment Company and the Hong Kong Nuclear 
Investment Company. 

The Nuclear island package of this plant is supplied by framatome of Trance. 

The conventional island package - by GEC of United Kinqdom. 

The project services are entrusted to Edf of France, and the BOP, civil works 
and erection are called for tenders internationally. 

The first unit is scheduled to commercial operation in 1992, and the second 
one nine months later in 1993. 70 X of generated electricity will be sold to 
Hong Kong, the income will pay off the hard currency loaned from banks, the 
remaining 30 % of electricity will transmit to Guangdong province. 

The second stage Qinshan project is 2 x 600 MW PWR which has been approved by 
our Government. This project will he based on Chinese efforts in cooperation 
with foreign company and la u'ulei neijat iat ion and site preparation. 



China's policy ot developing nuclear power has selected PWH as main reactor 
type. Our target is to achieve domestic and standardisation of 600 MW PWR 
through building first lot of 600 MW units in cooperation with foreign 
technically advanced company and to promote 600 MW PWR as essential nuclear 
unit in our country. We are also improving the design of 500 WW PWR 
to commercial stage, applied in regions with limited power grids. 

Besides, we are exploring a way of construction of nuclear power plants in 
certain areas and for specific application by local government investment with 
introducing overseas funds. One of them probably is Modular HTGR. 

HIGH TEMPERATURE CAS-C00LED 
REACTOR IN CHINA 

Since 70s Chinese nuclear engineers became interested in HTGR. The studies on 
reactor physics, research and development works on coated fuel particles and 
helium circulation have been carried out in research institutes in China. 

1P early 80s Chinese research institutes began to contact with foreign 
organizations and participate a number of symposia and mutual visits of 
experts have been organized during past years. 

In 198i a joint prefeasibility study on the perspective of HTGR application in 
China has been performed by Beijing Institute of Nuclear Engineering and 
1NN0TCC in Federal Republic of Germany. The outcome of this joint 
prefeasibility study shows, that HTGR has potential market in certain 
conditions in our country due to the following reasons. 

1. At present time, there are only four power grids, which have installed 
capacity, exceeding 10 GW. It is impossible for a certain regions, not 
covered by these large grids, to house PWR's with unit size in excess of 
300 MW. Modular HTGR of about 100 MW ivy be used to meet the needs of 
power in these regions. 

2. Modular HIGR with inherent sfety features and small size can be built in 
densely populated areas. 

3. Steam parameters of Modular HIGR are the same, as that of coal fired 
plants, so that the whole packaqe of conventional island can be supplied 
by domestic manufacturers. 

4. Multipurpose Modular HTGR is attractive for chemical and oil industry. 

Therefore, we decided to perform an independent feasibility study on 
possibility of building Modular HTGR demonstratin plant in China, based 
on information provided by foreign organization, including INN0TEC, 
INTERATOM of Federal Republic of Germany and GA, GCRA of United States 
respectively. 

The purpose of independent feasibility study is : 

to evaluated the technical concept; 
to estimate domestic share in engineering and equipment supply; 
to estimate total cost, including amount of hard currency; 
to make economic analysis, including the price of generated 
electricity and ways of reimbursing hard currency; 
to explore the resources of funds and possible favourable financing 
terms; 
to explore the cooepration mode, regarding investment, technology 
and management; 
to make comprehensive comparison of foreign companies in technical, 
economical and financing aspects and to select a foreign company, 
as a partner to perform joint feasibility study. 

In April this year, four working groups have been established to perform 
independent feasibility study, participated by Chong-Qing municipality, as 
potential utility, Dong-Fang manufacturing group, as domestic equipment 
supplier, Beijing Institute of Nuclear Engineering and Southwest Reactor 
Research and Design Institute, as engineering supplier, and Nuclear Power 
Bureau of Ministry of Nuclear Industry, as coordinator. 

First working group is responsible for studying resources of funds and 
financing. 



3| Second working group is responsible for studying domestic share of ei qipment 
and engineering, as well as economic analysis. 

Third working group is responsible for studying technical evaluation and 
boundary conditions of plant size and site. 

fourth working group is responsible for studying cooperation mode. 

The independeit feasibility study is intended to be completed by end of this 
year or a little bit later. 

If the outcome of independent feasibility study is positive and approved by 
relevant authorities, we will select a foreign company as partner to carry out 
a more deeper joint feasibility study. 

USER REQUIREMENTS FROM CHINA 

It can be summarised as : 

mature technologies; approved already by nuclear regulatory institutation; 
minimum environment impact, favouring selection of site; 
appropriate plant size of 200-300 MWe, flexible to limited power grids 
or to specific application; 
certain portion of domestic share in equipment and engineering supply; 
acceptable price of generated electricity or slightly higher than that 
of electricity, generated by coal fired plant of the same size; 
investment and favourable financing terms from foreign organization; 
reimbursement of hard currency through ways of barter trade; 
joint share of risks by both utility and suppliers. 

It must be pointed out that China only began to explore the possibility of 
building Modular HTCR demonstration plant and a number of problems will be 
faced in further proceeding. 

STATUS OF THE HTR RESEARCH AND DEVELOPMENT 
PROGRAMME IN CHINA 
Yuanhui XU 
Institute of Nuclear Energy Technology, 
Beijing, China 

Abstract 

In the seventh Five Year Plan China has identified various high 
priority research areas which also include development work for the 
High-Temperature Gas-Cooled Reactor. i»or the coordination of technology 
development contributions from different ins t i tutes an expert team was 
appointed by the State Scient i f ic Technology Commission. The paper contains a 
description of HTGR relevant research and development work and the main data 
of the HTGR test module planned for construction at the Institute of Nuclear 
Energy Technology. 

As high technologies w i l l exert an enormous impact on the 
future economic growth and lay the ground for China s 
economic leap around the turn of the next century, they 
deserve China uttermost at tent ion now. 

As an immediate part of the s trateg ic object ives within th i s 
century. China s high technology research and development 
const i tute a component of the Seventh Five Year Plan 
(1986-1990). I t ' s projects has planned to serve economic 
development at the c lose th i s and start of the next 
centuries . The projects aims to pool together the best 
technological resource in China over the next 15 years to 
keep up with international high technology development, 
bridge the gap between China and other countries in several 
most important areas and wherever possible for 
breakthroughs. The programme a lso aims to provide 
technological backup ror economic development and train 
large numbers of ta lents for the future. 

Seven prior i ty research area are included in th i s programme. 
One of them is energy technology area, which includes two 
subjects that i s , coal - f ired MHD power generation technology 
and advanced nculear reactor technology. In veiw of the 
development of nuclear energy in the 21st century a choice 
wi l l be made to develop a sare, economically viable and 
i'.ighly tuei e : : ic ienn type ol reactor among tast breeder 



reactc high temperature gas cool reactor and 
tasion-tission hybrid reactor that uses existing fusion 
technology. It is very clear that HTR h and D programme is 
national programme in China now. 
To reform the management of HTR R and D programme a special 
unit, so called expert teams, was set up and appointed by 
State Scientific Technologies Commission (SSTC) to be in 
charge ot HTR P and D programme. Some institutes le.g. 
BINE. SWCR. SINR INET) are involved and the head ot the 
special unit is INET. 
In the HTR R and D programme. Some topics are covered such 
as, fuel element technology, graphite development, metallic 
and ceramic materials. HTR components, fuel element 
handling. instrumentation, engineering and reactor design, 
test facilities, HTR safety as well as fuel reprocessing 
technology. In parallel application study on HTR moduel 
will he carried out in order to investigate the technical 
and economic feasibility for Chinese relevent oil industry, 
petrochemical industry as well as power generation only in 
special area and to investigate the potential 01 application 
on a long term basis. Some users are involved for example. 
Shen^li Oil field for heavy oil recovery. Van Shan 
pertroleum and chemical company for process heat application 
as well as Zhong Qirg City for power generation only and so 
on. 
In addition, to know well the HTR technologies by practice, 
a joint project on building 10 MW Test Module Reactor with 
Seiaens -KWU Group. Interatom GmbH and KFA Julich, F.R.G, 
which also is the part ot HTR R and D programme, is going to 
be signed by each partners. 
The overriding aim of a Test Module is to provide a nuclear 
test facility with wheih relevant and unique features of the 
HTP-Module can be demonstrated. 
That is, test Module provides a nuclear test facility for 
product application; e.g. electricity generation, process 
heat generation, district heat generation and methane 
reforming; components testing of graphitic core structures, 
steam generator, helium blower and fuel handling; 
verification of HTR Module inherent safety features, for 
example, negative temperature coefficient of reactivity, 
temperature limitation due to passive decay heat removal, 
rod withdrawal and limitation of power excursion due to 
water ingress; as well as fuel elements mass test for 
temperatures up to lbOO°C. 
These fuel element mass-tests would significantly improve 
the up-to-date knowledge ot fuel element behavior and its 
fission product release, and could, it the tests prove to be 

successful, lead to a substantial reduction or still applied 
safety factors and hence to a decisive increase ot the 
overall power output ot the HTR-Module. 
The Test-Module has the following main features: 
The reactor core and steam generator will be housed in two 
separate steel pressure vessels. 
fteactor and steam generator are positioned side by side in a 
staggered arrangement. 
Decay heat will be removable by cavity coolers outside the 
reactor pressure vessel. 
The spherical fuel elements are charged from the top. 
The fuel elements are removed from the core-bottom via a 
fuel element discharge tube. 
Reactor shutdown is achieved by means of absorber rods 
dropping into relector borings. 
The fuel elements migrate through the core only once 
I OTTO-loading schemet 

To permit the realization of a two zone core tor 
experimental feasibility, the reactor is equipped with five 
charging tunes instead of one. 
Main data of the Test Module is listed in table 1 and Fig.l, 
and Fig.* show the des.gn or the reactor core and it 3hould 
be understood that all given dimensions are subject to 
further detailed analyses. In principle, it is identical to 
the core structure ot the HTR-Module. The only important 
differences are in the design ot the absorber rods which, 
for cost reasons, are not completely integrated in the 
pressure vessels and in the number ot fuel elment charging 
tubes, which were increased from one to five to gain 
flexibility in fuel management. 

TABLE 1. MAIN DATA OF THE TEST MODULE 
Maximum thermal power 
Average thermal power 
Primary rteliuir. pressure 
Secondary steam pressure 
Cold helium temperature 
Average hot henum temperature 
Steam temperature 
Core volume 

20 MW 
10 MW 
JO bar 
35 bar 

250"C 
700"C 
4 35'C 

cj M' 
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Main core data 13 listed in table I 

Fig.2 shows the heat :low diagram or Test Module in the 
first operating phase, that is reactor is to be used :or 
electricity generation and possible, tor the production ot 
district heat. 

TABLE 2. MAIN CORE DATA 
Thermal power 
Power density lavg.i 
H/D - ratio 
Core diameter 
Core height tavg.j • 
Number ot' tuel elements 
Heavy-metal content 
Burn-up 1avg.J 
Fuel eienent incore time 
Number of fuel elements per Jay 
Loading scheme 

FIG 2 Tesl module China (cross-section: A-rA). 
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Test Module u i l l take ; i ve years tor design, cons t ruc t ion , 
i n s t a l l a t i o n as well as commissioning. Overall time 
schedule ot Test Module i s l i s t e d in table J. 

As mentioned above, China HTS R and 0 programine i s long term 
program™*', i n t e r n a t i o n a l cooperat ion sha l l be promoted in 

the impiementar 1 m ot tfU3 programme on the bas i s o: 
equa l i t y ana mutual bener i - e i t h e r through b n a t e r a x or 
m u l t i l a t e r a l channels a t governmental or non governmental 
l eve l s and in var ious torms. 

TABLE V OVERALL TIME SCHEDULE FOR THE TEST MODULE CHINA 

COOPERATION PHASES 

TEST MODULE PROGRAM 

MILESTONES 

BASIC DESIGN 
DETAILED DESIGN 
LICENSING PROCEDURE 
COST ESTIMATION: 
• GERMAN PART 
. CHINESE PART 

CONSTRUCTION. 
. SITE OPENING 
. ORDER PLACEMENT 
• MANUFACTURING OF COMPONENTS 
• BUILDINGS 
• INSTALLATION 
• COMMISSIONING 

OPERATION: 
• PHASE IWITH STEAM GENERATION 
• PHASE IWITH STEAM REFORMER 

TRAINING 
RAD 
APPLICATION STUDIES 

BASIC DESIGN 
PHASE 

SITE 
APPROVAL 

/ / / / / J 

DETAILED 
DESIGN PHASE 

END OF BASIC 
0ESIC4J PHASE 
COST REVIEW 

CONSTRUCTION PHASE 

• COST f i t VIEW 
• CONSTRUCTION ICENSING 
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Abstract 

General design requirement pertinent to the applied oil 
field is presented. Economic calculation of MTRs application 
in the enhanced oil recovery was pe-formed. It includes the 
consideration of the current structure as practised so far 
in the oil industry in Indciesia. Sensitivity studies were 
done to enlighten the influence of uncertainties related to 
the HTRs, i.e. capital costs, oil prices, depreciations, 
investment credits, domestic obligation, financing t»rms. 

1. Introduction 
In 1987 a prefeasibility study of the application of HTR in 

Indonesia, namely for the heavy oil recovery in the Duri oil 
field, was completed. The result was discussed in the Seminar, 
and was later reported to the Indonesian Government tl) (2). The 
study was performed under the cooperation between KWU, INTER ATOM, 
of the Federal Republic of Germany and BATAN, BPPT, MIGAS, LEMI-
GAS. PERTANINA of Indonesia. 

From the Duri steam flood requirement 4 units of 4 HTR 200-
MWt modules were exercised and attractive results were obtained. 
Various advantages, economic and technological, on the use of the 
nuclear steam supply systems over conventional crude-burninj, ones 
were identified. Sensitivity study over certain parameters was 
also performed, such as over oil prices, escalation, exchange 
rates. Later an economic study cf only one unit of 4 HTR 200-MWt 
module introduction, resulting in similar attractive results, was 

j* also presented by KVU. 

Whilst uncertainties associated with assumptions still huvt-
to be verified through a comprehensive feasibility study, SOUP 
issues are hindering the decision to proceed. Among these arc 
short term practice of oil production sharing contracts, ac'i l 
low oil price, optimistic view on the availability of other 
energy resources, institutional and safety aspects (3). 

In the study, the HTR-Hodules of Interntom/KWU design ware 
chosen as the power source, of which technical and economic data 
were provided by these companies. Figure 1.1. One plant unit 
consists of four HTR-Modules of 200 MWt, one back-pressure turbo
generator, giving electricity (76 MWe net) and process steam 175 
bar, 320 oC, 260 kg/s). The requirement on the capability to 
handle partial loads of steam and electricity should be taken 
into account. In the normal operation of steam flooding, the 
steam load is continuous by the months, whereas th» electricity 
load can very diurnally (especially if the excess elect:icity it 

be sold to households or other users). 
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with backpressure turbine) 



An alternative thermal scheme, which (tinUined steam conver
ters, was also foreseen and elaborated. In this scheme the elec
tricity load change may influence the steam production different
ly, but for sure the water treatment plant can be simplified. 
Other consideration on the thermal set me is, when the reserve 
will be fully depleted the nuclear plants may be converted from 
a cogenerative to a full condensing power station. 

To the present time further exercises have been executed on 
the sensitivity analyses of economic issues, namely the crude 
sale price, the burned crude price, the escalation rate, the 
electricity sale price, the capital cost, financing term, con
struction time reactor lifetime. The influence of the income 
structure usually applied to the production sharing contract was 
also reviewed as compared to the one assumed in the previous 
study. In this paper, some results of the latest calculation are 
presented. 

2. General Design Requirement 
The Duri Oil field is located in Riau province, Sumatera 

Island, and is operated by PT. Caltex Pacific Indonesia. It 
covers a productive area of 30,000 acres and has original oil in 
place (OOIP) of 7.1 billion stock-tank barrels. The current oil 
production is 60,000 barrels perday and the cumulative production 
is about 5.5 X, of its OOIP. Due to the very high viscosity, the 
ultimate oil recovery under natural depletion is very low, ap
proximately 11 X of the OOIP. To enhance the recovery of the Duri 
crude, a steam flood project is currently implemented. 

The viscosity of the Duri crude is 120 cP at a reservoir 
temperature of 100 F. The crude gravity is about 22 API and the 
oil is accumulated in sandstone formations at a range of depths 
from 350 to 800 ft. The reservoir pressure ranges from 160 to 250 
psi. The steam quality required in the bottom of injection well 
is 0.75 at about 400 F operating temperature and 400 psi pressure 

A study for steam flood project development indicated that 
dividing the Duri field into 19 project areas, Figure 2.1., the 
project will require about 8000 additional wells with project 
life of more than 40 years, with an expected increase of produc
tion to a level of 300,000 barrels oil perday in 1990. When it is 
fully materialized the Duri steam flood project will be the big
gest project of its kind. 

In case of using oil-fired steam generators approximately 
5500 ton/hr steam will be required, Figure 2.2. consuming 2000 
barrels of oil perhour, which is approximately 20 X of the pro
duced crude, Figure 2.3. The electricity requirement, as shown in 
Figure 2.4 is mainly for the crude lifting pumps, water treat.ment 
and gathering stations. Surface facility plan is based on a de
centralized system of steam generator station. 

T P • " » " 

/ O ""«DU • PERTAMA KEDUA 

£ RINOUONLV 

| PERTAMA KEDUA ONLY 

P PERTAMA KE0UA , BAJI JAGA 

• RIN0U . PK . BAJI JAGA 

-RINOU FL0ODABLE LIMIT 

• PK FLOODABLE LIMIT 
• BAJI-JAGA FLOODABLE LIMIT 

r i 7 i T i 7 I T 1 T I T I -|~TS-C J= 
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llecauso of the alternating steam requirement over the yiMirs, 
only a part of the total steam requirement could he supplied fron 
(he HTRs at its maximum availability. One of the alternatives is 
to apply 4 units of 4 HTR modules, which fits to one of the pro
bable field development Hi-cnnrio, the KO called CMMP 1A. 

To implement the use of HTR modules, about 40,000 m2 plant 
area would be needed. No subsoil explorations to determine the 
subsoil conditions have been performed. The oil field li«*s at the 
eastern periphery of a large mangrove swamp extendi ng about 20 
km from north to south. The boundaries of the swamp a•thin the 
oil field area coincide almost exactly with the edges in the 
north, east and south. The quarternary deposit and sedimentary 
rocks underlying the swamp rise to the surface at these edges. Of 
these areas, only the eastern flank of the oil field may look 
suitable, These sites, which are locnted outside the oil field, 
are likely excluded from the possibility of the subsidence caused 
by the oil extraction in the sediments. 

The outcropping sedimentary rocks are composed of soft sand
stone, limestone and conglomerate, the soils consist of silts, 
silty fine sands and clays. The thickness of the mangrove swamp 
in the oil field probably varies to a great extent ranges from 6 
m to 12 m, 

Without the need for substantial additional measures ade
quate shallow foundations can be provided for the conventional 
structures.at these sites under static loading condition. With no 
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FIG.2 4 Electricity requirement, case 1A. 



£ soil iaproveaent, the .oil bearing capacity is estimated to he 5 
k^/cmZ. Whether additional foundation measures for seismic events 
are required to strengthen the foundation it will depend on the 
Magnitude of the seismic, criteria proposed. No data or informa
tion was obtained on this topic. 

Jn contrary to the development plan with oil fired steam 
generators, the development plan with HTR-Modules is based on 
centralized systea supplying each Project Area with steam and 
electricity froa the HTR-Module location to the delivery points 
in the supplied Project Areas. Delivery points in this relation 
•re the steam station in • Droject Area in area plot plan with 
oil fired steaa generator. 

Due to time dependent development of the field, there are 
years where steam is supplied only to the northern or to the 
southern areas. Therefore a location of the HTR-Module plant in 
the aiddle of the eastern flank of the field is favourable. The 
steaa distribution piping froa the HTR-Module to the delivery 
points in different time. 

As the pressure at the well heads is defined by the oil re
servoir consideration, the inlet pressure into the steam grid de
cides the total available pressure drop. Beside this, the inlet 
pressure influences pipe diameter, wall thickness, condensate 
foraation and power consumption of steam generator feed water 
pumps. The cost of the steam pipe decreases with increasing pres
sure, thus the inlet pressure of the piping steam has a conside
rable influence on investmert and operating cost. Based on this 
consideration the steam pipi*s are designed to the 75 bar outlet 
pressure from the plant, which is higher than the design pressure 
of the distribution system in the Project Areas.Therefore a pres
sure control system has to be planned. 

A water treatment plant has to be built to supply the total 
water requirement by the HTR steam generating system. The avail
able raw water is mainly the production water of Duri oil field. 
The raw water has to be treated to the quality determined by the 
steam generating system. Preparation of demineralized water with 
reverse osaosis from Ouri production water for direct steam 
generating system is chosen. This water treatment method is a 
physical one which is more environmentally acceptable and re
quires relatively lower investment cost compared to other me
thods. The design capacity of the water preparation Plants have 
been set to 1000 ton/hour of treated feedwater corresponding to 
the required injection steam of 4 X 4 HTR-Modules. This aaount 
includes the necessary internal water consumption for washing and 
flushing. 

3. The Income Structure 
At present the arrangement of income structure between the 

oil contractor and the Oil State Enterprise is set in a produc

tion-sharing contract. It is assuired that the arrangement will be 
maintained for the remaining life time of Duri Steam Flood pro
ject . 

In the Study the income structure had been simplified as 
depicted in Figure 3.1. The contractor-company earns 12% shar,; of 
the "resources generated", whereas the rest 88X should come into 
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t h _- corporate tax (45X), tax on interests, dividends and ro-
y>lt»es (11X) and the government share (32X). The "resources 
generated" was defined as the crude sales substracted by the 
operating cost (fixed • variable • depreciation) and the finan
cial coat. For the cash flow evaluation the "net-cash-flow" was 
defined as the difference between the total sales and the cash 
out-flow, not including the shares of the company and of the 
state oil enter-prise in the cash out-Dow. This resulted that 
the net-cash-flow can be calculated as a usual substraction: 

(sales) - (operating cost + financial cost •* repayment + tax) 

On the other hand, the economic evaluation normally perfor
med in the Indonesian oil industry to assess the feasibility of a 
production-sharing undertaking utilizes a more complex scheme, as 
shown in Figure 3.2. It includes other terms, such as domestic 
obligation as well as incentives, which in practice are negoti
able in terms of the value itself. 

In such a scheme * ho gross revenue coming from the crude 
sales is balanced against the recovery cost, which includes also 
incentive to the utilization of advanced technology. By the 
application of HTRs on the field the excess electricity is a by
product which, if absorbed, can be valued as an addition to the 
gross revenue or as a negative component to the operating cost. 

The depreciation compone.it in the scheme shall be calculated 
with the double-declining balance for three years then followed 
by the straight-line for the remaining four years. Another incen
tive is a bonus to the company (the so called investment credit) 
for capital repayment, which can amount to 20X of the invested 
capital. These advantages which the company can enjoy vill not 
avail if the recovery cost term exceeds the revenue, .>~cially 
in the first years after a large investment. 

Further, the "domestic market obligation" (DMO) binds the 
company to share 25% of 0,27 the lifted crude to the Government, 
which in turn will pay only a small fraction of a dollar per 
barrel as an adjustment. In this scheme the net contractor share 
will be 44% of taxable income, or 44X out of: 

0.27 (sale - cost recovery) • investment credit 
- net domestic obligation 

The net-cash-flow is then calculated as: 
the net contractor share + depreciation - invested capital. 

This definition gives detail differences compared to the 
simplified scheme, where discrepancies are relatively small in 
the total government take, but may turn substantial in the com
pany's part. Since the investment credit bears a negotiable 
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nature, in this calculation it is taken to be the same as regu
lar repayment amount. The depreciation is counted by a straight-
Hne only, to simplify. It looks quite obvious, though, that the 
capital-intensive nature makes the HTR introduction difficult to 
coapete even without the additional premium and with using only 
straight-line depreciation. 

4. Economic Evaluation 
Since the capital cost of HTRs is very high compared to the 

one of crude-burning steam generators, the question of who shall 
invest additionally is thought in two possible answers. First is 
the oil contractor itself to become the operator of the HTRs. The 
second is a "utility" company being the producer of fteam and 
electricity. 

In the first scheme, tho oil contractor takes care of the 
additional investment to the running EOR project and adjust the 
HTRs introduction schedule to match already optimized oil produc
tion schedule. The contractor could also optimize the oil produc
tion schedule to obtain the full advantages of the use of HTRs. 

This implies that if the production schedule is not opti
mized to HTR utilisation, i.e. with large load variation as in 
the studied case, then a large number of conventional steam 
generators still contributes to the expenses. On the other hand 
if the production schedule was optimized to the HTR utilization, 
the production life-time of the field might extend and require 
•ore number of HTRs. 

Further to be verified is the excess of electricity produc
tion coming from the 4 X 4 modules. TNe calculations assumed that 
the excess of about 1600 Gwh/y electricity can be absorbed out
side the field by the oil production complex or the local elec
tric grid. Furthermore, in later years when the oil reserves 
deplete the remaining cogenerative HTRs should be modified for 
the mere production of electricity. 

In the second scheme a utility company, independent to the 
oil-producing operator-company, shall provide steam and electri
city to the oil company with an agreed schedule. This utility 
company shall optimize its own HTR system and be able to sell the 
excess electricity to the electrical grid, and shall therefore 
have a different income structure as compared to the production 
sharing contract parties. To illustrate this second scheme calcu
lations were performed on the introduction of one unit of 4 HTR-
Modules, in which a fixed selling price of process steam and 
electricity were assumed. 

The cost of one unit of four HTR modules plus the turbo-ge
nerator is assumed to be 750 million dollars of 1987. This amount 
excludes water treatment plant, common facilities and distribu

tion piping. Sensitivity to the increase of 50X has boen 
considered. The construction is to start in 1990 and takes 4 
to 5 years to finish one unit. 

The nuclear fuel cost has been taken to be 36 mills/kWth, as 
the maintenance and insurance costs have been taken respectively 
1.5% and 0.7X of investment per year. The chemicals for water 
treatment and expenses for the staff are estimated to 3.6 million 
dollars per year. The physical lifetime of the HTRs is taken as 
30 years, but the economic one 20 years. All ether systems are 
depreciated in 6 years in the straight-Iine way. 

The financing arrangement is assumed to consist of 65% - 85% 
export credit and 15% - 35% commercial loans for the HTRs as well 
as the water treatment plant, whereas for other systems 100% com
mercial loan* have been assumed. All the loans are paid twice a 
year with the interest rate of 8% per year. 

When the first result of the Prefoasibi1ity Study was pre
sented, the initial question was how to fare the burned crude. 
Although local crude produced in other wells within the contrac
tor's field could be burned, which can menu to fare the crude for 
only the production cost, such practice will hurt the government 
income in the production sharing arrangement. Therefore thi& pos
sible price is taken for comparison. 

The following figures show the results of sensitivity cal
culations, which are based on oil price of 16 USS/bbl (198HI with 
real escalation of Z % /y, 30 years lifetime as reference. 
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FIG 4 1 Unit cost 4X4 HTRs vs. conventional power plants 
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For a source of low pressure ( < 30 ata) and low temperature 

( < 250 C) steam, an HTR can easily comply the requirement. But 
the electric load variations coming from the production field as 
well as the ones coming from the oil industry, lighting and 
households shall be overcome without disturbing the steam conti
nuity . 

The flexibility in plant layout shall accomodate the future 
conversion of back-pressure turbo-generator unit to the conden
sing one, in case the plant shall be utilized for mere electri
city production at the time when the steam flooding ceases. 

The crude selling price represents the most dominant factor 
in the economic calculation of HTR application. The present oil 
price situation and its declining tendency do not support the 
profitability of this nuclear alternative. Further, if the burned 
crude has the price of the well-head cost and the electricity 
consumption is provided by the field associated gas or by the 
crude in the same manner, it is very difficult for any other 
energy source to compete. 

As a large capital is involved certain premiums given to 
the oil contractor shall be prearranged and the crude production 
scenario be optimized to make the nuclear alternative interes-



ting. The efforts to lower the capital cost and to extend the 
life time of the nuclear reactor are obviously general remedy to 
be taken. 

The scheme of having an independent utility company to 
supply the nuclear heat and electricity aay be sound if the 
burden of financing can be overcome, since a long negative cash
flow will involve. Furthermore the selling price of heat and of 
electricity Mill fully determine the feasibility. To incorporate 
the nuclear power plant inside the oil contractor company can re
lieve the burden of long negative cashflow. But this scheme shall 
involve a long term commitment froa the company. 
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FORT SAINT VRAIN OPERATIONAL EXPERIENCE 

C.H. FULLER 
Public Service Company of Colorado, 
Denver, Colorado, 
United States of America 

Abstract 

Fort St. Vrain (FSV), on the system of the Public service Company of 
Colorado, is the only high temperature gas-cooled (HTGR) power reactor in the 
United States. The plant features a helium-cooled reactor with a 
uranium-thorium fuel cycle. The paper describes the experience made during 
its operation. 

PLANT DESIGN 

The entire primary coolant system, including the reactor, the 
steam generators, and the helium circulators, is housed within a 
prestressed concrete reactor vessel (Figure 1). A total of 1,482 
hexagonal fuel elements forms the active core. Each of these fuel 
elements consists of a graphite block which is loaded with 
triso-coated uranium and thorium particles which have been bonded 
into cylindrical rods (Figure 2). Helium at a pressure of 
approximately 700 psia is directed by four circulators through the 
core, where it absorbs the Mat from the fission process. The helium 
is then distributed to twelve steam generator modules which transfer 
the heat to the secondary system. 

The secondary system is similar to that found in anv modern 
fossil-fueled facility (Figure 3). Main steam at 2,100 psig and 
1,000°F is produced in the ste.m generators and enters the high 
pressure stages of the turbine generator. The steam is exhausted to 
the single stage turbines of the helium circulators where it provides 
the motive force tor rotation of the circulator compressors. The 
steam is then reheated to 1,000°F, and directed back to the 
intermediate and low pressure sections of the turbine generator. Use 
of the reheat cycle improves overall plant thermal efficiency to 
about 39V 

Conventional features of the condensate system include full-flow 
demoralization, three stages of low pressure heating, and 
aeaeration. One motor driven and two turbine driven boiler feed 
pumps ta».e suction from the deaerator and provide feedwater to the 
steam generator' modules by way of two nigh pressure heaters. 
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OPERATIONAL HISTORY 

The operational history of Fort St. Vrain can be charade 1 ized by 
low availability and inconsistent production. One of the rijor 
reasons for these difficulties has been the lack of an Industry-wide 
experience base for resolution of specific plant pro.lens. 
Consequently, the lessons that have been learned at other facilities 
had to be researched and adapted as appropriate for Fort St. Vrain 

In the regulatory arena, a prime example of this adaptation has 
been the implementation of the Environmental Qualification (EQ) 
program for electrical equipment mandated by our Nuclear Regulatory 
Commission as specified by 10CFR50.49. The concern addressed by the 
regulation is the need to assure that electrical equipment important 
to safety will continue to operate in the adverse environmental 
conditions created by a steam line break. It is ironic that the 
excellent steam conditions afforded by the advanced design of the 
Fort St. Vrain plant are exactly the conditions most detrimental to 
electrical equipment in a steam-filled environment. The Nuclear 
Regulatory Commission and Public Service Company of Colorado worked 
closely to address the issue. However, the long-term resolution 
directly contributed to the unavailability of Fort St. Vrain for much 
of 198S and 1986. 

The unique design of Fort St. Vrain has also had an impact on the 
reliability of the plant. Foremost among the difficulties 
experienced has been the complexity of the helium circulator 
auxiliary system. Transients in this system have been initiated by 
Improper or inadequate response to control tignals. Frequently, this 
has resulted in relatively Urge quantities of circulator bearing 
water entering the primary coolant helium. The subsequent cleanup of 
moisture from the primary coolant has been a principle contributor 
towards low plant availabi'lty. 

The circulators themselves have also experienced failures in 
bolting due to chlor'de stress corrosio.i cracking. Although this 
problem was responsible for the current 12-week scheduled maintenance 
outage, long-term effects on plant availability are not expected. 

More recently, a significant improvement in plant operations has 
been achieved. Specifically, sustained operation at high power 
levels has resulted in plant capacity factors more than four times 
the lifetime average. In addit.on, three of the top ten months of 
operation for Fort St. Vrain have been achieved in 1988. 

With this type of 1ncon«istent, but improving, reliability, wnat 
does Fort St. Vrain have tr offer to the development and operation of 
future reactor designs, particularly the Modular High Temperature 
Gas-Cooled Reactor (MHTGR)? The answer lies in the experience gaiied 
at Fart St. Vrain, both from a management perspective and from a 
design perspective. 



MANAGEMENT RESPONSIBILITIES 

!n any endeavor, the responsibility for success or failure rests 
with the management of the program. Management defines the 
objectives, determines the best way to meet the objectives, allocates 
the resources, and adjusts the methodology to changing conditions. 
Although these ire fundamental principles, they become even more 
important when managing a project involving new or Innovative 
features such as tiat found in the MHTGR. 

When undert.-ing an advanced project, the management of the 
organization must first recognize that the project will not be well 
understood outside the sphere of those most directly involved. The 
established perspective will invariably result in the tendency to 
address problems from within the historical framework. At Fort St. 
Vrain, this has been most evident when attempting to apply regulatory 
requirements, which are based on the experience of water-cooled 
reactors to the gas-cooled design. It is clear that tr3 intent of 
the regulatory requirement applies in most situations; however, 
implementation of the requirement often involves a significant effort 
on the part of the regulating agency and the facility owner/operator. 
Therefore, the objective <v management is to develop and maintain an 
atmosphere which facilitates the discussion of advanced design 
concepts while acknowledging the existing viewpoint. 

To accomp". ish this objective, the internal culture of the 
organization most project all aspects of responsibility associated 
with operating a nuclear facility. 

Most importantly, a safety culture must permeate the 
organization. All actions and interactions of individuals and the 
organization must be evaluated for their impact on nuclear safety. 
Policies must, be established which not only result In safe work 
practices, but which also sustain the environment of safety. 
Administrative procedures which direct the organization towards this 
goal are of paramount importance, since they convey management 
expectations. The benefits to the plant, its workers, and the public 
are obvious. Not so obvious, however, is the higher level of 
confidence it creates with your regulatory agency. This confidence 
is a prerequisite to success when advocating advanced design 
concepts. 

Secondly, all information which is relevant to reliable and safe 
operation o. the plant must be openly discussed. Feedback mechanisms 
mus* be in place which permit experiences gained by the staff to be 
factored into future operation and design. A variety of programs 
have been implemented at Fort St. Vrain, with this objective in mind. 
The result has been improved operation, correction of long-standing 
deficiencies, and the development of a more effective teamwork 
approach to problems. Additionally, the experiences gained at Fort 
St. Vrain itave been instrumental in designing the MHTGR. Some of 
these desiqn considerations will be discussed later. 

With respect to the external culture, the establishment of an 
effective interface with the regjlatlng agency is of prime importance 
to advanced design reactors. In the past, Fort St. Vrain had not 
utilized a proactive approach with the Nuclear Regulatory Commission. 
Consequently, a number of unnecessary delays in the implementation of 
regulatory requirements have been experienced. These delays were 
primarily the result of adapting existing regulations to the aovanced 
design. Since the burden of proof of compliance with the Intent of 
the regulation lies with the owner/operator, It is 1n the best 
interests of the facility to anticipate, rather than react to, 
regulatory changes. A Licensing group, with the explicit purpose of 
evaluating proposed rulemakings, has been established within the Fort 
St. Vrain organization. This group actively participates in the 
regulatory process, thereby ensuring that the interests of Fort St. 
Vrain are addressed. 

Another area closely related to the regulatory process is the 
implementation of the ficility Technical Specifications. It should 
be remembered that the Technical Specifications address only those 
aspects of operation that are minimally acceptable, which assures 
that operation will be within the design basis for the plant. On the 
other hand, operation under minimally acceptable conditions will 
probably result in plant capacity factors which are unacceptable. At 
Fort St. Vrain, a complementary set of testing requirements for 
components not included in the Technical Specifications has been 
developed. The plant staff undertook, a program for identifying the 
components to be included in the Non-Technical Specification program. 
Criteria for inclusion were governed by the operational history of 
the component, the effect that failure cf the component would have on 
plant operation, and the availability of redundant components. At 
the present time, the scope of the Non-Technical Specification 
program exceeds that of the Technical Specification program. 

PROCEDURAL COMPLIANCE 

A major line of defense for safe and reliable operation of a 
nuclear facility is the establishment of appropriate administrative 
controls which are Implemented by a procedural system. Again, 
advanced reactor designs somewhat complicate this process, primarily 
because tne operational boundaries and the equipment Involved are not 
yet standardized in the industry. 

A strict policy of procedural adherence must be promulgated and 
enforced. It is not uncommon to experience some resistance to such < 
policy. However, the basis for procedures 1s to ensure that 
operational parameters do not result in conditions which are outside 
that assumed in the design bases. Maintenance practices must also 
deliver equipment which is capable of performing as Intended, 
particularly under accident conditions. Once these principles are 
commonly understood throughout the organization, staff appreciation 
for procedural adherence is greatly enhanced. 



However, it is not reasonable to expect that the staff will 
strictly adhere to procedures when the procedures themselves are 
deficient and no easy method for correction is present. A feedback 
mechanism must exist whereby the staff can recommend changes to the 
procedures. As a result of such a mechanism put in place at Fort St. 
Vrain, a significant procedural upgrade program has been undertaken. 
This program nas resulted in procedures which provide more detail, 
are easier to use, and provide better documentation. One of the side 
benefits of the program has been better participation from the staff 
In identifying procedural weaknesses. 

TEST I KG 

A significant amount of electrical generation has been lost at 
Fort St. Vrain as the result of conducting testing while *he plant 

- has been tti operation. Because of its unique design, special testing 
has been performed to confirm design assumptions or to gain 
additional information needed as the result of unanticipated 
experiences. The nature of these special tests has often resulted in 
rather slow rise-to-powcr ascensiots, or in delays in placing the 
turbine generator into service. An excellent example of this has 
been the "core fluctuation1, testing performed in recent years. 

The core fluctuation phenomenon was caused by small movements of 
the fuel and reflector elements (moving as a column) as the result of 
thermal and hydraulic effects (Figure 4). These small column 
movements resulted in slight variations of primary coolant flow 
through the reactor core regions, accompanied by changes in 
individual region outlet temperatures and steam generator module 
inlet temperatures. After a testing period of about 2 1/2 years, the 
core fluctuation problem was corrected by the installation of 
constraining devices on the upper elements between each refueling 
region (Reference 1). 

- - - - - - - - fortunately, it appears that the vast majority of this type of 
testing at Fort St. Vrain has been completed. The results of many of 
these types of tests are directly applicable and have been 
incorporated into the MHTGR design. Consequently, the MHTGR should 
be able to capitalize on the Fort St. Vrain experience. 

By its very nature, te:ting almost invariably puts the plant in a 
condition of more jeopardy than that experienced during normal 
operation. Consider, for example, the performance of routine, 
monthly surveillance testing on the Plant Protective System. 
Typically, one instrument of a redundant set of instruments is taken 
ojt of service for calibration or functional testing. The remaining 
ir-service instruments continue to monitor plant parameters. In this 
situation, continued plant operation is highly dependent on the 
absence of electrical "noise" on the circuitry, the perfect 
performance of the technician, non-interference of other work, ei.L. 
At Fort St. Vrain^ a number of plant shutdowns have resulted from 
Placing the plant in this higher level of jeopardy. 
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An effective program for dealing with the problem has been 
implemented. Those tests which historically have a higher incidence 
of causing a plant transient have been identified. The tests were 
then reviewed to ensure that the most efficient means possible for 
performance were Incorporated. Finally, the tests have been 
scheduled to be performed as a set of tests rather than Individually. 
This approach minimizes the number of days throughout the month that 
the plant 1s subjected to these high sensitivity tests. It also 
affords the opportunity to consistently provide the highest level of 
expertise to perform the testing. 

As a result of surveillance testing at Fort St. Vraln, the type, 
frequency, and complexity of similar testing at the MHTGR should be 
carefully considered. It should also be noted that the design of the 
Plant Protective System 1n the MHTGR has been significantly modified 
as a result of Fort St. Vraln experience. 

DEFENSE IN DEPTH 
The primary means of addressing the defense 1n depth concept at 

nuclear power plants Involves the incorporation of physical barriers 
to the release of radioactive materials. A more generalized approach 
recognizes the Importance of the human barrier to complement the 
physical barriers. The human barrier can be fortified by the 
application of appropriate administrative controls. 

One such administrative control 1s the Implementation of an 
Independent Verification program. At Fort St. Vraln the program is 
extensive and has been effective in preventing human errors from 
affecting operation of the facility. 

In the area of maintenance, the removal of equipment 1s 
independently verified to have been correctly performed prior to the 
commencement of work. Special emphasis Is placed on the isolation of 
the component from the remainder of the system. All "clearances" are 
Independently verified to be correctly placed. After completion of 
the work, the proper returning of the equipment to service 1s also 
independently verified. Since the introduc' n of this pi-.gram, a 
significant reduction in the number of human errors has been 
achieved. 

A second example for application of the independent verification 
process Involves the Installation of temporary configurations. 
Temporary configurations can be particularly detrimental since they 
frequently involve affecting a system such that the system behaves 
differently than originally intendeo. The potential implications on 
the design basis for the system are apparent. A critical, 
independent review of the impact of the tem^cary configuration Is 
essential to assuring that adverse consequences are not Introduced. 

An area often overlooked as one barrier in the defense in depth 
concept is that of the planning and scheduling of work activities. 

Nuclear plants are always designed and constructed with several 
layers of equipment redundancy. However, when equipment is 
unavailable because of poor planning and scheduling of maintenance, 
the benefits of redundancy are lost. Advanced reactor desiqns 
complicate the planning and scheduling process because the 
availability of spare parts for non-standard components is less. At 
Fort St. Vraln, we have found it effective to designate some of our 
more operationally experienced personnel to the planning and 
scheduling process. 

DESIGN CARRYOVER TO THE MODULAR HTGR 
What has been discussed thus far are managerial principles and 

programs. Particular emphasis has been placed on these specific 
issues, because they will probably be those most impacted by advanced 
reactor designs. Obviously, the many other principles for nuclear 
reactor design also apply to the MHTGR. 

Attention is now turned to the equipment which is envisioned to 
be translated from the Fort St. Vraln experience to the MHTGR. A 
number of years ago, General Atomic instituted a formal carryover 
program to capture the experience gained from various systems In 
operation at Fort St. Vraln. The program was based on a "problem 
analysis" technique, wherein a problem was defined as any unexpected 
difficulty which had occurred in the design, construction, operation, 
or maintenance of the plant. After analysis, the information was 
then directed towards ensuring that designers, manufacturers, 
constructors, operators, and others directly involved in future HTGR 
programs could benefit from the experiences at Fort St. Vraln 
(Reference 2). 

Table I provides a few examples of the components or systems 
which have been translated from Fort St. Vraln into the MHTGR with 
little or no modifications. Probably the most significant of these 
is the ceramic coatings on the fuel particles. Outstanding fission 
product retention capabilities of these coatings continues to be 
demonstrated at Fort St. Vraln. This performance, in conjunction 
with similar performance data from other facilities, has provided the 
experimental basis for its use as the primary containment in the 
MHTGR. 

Fort St. Vraln has also been instrumental in identifying 
necessary design improvements for similar components and systems 1n 
the MHTGR. Table II provides examples of components which fall into 
this latter category. In >ome cases, such as the helium circulators 
and the Plant Protective System, major redesign has occurred as a 
result of less than satisfactory performance at Fort St. Vraln. 

With this type of first hand input, the MHTGR has a firm 
foundation on which to build. 



TABLE I 

COMPONENTS/SYSTEM DESIGNS 
ADOPTED IN MHTGR AS A RESULT OF 
PERFORMANCE IN FORT ST. VRAIN 

COMPONENT OR SYSTEM 
REASONS FOR ACCEPTANCE 
OR COMMENTS ON PERFORMANCE 

Steam Generators Basic FSV helical coil, once tnrough 
units; however, much larger and without 
reheat. 

H4S1 Graphite Fuel 
Elements 

Ceramic-Coated Fuel 
Particles 

Helium Purification System 
High Temperature Adsorber, 
Oesiccant Dryer 
LN,, Delay Bed 

Confinement Building 

Generally, good graphite performance in 
Fort St. Vrain. 

Excellent fission product retention with 
these coatings. 

Good FSV performance with these 
purification system components. 

• Primary and secondary containment is 
PCRV at FSV. 

Primary System Components 
Such as Insulation, 
Permanen* Reflector, 
Graphite Posts 
Retiined for MHTGR 

MHTGR primary and secondary 
containment includes fuel particle 
coatings and steel pressure vessel, 
respectively. 

Component technology is retained in 
MHTGR, but their configuration has been 
adapted to the steel vessel concept. 

TABLE II 

DESIGN ENHANCEMENT* 
AS A RESULT OF 

FORT ST. VRAIN EXPfFIENCE 

COMPONENT OR SYSTEM 
FROM FORT ST. VRAIN 

Control Rod Drives 

Reserve Shutdown 
System 

Helium Circulators 

Helium Purification 
System 

Plant Protective 
System 

Reactor 
Configuration 

MHTGR DESIGN 
MODIFICATION 

Lower gear ratio on 
drive system 

1) Boron Carbide 
pellets are oval 
instead of 
spherical 

2) Mechanical gate and 
double thermal fuse 
link actuation 

1) Magnetic bearings 
instead of water 
bearings 

2) Motor Drive instead 
of single stage 
steam turbine 
utilizing reheat 
steam 

Copper-Oxide bed 
utilized instead of 
titanium sponge for 
hydrogen removal 

2 out of 4 logic 
instead of 2 out 
of 3 

1) No flow controlling 
orifices in MHTGR 
as compared to 37 
individual fuel 
regions in FSV 

2) Lower overall core 
pressure drop in 
MHTGR compared to 
FSV 

REASON FOR 
DESIGN CHANGE 

Prevent rods from hanging 
up due to friction on 
motor drive shaft. 

1) Oval design will 
inhibit pellet 
bridging. 

2) Simplified release 
mechanism provides 
automatic operaton. 

1) Prevent moisture in
gress into primary 
system. Simplifies 
circulator auxiliaries. 

2) Simplifies circulators 
high energy steam 
system. 

Titanium sponge bed was 
only partially successful 
at Fort St. Vrain in 
removing hydrogen. 

Allows for testing and 
operation with less 
chance of spurious trips. 

1) & 2) These design 
changes will minimize 
the thermal/hydraulic 
conditions that caused 
temperature fluctuations 
in Fort St. Vrain. 



CONCLUSIONS 
Considerable input to the operation and design of the modular 

HTGR has been obtained as the result of experiences at Fort St. 
Vrain. Fundamental management principles which deserve increased 
attention as the result of operating an advanced reactor design have 
been identified. Design concepts which are directly applicable to 
the MHTGR can be incorporated. Design concepts needing further 
attention have received detailed analyses. The continued operation 
of Fort St. Vrain will further enhance the MHTGR concept. 
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Abstract 

During the past ten years the development of a specific HTR 
concept has made remarkable progress. This has been mainly 
characterized by making use of the safety characteristics typi
cal of the High-Temperature Reactor (HTR). 

In the design, construction and operation of High-Temperature 
Reactors - expecially AVR (IS MWe plant in Juelich, FRG) and 
THTR (300 MWe plant in Hamm-Uentrop, FRG) - comprehensive expe
rience has been gained in the field of operational availability 
and safety, accident topology and plant risk of HTRs in recent 
years. This experience is relevant for the entire HTR line 
independent of specific projects. 

1. HTR 500 

The HTR 500 is the first commercial High-Temperature Reac
tor with a pebble bed core. Its design principles and the 
design of its systems are based on the earlier AVR and 
THTR projects. These plants were both designed, construc
ted and commissioned by BBC/HHB, now both members of the 
ASEA Brown Boveri (ABB) Group. The AVR has been success
fully operating for 20 years; the THTR was synchronized to 
the grid for the first time late in 1985 and has been in 
power operation since February 1987. 



Based on the system-inherent HTR characteristics, the 
follow on project HTR 500 has a high level of safety i.e. 
its damage potential is low even if extremely improbable 
accident scenarios are assumed. 

Its main features are 

integrated design of all primary system components in 
a single cavity concrete pressure vessel. 

use of standardised components and proven materials 
from the THTR 300 wherever possible. 

separation of operating and safety systems, which 
leads to simple design, 

accident control which makes use of the system-
specific, inherent accident response of the HTR. 

The HTR 500 is designed for a thermal reactor power of 
1390 MJ/s and an electrical net output of 550 MW. it has 
the steam conditions and the high efficiency of todays 
fossile fired plants. The possibility of process steam and 
district heat extraction is given. 

The main characteristic sarety features of the HTR 500 
system design are: 

graphite core structures and graphite fuel elements 
having a high temperature stability (> 3000 *C) 

SiC-coated fuel particles ensuring high retention of 
fission products 
(> 1800 *C) and high failure limits 
(> 2200 8 C ) , cf. Fig. 2. 

Inert, phase-stable helium coolant 

Burstproof prestressed concrete reactor vessel 

Reactor building providing protection against exter
nal impacts. 

HTR 100 

The HTR 100 (100 Mrf electee output) was developed for 
those application! which benefit from such a small plant 
sise. 

Industrial plants with a demand for comblnded genera
tion of electric power and process steam 

Countries with a small grid capacity starting appli
cation of nuclear energy. 

The plant concept is largely based on the AVR. The HTR 100 
is characterised by the following main features: 

Steel pressure vessel 

Arrangement of the steam generator above the core, 
thus permitting natural convection in the primary 
circuit 

Possibility of passive decay heat removal exclusively 

Maximum fuel element temperature remaining below fuel 
element damage limits. 

In the following the safety characteristics of the HTR are 
presented by the example of the HTR 500. Sinca at a result 



of the smaller plant size the energy density of the core 
the HTR 100 risk potential is lower, the statements apply 
to the HTR 100 to an even higher extent. 

Operational Experience gained from AVR and THTR 

The operation of the AVR and THTR plants have fully con
firmed the favourable operating and safety behaviour of 
HTR plants: 

High-temperature resistance of the fuel elements and 
reactor internals at hot-gas temperatures of 1000 "C 
(AVR) and 800 to 900 °C, respectively (THTR). 

Excellent activity retention capability of the fuel 
elements resulting in extremely low coolant gas acti
vity: mean coolant gas activity in AVR and THTR: 3 x 
10 8 Bq/Nm3. 

Low coolant gas activity and low activity release. 

Extremely low radiation exposure of the personnel; 
i.e. annual total personnel dose AVR: 70 manrem, 
THTR: an average valce of P.7 manrem per month 
including all tests, inspections and repair work in 
the years 86/87. 

Practical demonstration of the plant safety behaviour 
by commissioning tests and power operation. 

Code validation 

Experimental verification of computer codes for reactor 
physics, plant dynamics, especially covering operational 

and accident behaviour, and activity release was another 
outstanding result of the start-up tests of THTR: 

4.1 Neutron Physics Validation 

The first criticality of the absorber rod free pebble bed 
was reached on September 9, 1983. The required number of 
fuel elements was 198 000 and deviated from the predicted 
number by 10 t. This difference originates from a slightly 
higher packing density of the fuel elements during the 
initial loading procedure. 

A recalculation with the actual fuel element density met 
the measured value by 0,4 %. Subsequently the core was 
loaded to its full inventory with a resulting excess reac
tivity well within the specified limit of t 2 %. 

The first measurements at zero power were concerned with 
the determination of the reactivity worth of the indivi
dual absorber rods. 

The agreement between measured and predicted values was 
generally very good within a tolerance of a few per cent 
even in cases where the deviation from the rotary symmetry 
of the rod configuration is great. 

4.2 Thermo-hydraulics 

Operating data of the plant - especially the primary cir
cuit - were reported and analysed during all power steps. 
Except for a minor correction of the heat losses at the 
steam generator outlet the agreement of predicted and 
measured values was excellent. Most data were within a 
margin of less than one per cent (TABLE 1). 



g4 TABLE I COMPARISON OF CALCULATED AND MEASURED THTR OPERATING DATA 
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Furthermore, the measurements of the total (net) power 
output and the plant efficiency - performed recently by 
the customer - turned out to be better than guaranteed. 

In total, all data of the primary circuit are well within 
the design limits allowing a satisfactory plant operation 
at full power without any restrictions. These results must 
be appreciated in view of the fact that the THTR-300 is 
the first large scale pebble bed reactor. 

4.3 Reactor Dynamics 

Numerous tests were concerned with the dynamic behaviour 
of the plant during operational transients (load change), 
simulated disturbances (turbine trip, load rejection, loss 
of one steam generator) and safety procedures (reactor 
trip, rapid cool-down, emergency cooling). 

Several of these tests/occurances happened unintentioually 
at different power levels since the fine adjustment And 
tuning of the individual control systems could only be 
accomplished under real conditions. Furthermore, a number 
of PPS - signals turned out to be too stringent and could 
be modified on the basis of more detailed information 
about the actual behaviour of individual components. 

Here again, the reactor dynamics and neutron kinetics 
agreed very well with the predictions and validate the 
employed theoretical evaluations. (Fig. 1) 

Tamparatinlnac 

Fig. 1: Gas Temperature Transient during Rapid Cooldown 



5. Optimizations for the HTR 500 

The plant concept of the HTR 500 utilizes to a great ex
tent the THTR 300 technology licensed and realized accor
ding to the current state of science and technology. The 
experience gained in the construction of the THTR 300 is 
fully utilized permitting simplifications and optimiza
tions. Thus the transition to commercial HTR nuclear power 
plants means little risk for operators and manufacturers. 
The power output of 550 MW meets the modified demand of 
the nuclear power plant market which for reasons of net
work size, financing conditions and a smaller increase in 
electricity generation shows worldwide a tendency towards 
power units in the range between 300 and 600 MWe. The HTR 
500 is designed for electricity generation with the possi
bility of process steam production and district heating. 

The consequent utilization of HTR-specific characteristics 
as well as an optimization of the design of components and 
circuits leads to the result that the electricity genera
ting costs of an HTR 500 are competitive with those of 
other nuclear power plants. 

For all HTR 500 components the concept corresponds to that 
of the THTR 300. In order to rule out design and implemen
tation risks, design solutions used in the THTR were adop
ted to the greatest possible extent. Modifications as well 
as research and development work are focussed on standar
dization, simplification and optimization of the compo
nents in view of building an economic and marketable plant 
(cf. Fig. 2): 

As for the THTR 300 the PCRV for the HTR 500 is con
ceived in single cavity design. Due to an extensive 
R*D program as result of improved material characte
ristics, the vessel dimensions compared to THTR 300 

65 have been relatively reduced. 
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Fig. HTR 500 Reactor Pressure Vessel with Internals 

For the horizontal prestressing system circumferen
tial wire winding cables are applied resulting in 
substantial advantages during election. 

The large vessel penetrations for the six steam gene
rators and the two auxiliary heat exchangers are 
covered by concrete closures being designed according 
to the same principles as the PCRV itself. 



The side reflector and the core bottom are supported 
on their outer surfaces by prestressed spring packs, 
which are attached to the thermal circumferential 
side shield. 

The reflector blocks exposed to high radiation doses 
have slits in their surface, allowing better cooling 
and reducing the radiation induced stresses. 

The main improvements of the steam generators compa
red to the THTR 300 are 

the simple integrated tube sheet headers replac
ing the penetratin of individual tubes through 
the vessel closures, 
the elimination of the reheaters which results 
in substantial cost reduction in the steam gene
rator bundle itself as well as in the 
steam/feedwater circuit. 

The steam generators have exclusively operational 
function. The separate auxiliary heat exchangers act 
»s the safety system for decay heat removal. 

The six helium circulators with integrated electric 
motor drives are installed above the steam generators 
in vertical position. This modificaton involved the 
change from oil-lubricated bearings for supporting 
the circulator shaft to active magnetic bearings. 
Thus the oil supply system at all can be eliminated, 
which leads to a higher safety standard and lower 
costs. 

The HTR 500 Safety Systems 

The primary objective of any reactor protection system is 
the safe containment of the radioactive fission products. 
The classical active safety systems of 

shut-down 
decay heat removal and 
activity containment 

are also used in the HTR to minimize the impact of the 
power station on the environment and to protect the plant 
itself under all operating and accident conditions. 

6.1 Shut-down Systems 

The HTR 500 is equipped with two redundant shut-down 
systems consisting of the reflector rods and the incore 
rods. 

The 48 reflector constitute a safety system used for reac
tor fast shutdown. The reflector rods drop into boreholes 
in the side reflector blocks under the force of gravity. 
The 72 incore rods are used for control and long-term 
shut-down. They are manoeuvred by a pneumatic piston sy
stem. Long-term shut-down by the incore rods is effected 
exclusively by manual release and does not have to be 
initiated earlier than 10 hours after shut-down of the 
plant by the reflector rods. 

6.2 Decay Heat Removal System 

The decay heat removal concept is characterised by the 
following features: 

use of the main heat removal system (main heat sink), 

separate and redundant decay heat removal system with 
separate circualtors and heat exchangers integrated 
in the primary system, 

utilization of natural convection, should the circu
lators fail. 



restart of the decay heat removal system by manual 
measures, since prolonged failure of decay heat remo
val is tolerable, 

integration of the liner cooling sytem of the pre-
stressed concrete reactor vessel into the decay heat 
removal concept in the event of total failure of the 
decay heat removal systems listed above. 

6.3 Activity Containment 

The concept of activity containment is based on a multi-
barrier principle (Fig. 3). The fission products are re
tained by the following barriers: 

the coated fuel particles with highly effective pyro-
carbon and silicon carbide coatings having a diameter 
of about 0.9 mm, 

the graphite matrix of the fuel element of 6 cm dia
meter, 

the prestressed concrete reactor vessel having a wall 
thickness of 5 m, 

the reactor confinement building equipped with a 
special filter for retaining the metal fisson pro
ducts under accident conditions. 

7. Inherent Safety Characteristics/Accident Behaviour 
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The behaviour of the HTR 500 under incident or accident 
conditions is characterized by the inherent characteri
stics of the system which, in concurrence with the active 
safety systems, limit the plant risk and, hence, the ex
tent of damage. This has been verified by extensive tests 
performed in the THTR and AVR and has been experimentally 
confirmed. 

Coated particle (0.9 mm) 

Fig.3: Multiple Barriers for Fission Product Retention 

7.1 Reactivity Accidents/Power Excursions 

As a result of the negative coefficients of temperature 
and power, reactivity accidents are inherently mitigated 
and limited. And - vice versa - accident-induced tempera
ture rises have a reducing effect on the power thub lea
ding to self-stabilization of the core. Full use of this 
capability can be made in the HTR, since there is a safety 
margin of 500 - 600 K between the operating temperature 
and the damage limits of the fuel elements so that even 



Mjor reactivity changes resulting from accidents can be 
controlled without fuel eieme.. .amage. 
To verify the effect of the inherent self-shutdown mecha
nism several tests without reactor scram were performed in 
the AVR. 

In THTR an analogeous test was run at low power, demonst
rating the core behaviour in the course of recriticality. 

On the basis of these experiments plus their theoretical 
foundation the layout of the shut-down systems of THTR as 
well as BTR 500 could be eased with respect to the re
quired shut-down margin or subcriticality during all acci
dent conditions. 

Disturbances of Cooling 

Disturbances of coolant circulation or even a hypothetical 
total failure of core cooling in tht HTR have only a re
tarding and attenuating effect on the temperature rise. 
This results from the relatively high heat capacity of the 
fuel elements and the core structure. An interruption of 
core cooling first results - as already mentioned - in a 
self-shutdown of the core due to the negative coefficient 
of temperature. In the following the core temperatures 
start to rise at about 1 - 2 K/min. Natural convection 
develops in the primary circuit ensuring long-term trans
port of the decay heat crom the core. 

The delayed temperature rise in case of no active core 
cooling offers sufficient time to reinstall the decay heat 
rénovai systems, either the main loops or the auxiliary 
cooling systems. 

The thermal behaviour of the plant was evaluated and ap
proved theoretically during the licensing procedure of the 
THTR. It results in a permissible time for the inter
ruption of decay heat removal of 3 - 5 hours. 

The required manual measures to reinstall the decay heat 
removal systems was part of the training of the plant 
personnel and is periodically retrained every six months. 
Additionally, the plant behaviour under the conditions of 
natural convection could be demonstrated in the AVR test 
plant where - according to the specific design - a failure 
of active core cooling can be endured indefinately. 

In case of a prolonged loss of forced circulation in HTR 
500 as well as in the THTR the decay heat is transported 
via natural convection to the heat exchangers or - if also 
they are assumed to have failed - to the liner cooling 
system. In such an event - the probability of which is 
about 10~5/a - the maximum fuel temperatures do not exceed 
the operational limits of 1250 "C {Fig. 4). It must howe
ver be îd'.iitted, that internal metallic structures and 
components might be overheated to such an extend Lhat a 
resumptio.i of normal plant operation is impaired. 

Thf>se ..tatements are verified by numerous tests during the 
start-up test of ТНТЯ which validated the calculation 
methods. Also special plant conditions during the indivi
dual shut-off periods for maintenance and repairs have 
demonstrated the ability of passive decay heat removal by 
natural convection. 

7.3 Loss of Coolant/Depressurization 

Total loss of coolant is impossible in the gas cooled HTR; 
in case of leak the primary system is depressurized only 
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Fig. 4: HTR SOO Failure of Feedwater Supply with Circulator 
Shutoff and Bypass Valves Open: Temperatures of 
Structural Parts and Gas Temperatures in Primary 
Loop. 

to ambient pressura. The remaining coolant density - app
roximately 2 I oE the operational value - is sufficient to 
remove the decay heat (approx. 1 I rf the nominal power) 
from the core. Reactor cooling with the primary system 
depressurized is regularly performed in the THTR during 
shutdown for inspection purposes. 

In view of the low activity content of the helium, the 
coolant can be discharged to the environment through the 
stack in the event of a depressurization accident without 
exceeding ths limiting values specified in the Radiologi
cal Protection Ordinance for design basic accidents 
(effective environmental load approx. 200 inrem). The low 
coolant gas activity assumed as a design basis has been 

Q confirmed by the operation of the AVR and the THTR. 

Risk Analyses 

Numerous risk analyses have shown that the dominating se
quence which determines the risk, is the total failure of 
the decay heat removal system (core heat-up accident) com
bined with depressurization. Reactivity accidents or acci
dents resulting in air and water ingress into the primary 
system are of less importance with regard to the risk. 
In the event of depressurization of the primary system 
heat transport by natural convection from the core to the 
cold gas plenum does not take place. The greatest part of 
the decay heat will first remain within the core until the 
temperatures are high enough to transfer the heat from the 
side reflector, the top reflector and the bottom reflector 
to the concrete pressure vessel surface by radiation. The 
maximum core temperatures of approximately 2500 °C are 
reached after about 30 h. Only the fuel particles in the 
core center are exposed to these temperatures; core melt
down as in the LWR is impossible in the HTR. 
Long-term release of metal fission products from the fuel 
elements starts only after a long delay and is greatly 
reduced by plate-out on the colder surfaces in the core 
itself and the primary system as well as in the reactor 
building (Fig. 3). A passive-acting metal filter at the 
inlet of the ventilation stack ensures further retention 
of metal fission products in the event of an accident. 
Thus even in the event of such a hypothetical accident, 
the total environmental load is so low that no immediate 
measures have to be taken regarding the population and the 
environment. 

Even if additional failure of the liner cooling system is 
assumed, the integrity of the prestressed concrete reactor 
vessel and, hence, the confinement of the reactor core 
remains intact (Fig. 5). The emergency protection planning 
for the THTR 300 was based on an analogous case. It has 
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Fig. 5; HTR 500 Depressurization and Total Loss of Active 
Cooling. Temperatures of PCRv 

been confirmed by the responsible authorities that evacua
tion of the population is not required. Only an order for
bidding the consumption of food grown in the vincinity of 
the plant has to be respected. 

Summary 

The technical and safety-related characteristics of the 
high-temperature reactor have been confirmed theoretically 
as well as practically. 

The high-temperature reactors with pebble bed core, which 
were constructed and commissioned by BBC/HRB, the 15 MWe 
AVR and the THTR 300 MWe, have furnished the practical 
verification of the specific safety characteristics of the 

HTR. The HTR represents a simple aid good-natured reactor 
system ensuring a low risk of capital loss. 

Risk analyses have been performed for the HTR, which have 
demonstrated that the risk connected with the HTR is very 
low. It is of decisive importance that for the HTR not 
only the product of damage and frequency is very low but 
also the damage itself. 

As a result of its inherent safety characteristics and the 
burst-proof prestressed concrete reactor vessel the confi
nement of the activity is sufficiently ensured in the 
event of core heat-up accidents even without functioning 
of the active safety systems. 

Even in the event of extremely hypothetical accidents the 
impact on the environment remains within such limits that 
evacuation or relocation of the population is not requi
red. This ensures also safe elimination of larg»-scale 
detrimental effect on agricultural or industrial areas. 

Siting of such a reactor is therefore not subjected to any 
limitations, i.e. an HTR can be operated near industrial 
and urban centers. 
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Abstract 

In the USA the Modular High-Temperature Gas-Cooled Reactor is in an 
advanced stage of design. The related HTGR program areas, the approaches to 
these programs along with sample results and a description of how these data 
are used are highlighted in the paper. 

PROGRAM FORMULATION 

THE MHTGR TECHNOLOGY PROGRAM WAS FORMULATED 
THROUGH A DISCIPLINED REVIEW OF TECHNICAL 

NEEDS TO SUPPORT DESIGN AND LICENSING 

Top level regulatory and user requirements were formulated 

A detailed functional analysis was done to link top level requirements with specific design features 

A conceptual design was completed using existing data 

- 25 years of research and development on HTGR fuels and materials 

- Experience from AVR. Dragon, Peach Bottom, FSVR, THTR 

- Design concepts from several Large HTGR (LHTGR) designs, wh.re appropriate 

- Assumptions (where required) to take into account differences between the MHTGR and LHTGR 
design features and operating conditions 

A technology program was formulated to validate (or modify) the assumptions prior to final design 71 

A MODEST TECHNOLOGY PROGRAM 
IS NEEDED IN A FEW KEY AREAS 

Key Data Needs 

Fuel Performance 

Fuel Process Development 

Fission Product Behavior 

Structural Materials 

Graphite Properties 

Key Vm Needs 

Particle failure rate 
Fractional release from failed particles 

Metallic fission products 
Gaseous fission products 

Behavior under normal operating conditions (NOC) 
Behavior under conduction cooldown event cant " i n s 

Kernel (fissile and fertile) fabrication 
Coating fabrication 

Buffer 
IPyC 
SiC 
OPyC 
PyC overcoat 

Compact fabrication 
Feed material conversion 
Scrap and waste management 
Quality Control 

Plateout on graphite, metals 
Liftoff during depressurization events 
Washoff during depressurization events 

Components of interest 
Reactor vessel (RV) 
Upper and lower plenum 
Steam generator (SG) 

Elevated temperature code case 
Effects of irradiation on properties 
Effects of impurities in coolant 

Mechanical properties 
Thermal properties 
Multi-axial strength 
Dimensional stability under irradiation 
Irradiation induced creep 
Fracture mechanics 
Corrosion 
Components of interest 

Permanent (support, permanent reflector) 
Core (fuel elements) 



72 A MODEST TECHNOLOGY PROGRAM 
IS NEEDED IN A FEW KEY AREAS (CONTD) 

Key Data Needs Key Dam Needs 

Physics Melhods 
Validation 

Shielding 

Loss of forced flow 
Dynamic conditions 
[sotopic concentration in LEU fuel 

Analysis 
Effectiveness of proposed shielding designs 
B-10 depletion effects 

Experimental validation 
Design methods 
Neutron streaming factors 

MHTGR OPERATING CONDITIONS REPRESENT 
INTERPOLATION FROM TEST CONDITIONS 

(EXCEPT FUEL QUALITY/PERFORMANCE EXPECTATION) 

Fuel cycle 
Flueoce (10" n/m' E>29 fj) 
Burnup (% fissions per initial 

metal atom (F1MA)) 
Fissile 
Fertile 

Operating temperature (deg C) 
Nonnal conditions 
Core maximum 
Core average 

Heat up conditions 
Power production 

Core average (MW/mJ) 
Particle (w/partjde) 

Average 
Peak 

ESVR 

HEU, Th 
8 

75* 

1.350 
800 

2.500 

6.2 

0.025 
0.1 

Lff lGj, 

LEU, Th 
8 

26 
4 

1.250 
800 

3J0O* 

5.8 

0.025 
0.1 

MHTQR 

LEU, Th 
5 

26 
4 

1,250 
800 

1.600 

5.9 

0.038 
0.1 

•For UC» ThC, system. 
Testing done to 2800 deg C 

MHTGR OPERATING CONDITIONS REPRESENT 
INTERPOLATION FROM TEST CONDITIONS 

(EXCEPT FUEL QUALITY/PERFORMANCE EXPECT/TION) 
(CONTINUED) 

MHTGR 

ESYB LifECE 
Design 
Limit 

Expected 
Values 

Fuel quality/performance requirements 

Beginning of life (BOL) 
Contamination (exposed UAolal U) 

SiC defect fraction 
Fraction with missing buffers 
"KrR/B 

1E-4 
IE-3 

3E-5 

1E-4 
IE-3 

2E-5 
1E-4 
1E-4 

IE-5 
5E-5 
5E-5-

End of We (EOL) 
Failure rate (%) 
Failed SiC (fraction) 
"Kr R/B 

0.8 

3E-4 

0.1 2E-4 5E-5 

Design basis accident 
Incremental failjre fraction 6E-4 1.5E-4 

COMPARISON OF IRRADIATION CONDITIONS IN 
PWR AND MHTGR REACTOR VESSELS 

Reactor 

Parameter PWR MHTGR 

Material SA533B, SA508 SA533B/SA508 

Max nonnal operating temp 
<"F) 

550 420 

Normal operating pressure (psi) 2,250 925 

Nominal end-of-life equivalent 
fast fluence (n/cm1) 

2 x 10" 4 x 10" 

Flux (n/cm1' s) .10" tOMCf 

Spectrum (%) 
E > 1 MeV 

0.4 eV < E < 1 MeV 
E < 0.4 eV 

10 
25 
65 

2-8 
88-92 
10-0 



APPROACH 

APPROACH TO FUEL PERFORMANCE MODEL VALIDATION 

o Update existing models through single effects tests 

- Irradiate under representative MHTGR conditions 

- Defective panicles 
+ Missing buffers 
+ Defective SiC 
• Heavy metal dispersed in buffer 
+ Missing or defective OPyC 

- Porjmdiaiion examination to determine failure distributions and 
mechanisms 

- Core heatup simulation of irradiated particles 
+ Look for Cs, AG, Sr, I. Kr. Xe 
+ Temperature range 1200 to 1800 dcg C 
+ 50 to 500 h duration 
+ Standard MHTGR He. and moist air 

o Compare predictions of updated models with proof test capsule measurements 
- Fuel manufactured using production scale equipment and processes 

to MHTCR specifications 
- 40.000 fissile particles and 100,000 fertile particles 
- Peak temperature, fluence, and burnup conditions 
- Continuous iiweactor fission gas R/B measurement 
- Postirradiatioo examination to verify conclusions from in-reactor 

measurements 

APPROACH TO FISSION PRODUCT BEHAVIOR METHODS VALIDATION 

o Use bench scale testing to evaluate 
- Chemical form of Fission products 
- Effects of alloys and surface conditions on plateout and reentrainment 
- Characterize dust and effect of dust on fission product transport behavior 

o Use pressurized loop facilities to evaluate 
- Effect of shear ratio during depressurization 
- Effect of differential pressure during deprcssurization 
- Coolant chemistry/moisture effects 
- Effects of blowdown duration 
- Effects of steam quality, Reynolds number 

o Update models based on bench scale and pressurized loop testing 

73 o Validate updated models with integrated tests in COMED1E Loop 

APPROACH TO GRAPHITE PROPERTIES MEASUREMENT 

o Key areas 

• Physical and mechanical properties 
- Dimensional stability under irradiation 
• Irradiation induced creep 
- Fracture mechanics 
• Steam corTosion 

o Responsibilities of technology program 

• Provide design engineers with data needed for design 
- Provide safety engineers with statistical properties sufficient for PRA 

analysis 
• Provide quality assurance sufficient for licensing purposes 

o Dimensional stability and creep data come from irradiation capsule (HFIR, HFR) 
experiments 

o Corrosion data come from bench scale tests and pressurized loop experiments 

- Time-iemperaiure-bumoff correlations 
• Effects of impurities 

GRAPHITE CORROSION IS AN INVESTMENT RISK 
PROBLEM NOT A SAFETY PROBLEM 

o Grsphite loss due to reaction with oxygen or water can be accommodated through design allowance 

o Graphite-steam reaction is intrinsically slow and endothermic 

o Graphite bums in air only under very special conditions of oxygen access 

PLANNED PROGRAM BUILDS ON DATA ALREADY IN PLACE 

o Data in hand 
Effects of impurities for H-451 and S-2020 
Qualitative effects of Si as oxidation inhibitor 
Qualitative understanding of effects of He pressure 



74 PLANNED PROGRAM BUILDS ON DATA ALREADY IN PLACE 
(CONTINUED) 

o Data stilt needed 
Reaction rales and kinetic expression at temperatures to 1200 deg C 
Mechanistic understanding of effects of pressure 
Mechanistic understanding of effects of impurities (catalysts, inhibitors) 
Mechanistic models to allow extrapolation of results from accelerated tests to real 
time (in reactor) conditions 
+ Effects of pores (profiling) 
+ Effect of blocking mechanisms (hydrogen, impurities) 

o Technology program includes 
Bench scale testing at 1-atm and controlled environments 
+ Measure corrosion rates 
-v Develop kinetics expressions from first principles 
High-pressure circulating loop 
+ Full pressure capability 
+ Validate kinetic expressions developed from bench scale tests 

IRRADIATION INDUCED CREEP IS THE MOST DIFFICULT 
PARAMETER TO QUANTIFY FOR GRAPHITE 

Creep term dominates constitutive equation for graphite 

Creep relax$s stresses 

- Graphite is very brittle...will fail at <0.50% strain when subjected to an external load 

- Tolerates strain up to i% when subjected to gradually applied loads and allowed to 
creep 

Ability tc- creep closely related to porosity 

Graphite creeps only to the extent that it can flow into existing voids 

- This implies a close relationship between creep and irradiation induced dimensional 
changes in bulk graphite 

• Experimental program must determine creep coefficient as a function of fluence and 
temperature, and how to treat situation where temperature and stress state are changing 
with time 

APPROACH TO REACTOR VESSEL MATERIALS TESTING 

o Two tasks 

• Establish allowable stress intensities (Section If! of ASME Code) (or temperatures between 700 
and 1000 deg F 

+ Calculate stresses 

+ Measure elevated temperature creep properties 

+ Use measured properties and calculated stresses to predict strains 

+ Prepare Code inquiry 

• Determine effect of low temperature (<400 deg F) irradiation and neutron energy spectrum on 
the nil-ductility transition temperature shift (NDTTS) 

o Reason for tasks 

- Stress allowables: ASME Code (Section III) does not provide allowable design stress intensities 
for PV steels at temperatures above 700 deg F, therefore there is DO current accepted basis for 
design at these temperatures 

- NDTTS 

+ Effects of irradiation wei; taawn under LWR conditions (525 - 575 deg F and 1 E10 to 1 E13 
neutrons/cm" s (E > 1 MeV) 

+ More information required for MHTGR conditions (temperature, flux, fluence, spectrum) 

+ NDTTS is a strong function of irradiation temperature over some temperature ranges, but the 
magnitude of the shift decreases with increasing irradiation temperature 

+ The HFIR experience suggests a detrimental effect of low flux to the same (luence level 
(compared to high flux) 

+ The effect is neutron energy spectrum on the degree of embrittlement is not well known, and 
is currently accounted for by normalizing to an "equivalent fast flux* through displacement per 
atom caused by neutrons of a given energy 

+ Reactor vessel performance is a key licensing concern 

o Elevated temperature properties testing program 

- Materials to be tested 
+ SAS33 Grade B, Class 1 quenched and tempered plate (3 heats) 
+ SA308 Class 3 quenched and tempered forging (1 heat) 
+ SA533 Grade B Class 1 weldments (2) 
+ SA533 to SA508 weldment (1) 



APPROACH TO REACTOR VESSEL MATERIALS TESTING (CONT) 

- Teat matrix 
+ Tensile tests at 75, 700, 800, 900, and 1100 deg F, two strain rates 
+ Creep at 700, 800. 900. 1000 and 1100 deg F; S stress levels per temperature 
+ Charpy V-notch after apng at 700-1000 deg F 

o Irradiation effects testing program 

- Materials to be tested 
+ SAS33B: 2 heats (low and high Cu content) 
+ SA508 
+ SA533B wekJment 

- Irradiation conditions 
+ E16 to E18 n/cm1 (equivalent fast fluence) 
+ 250. 325, 400, SS0 deg F 

APPROACH TO PHYSICS VALIDATION 

o Objective: Demonstrate capability of physics methods ;o predict 
- Core criticality 

Temperature coefficient of reactivity 
Control rod worth 
Power distribution 
Moisture worth 
Burnup swing 
Pu buildup 
B.C worth (burnable poison) 

o Analyze data from previous experiments 
Improve documentation 
Account for dissimilarity with operating and accident conditions 

o Supplement existing data with new data from the AVR 
Hot and cold control rod worth 
Hot and cold temperature coefficients of reactivity 
Pu buildup in LEU fuel 
Response to Uinsreuis 
Response to LOCA 

o Consider supplemental experiments in other fac lines if needed 
- PROTEUS 
• CNPS 

75 S H E 

APPROACH TO PHYSICS VALIDATION (CONT) 

Steps 
(1) Compare computations with experimental data over a broad range of conditions 

The total set of experiments should include Peach Bottom, FSV, AVR, CNI'S 
(2) Use same computer codes and cross sections for experiment analysis as for MHTGR 

analysis 
(3) Emphasize QA and documentation of results. 
(4) Demonstrate that codes can predict key parameters over a range of conditions and 

that ENDF/B data are well defined 
(5) Have independent group analyze key experiments and compute key MHTGR paranK.ers 

to compare with design calculations 
- Evaluate design rr.e:!ioJi used 
• Examine designers use of physics parameters in performing safety analyses 

Review uncertainties and recommend uncertainty ranges for use by designer 
Assure that proper validation methods are used 
Review QA of data and methods 

APPROACH TO SHIELDING ANALYSIS 

Calculation of maintenance dose rates after shutdown 

Dose rates due to plate out sources 

Expected to be 100 times more important than direct shine from the iore 

Calculation of neutron flucncc to reactor vessel system 

Requires elaborate state-of-the-art 1-D, 2-D, and 3-D neuronics analyses 

Has had significant impact on the current MHTGR design 

Experimental work planned to supplement calculations 

Fluence to vessel head primarily due to neutron streaming 

- Streaming is very dtllicult lo treat analytically, need experimental work 

Economic viability of MHTGR concepi limiis size of the vessel and amount of shielding which 
can be used radially 

Reactor lifetime may be limned by neutron lluence lo the vessel 



SAMTLE RESULTS 

UCO TRISO FUEL IS CAPABLE OF WITHSTANDING 
VERY HIGH TEMPERATURES 

fifUASE OU( 70 HIGH 
TEMPERATURE SiC DECOMPOSITION 

EXAMPLE OF IMGA DATA TAKEN ON IRRADIATED 
TRISO-COATED FISSILE PARTICLES 

MODEL PREDICTION OF CAS RELEASE 
FROM INITIALLY INTACT FUEL PARTICLES. 

350 

300 

250 

200 

FREQUENCY 

150 

100 

50 

NUMBER OF PARTICLES "1925 
.MEAN -0.110 

MAX "0.149 
MIN -0.003 
f - 9.44 

IOOO noo TAoo 1G0Q 1100 2000 

TEMPERATURE ('CI 

?40o ;aoo 
I 1 I I 1 IXLL 

19 22 25 28 

0.003 

7 10 13 16 19 22 25 28 31 34 37 *0 43 46 49f 

C l - 1 3 7 / C » - 1 4 4 ACTIVITY RATIO Q.I49 

EXAMPLE APPLICATION OF STATISTICAL ANALYSIS TO IMGA DATA 
(STANDARD TRISO DESIGN) 

Number 
Examined 

Number 
Failed 

Failure Fraction 

Experiment 
Compact 

Number 
Examined 

Number 
Failed Mean , ( 9 5 * ) 

Irradiation 
Temperature 

CC) 

X/14 1367 0 ao 1.91 E-3 1330 . 1450 

Y/32 
Y/37 
Y/2) 
Y/13 II

II
 

0 
4 
0 
0 

0.0 
0.24 
0.0 
0.0 

l.W E-3 
6.30 E-3 
l . i l E-3 
1.14 E-} li

il
 

TOTAL' 65S4 0 0.0 4.35 E-4 

2V19 
Z?2 

300 
300 

0 
0 

0.0 
0.0 

9.92 E 3 
9.92 E 3 

1200 
1000 

'K«;'resenis minimum nt*95%) for th i i population. 



MEASUREMENT OF VERY LOW FAO.URE FRACTIONS REQUIRES EXAMINATION 
OF LARGE NUMBERS OF PARTICLES 

Number Examined Number Failed 

30.000 
300,000 

3.000.000 

Failure Fraction 
W% Confidents r.% Cpofisttna 

2.3 E-5 
2.3 E-6 
2.3 E-7 

10 E-4 
1.0 E-5 
1.0 E-6 

THE DIMENSIONAL STABILITY OF GRAPHITE IS A 
STRONG FUNCTION OF BOTH FLUENCE AND TEMPERATURE 

+ 5% 
* » * C 800"C TOOX 600«C, 

¥ 
- 5 % -

3x 101' n/cir? 

SCHEMATIC 

SECONDARY CREEP IN GRAPHITE IS A FUNCTION OF 
FLUENCE AND TEMPERATURE 

1200 *C 

« * «d>o 600 "C 

(SCHEMATIC) 
(Shop* of curv» deduced from dimensional behavior under irradiation) 

10 
OXIDATION RATE OF GRAPHITE IN 

HIGH HYDROGEN CONTENT ENVIRONMENTS 
DECREASES WITH TIME 
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(00 

80 

INCREASE 
, N 60 

NDTT w 

CO 
40 

20 

r T~ 
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P„ , 0 «2300Pa]~200x 
P H | -BOOOPo C O N O m o N S 

i r 

H-451 (GA.1&TO 

100 20O 300 400 500 
IRRADIATION TEMPERATURE <*C> 

100 200 
EXPOSURE (h) 

300 

SA2I2 GRAOE B 
AT lo"n/cm*(E>1MeV> 

SCHEMATIC PRESENTATION 
OF NIL DUCTILITY TRANSITION 

l o c TEMPERATURE AS A FUNCTION 
OF IRRADIATION TEMPERATURE 



71 MAXIMUM CALCULATED PRIMARY STRESSES IN MHTGR 
REACTOR VESSEL ARE BELOW MEASURED STRESSES 

TO PRODUCE 1% STRAIN IN 1000h FOR 1 HEAT OF SA533B STEEL 
OVER TEMPERATURE RANGE OF INTEREST 

10» 

STRESS , 

1 ^ T 
y—1% STRAIN IN (OOOh 

^if tdolo Itwn I" hMt <* SA5J38) 

MAXIMUM PRIMARY 
STRESS IN VESSEL 

_ PER CURRENT OESI 

a i % STRAIN IN tOOOh 
(data Iran I" hm ol SAS336) 

t- ,t , t , t 
13 14 15 16 17 18 19 20 

LARSON-MILLER PARAMETER 

LARSON-MILLER PLOT OF ALLOWABLE STRESSES FOR 0.1% AND (% STRAIN 
IN 1000h. DATA FROM I HEAT OF SAS33B. SHOWN IN COMPARISON TO 
CALCULATED MAXIMUM PRIMARY STRESS LEVEL IN VESSEL. 

MEASURED RESPONSE TO A LOSS OR FORCED CIRCULATION IN THE AVR 
DEMONSTRATES NEGATIVE TEMPERATURE COEFFICIENT OF RECOVERY 
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eoo 
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-
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SHIELDING CALCULATIONS HAVE HAD SUBSTANTIAL 
INFLUENCE ON THE EVOLVING MHTGR DESIGN 

o 99% of nrui.-cns entering the upper plenum stream through the 12 RSS penetrations 
High order 2 D discrete ordinate analyses used to model neutron streaming 
Effective fait fluence on the vessel, at the base of the inner control assembly 
housing, is too high 
+ eff = 4.5 E17 n/cm1, total fluence = 3.2 E18 n/cm' 
+ proposed limit on eff is in range 2.5 to 5.0 E16 n/em' 
Conclusion: shielding is needed to protect the vessel from neutron streaming through 
RSS penetrations which must remain unobstructed 

o Detailed 2-D modeling has been for the lower internals analysis 
• Total fluence calculated to be 6.5 EI7 to 1.0 E18 n/cm1 

Calculated fluence is marginally acceptable 
• Factor of 20 correction factor used to account for streaming through large diameter 

coolant holes in the lower reflector 

o Multi-dimensional analysis used to analyze neutron streaming through the cross duct 
- Direct gamma dose rates after shutdown calculated from 3.2 to 3,5000 m/R/hr along duct 

centerline 

o Detailed 2-D modeling has been for the lower internals analysis 

- Total fluence calculated to be 6.5 E17 to 1.0 E18 n/cm1 

Calculated fluence is marginally acceptable 
Factor of 20 correction factor used to account for streaming through large diameter 
coolant holes in the lower reflector 

o Multi-dimensional analysis used to analyze neutron streaming through the cross duct 

Direct gamma dose rates after shutdown calculated from 3.2 to 3,5000 iu'R/hr along duct 
centerline 

HOW THE DATA WILL BE USED 

Technology Area 

Fuel Performance 

Fuel Manufacturing 

User of 

Core designers 
SAJR authors 

Core designers 
Cost analysts 
Core designers 

Application 

Trade studies 
Support radionuclide behavior 

analyses 

Trade studies 
Economic comparisons 
Support fuel performance and 

fission product behavior 
models 



HOW THE DATA WILL BE USED (CONTD) 

Twhnplpp Area Aprlicaiipn 

Fission Product 
Behavior 

Metals properties 

Graphite properties 

Physics validation 

Shielding 

Core designers 
SAR authors 
Reliability/maintainability 
analysts 

Vessel designers 
SAR authors 

Reliability/maintainability 

Internals designers 

Designers of support 
structure 

SAR authors 

Core designers 

Cost analysts 

Control system designers 

SAR authors 

Internals designers 

SAR authors 

Trade studies 
Support radionuclide behavior 
Develop maintenance philosophy 
Estirnste maintenance costs 

and dose commitments 
Design maintenance systems 

Trade studies on vessel design 
Support analysis of vessel 

performance 
Develop surveillance program 

analysts 
Trade studies 

Materials selection 
Maintenance philosophy 
Replacability philosophy 
Surveillance program 

Trade studies 

Support analysis nf core support 
structure, permanent reflector, 
and core graphite performance 

Trade studies 
Fuel loadings 
Design fluence 
Design burnrp 

Fuel cycle ccst evaluation 

Selection of temperature and 
flux sensors 

Sensor location selection 
Support analysis of control rod 

worth and negative temperature 
coefficient of reactivity 

Shielding design 
Penetrations designs 
Maintenance philosophy 
ISI philosophy 
Support analysis of vessel service 
conditions 

Support analysis of reactor 
inspcctability/maintainability 
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SUMMARY 

o The MHTGR technology program was formulated through a process which considered lop level 
requirements, linked to specific design features through a detailed functional analysis. 

o The technology program will utilize existing facilities. No new facilities are required. 

o Technology program elements in the fuels and metals areas are driven by operating conditions 
which are different for the MHTGR compared to the LHTGR. 

o Data from the technology program will be used in a variety of design trade studies, specific 
design applications, cost evaluations, and in the SAR to support the analyses of reactor 
behavior under normal operating conditions and accident conditions. 

o The cost and schedule impacts of not having the data far exceed the cost of the technology 
program. 

r> A modest program is required to support development of concept. 
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Abstract 

This paper describes the advanced instrumentation and control technology 
that has been applied to the modular high-temperature gas-cooled reactor 
(MHTGR) to meet the top-level goal of safe, economical power. The MHTGR, 
with its four reactor nodules and tuo turbine generators, will be con
trolled to respond to a variety of normal and transient operating modes. 
The overall objective of the plant control, data, and instrumentation 
system (PCDIS) function is to assist plant operations personnel in 
maintaining highly reliable control of the MHTGfi. The MHTCJ) design 
simplicity and passive response, in conjunction with the plant super
visory control system, have yielded a major reduction in operator work
load. The plant does not require safety-related operator actions, nor 
does it require the control room or its equipment to be safety related. 
Therefore, plant control is accomplished from a central control room by 
two operators and one supervisor via the supervisory control system. 

INTRODUCTION 

The MHTGR is an advanced reactor concept under development in a coopera
tive program among the U.S. Tepartment of Energy, the nuclear industry, 
and the utilities. The top-level program goal is to produce safe, 
economical power. A key to tne attainment of this goal is the develop
ment of a reliable plant control system. The control system being 
developed for the MHTGR plant must perform supervisory and control 
functions for a multireactor and turbine generator plant. 

INTEGRATED APPROACH 

The plant control concept is being developed using a systems engineering 
methodology. This methodology, termed the Integrated Approach, Involves 
functional and task analysis, allocation of functions and requirements to 
systems, and the development of specificatlor.s, to produce a design that 
will meet four top-level goals: 1) maintain safe plant operation; 
2) maintain plant protection; 3) maintain control of radionuclide re
lease; and •J) maintain emergency preparedness for all plant states of 
operation. 

PLANT ARRANGEMENT 

The MHTGR consists of two major areas: a nuclear island (NI) containing 
four reactor modules (!50 MVJ(t) each), and an energy conversion area 
(ECA) containing two turbine generators (300 MW(e) each), as shown in 
Figure 1. Each of the four reactor modules In the NI supplies steam to a 
common header which feeds the two turbine generators and receives feed-
water from a common header supplied by the two feedwater subsystems 
within the ECA. 

PCDIS OVERVIEW 

The PCDIS is a hierarchical control system (see Figure 2) that provides 
plant supervisory control, nuclear steam supply control, ECA controls, 
data management, and technical operations support. 

The PCDIS uses a distributed-control architecture to achieve the func
tional requirements of reliability, operablllty, automation, and main
tainability. It is highly modular in structure, allowing for a high 
degree of reliability as well as ease of maintenance. 

The plant supervisory control system (PSCS) is a computer-based system of 
the PCDIS. It provides the overall plant control coordination function 
in response to operator demands. Changes in load allocation due to 
transients within either the reactor or the turbine-generator modules are 
accommodated automatically or manually. The operator normally will use 
the automatic computerized capability of the system, controlling the 
plant by monitoring and, when appropriate, controlling the plant manual
ly-

The nuclear steam supply system (NSSS) control system provides individual 
reactor module control and monitoring in response to the load allocation 
request from the PSCS. Each reactor module has its own separate control 
system. 

The ECA controls provide control and monitoring functions for each 
turbine generator and associated auxiliary systems. There are two 
control systems within the ECA, one for each turbine generator and Its 
supporting auxiliaries. 
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Figure 1. MHTGR Plot Plan 

The data management syaten OMS) provides the data connunication and 
processing functions or the PCDIS. Each of the systems of the PCDIS 
comunicate via the DMS data highuays. Data communication with non-PCDIS 
systems is also handled by the DNS. 
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The technical operations support provides the engineering and technical 
staff interface uith the PCDIS. Computer-based workstations are provided 
to enable the technical staff to perform testing, surveillance, and 
calibration, as well as to support the operating staff outside the 
control room. 

MHTGR CONTROL 

Plant Supervisory Control 

Requirements 

A major requirement for the PSCS la the capability to provide continuous 
and automatic supervisory control by the operator of the reactor modules 
and ECA for a wide variety of plant-operating configurations. These 
include balanced and unbalanced energy production apportioned among the 
four reactor modules; balanced and unbalanced energy conversion appor
tioned between the two turbine-generator feedwater systems In the ECA; 
and various operating modes of trjivldual reactor modules Including 
refueling, startup/shutdown and energy production operations. Addition
ally, the PSCS must automatically control transitions among these confi
gurations and modes In a manner that optimizes plant energy production 
economics for any operating configuration and utility load demand re
quirements that might exist. The primary PSCS Interface requirement uith 
the plant operators Is to report Information and accept instructions in 
supporting the operator's decision-making process. 

Description 

As shown in Figure 3, there are four separate and independent closed-loop 
NSSS control systems (one for each reactor module), and two sets of ECA 
modules (one for each turbine and associated feedwater train). These 
control systems are supervised and coordinated by the PSCS, which appor
tions total plant load demand to the four reactor modules for power 
generation and to the two turbines for power conversion. This structure 
matches the modular configuration of the NSSS modules and the ECA sys
tems. It allows independent operation of the reactor modules and tur
bines as required and contributes to plant availability by reducing paths 
tor propagation of failure. 

The MHTGR control room ope-itors use the operation workstation and PSCS 
to perform those control and management tasks concerned with coordinating 
energy production, shutdown, refueling and startup/shutdown operations to 
enable the plant to meet its electrical output demand efficiently, 
economically, and reliably (see Figure 3). In the PSCS, data acquisition 
software collect plant information to establish plant status. Control:! 
and analysis software use control strategy algorithms to determine plant 
control decisions. User Interface routines accept operator inputs for 
plant control. Command generation software is the source of outputs that 
initiate plant control actions. Information-processing programs report 
Information to the operating staff on all aspects of plant supervisory 
control. 

For normal energy production, the PSCS derives a total plant electrical 
load demand from the grid-dispatching-system's plant electrical power 
demand and the current plant total electrical power output. Comparison 
Is then made in the PSCS with limits (if any) on generator electrical 
power output, reactor module steam production, and feedwater supply to 
arrive at an achievable, total plant load demand. The PSCS then converts 
the total plant load demand Into NSSS and ECA load demands. 
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Figure 2. PCDIS Integrated Control Overview 

A variety of alternative load allocation strategies is used by the PSCS. 
The selection of any particular load 'ilocation depends on the status of 
reactor modules and energy conversion systems, achievable process and 
component configurations, grid dispatching requests, and discretionary 
decisions by the operators. Energy load demands are normally allocated 
so that reactor module's and turbine-generator systems contribute equal 
shares of production and conversion loads to meet the plant electrical 
load demand. The PSCS, however, also is designed to control reactor 
module and turbine-generators independently at different load levels 
under certain conditions. These conditions include instances where 
component or system performance limits are reached, or where apportioning 
loads unequally will optimize plant operating performance, such as fo. 
reactor module fuel cycle considerations. In addition to steady-state 
conditions, the PSCS can effect different rates of load demand and 
amounts of load demand changes among the reactor modules and turbine-
generators to achieve the desired allocation. 

If available reactor modules or turbine-generators are operationally load 
constrained or scheduled for maintenance, the loads are proportionally 
allocated for efficient transitioning among startup, shutdown, and 
refueling modes. Once the loads have been allocated, the PSCS primarily 
monitors NSSS and ECA performance. The types of performance monitored 
include heat balance, thermodynamic efficiency, stability and regulation, 
approaches and marglrs to technical specifications and setpoints, and 
reactor core fuel management. 

Operator's Role 

During normal plant operation, the control room operators control the 
plant by monitoring overall plant and major system and component perfor
mance, and adjusting pl&nt fluid and electrical system configurations to 
facilitate required component tests, inspections, and maintenance, riant 
and system configuration changes are accomplished by the operator through 
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Figure 3. PSCS Confissuration Overview 

the PCDIS. or by auxiliary operators froa reaote control panels. Opera
tors are required to clear hold points during plant maneuvers and 
operating configuration changes. 
The PSCS design automate-, the following functions without requiring 
operator task inputs to be executable: 

• Acquiring and processing data 
• Validating data 
• Estimating status of control 
• analysing perforaance 
• Validating incoming commands 
• Generating outgoing coamands 

In support of the operators' tasks, the PSCS is sealautomated such that 
operator task inputs are required at selected stages in the execution of 
the following functions: 

• Diagnosing 
• Supporting operator decision-making 
• Selecting plant control strategies 
• Managing plant configurations 
• Managing/planning system maintenance 
• Archiving data and information 

With this distribution of automation in the PSCJ, initial assessments 
using operator task analysis have shown a substantial reduction in 
operator workload as compared tc existing light water reactor and HTGR 
plants. This reduction in workload, thj MHTGR simplicity and predictable 
response, and the absence of operator actions required for safety enable 
the MHTGR plant operation to be accomplished by two operators and one 
supervisor. 



M HSSS Control 

Bequirementa 

Major requirements for plant control include: 

• Independent operation of reactor modules and turbine generators 
at all power levels 

• Continuous autoaatic operation of reactor modules in the 
25 percent to 100 percent power range 

• Capability to accept step load changes of up to 10 percent in 
plant output 

• Capability to accept ramp load changes of up to 5 percent per 
ainute 

• Independence of protection froa control 

In addition, user requirements call for 80 percent plant availability by 
Halting plant forced and scheduled outages to less than 10 percent eacn. 
To meat this requirement, a M a n tiae between failures greater than 
7500 hr, and a aaan tiae to repair of less than 12 hr have been specified 
for the control systea. 

Description 

The reactor fuel negative temperature coefficient, the high thermal 
capacitance of the reactor core, and arrangement of the fluid systems 
make the MHTGft Inherently stable and enable It to follow load with 
•inlaal movement. These features are Illustrated In Figure 4, which 
shows how variations in helium flow are passively followed by reactor 
power variations of the same relative magnitude and in the same direc
tion. Therefore, the nê ed for forced reactor control in the MHTCR arises 
mainly from the requirements to follow load with the specified timing. 

In the normal power operating mode, the PSCS receives a total plant load 
demand from the dispatcher or control room operator, apportions it to the 
reactor modules online, and transmits the apportioned load demand to the 
individual module control in the form of a load demand set point. Each 
KSSS control system then varies module power to deliver the required 
steam flow it 16.6 HPa (2«00 psig) and 8 n K (1000°F). 

These HSSS control actions take place while the PSCS apportions total 
plant load demand to the operating turbines, and turbine throttle valves 
adjust their positions to the new load level. In addition, feedwater 
train controls vary feedpump speeds and feedwater heating to deliver the 
feedwater required at the feedwater header by the reactor modules. 

Module response In ttK normal operating mode is illustrated in Figure 5. 
fts this figure shows, deviations in steam conditions during a load ramp 
change are negligible. 
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Figure 4. HHTliR Module Power Follows 
Helium Flow Naturally 

The 10 percent load demand step change is accommodated jy automatic and 
simultaneous adjustments to the turbine and reactor module steam load 
demand set points. In this case, the turbine generator and feedwater 
trains respond essentially without delay, driven by the nigner- steam 
production in the operating modules. This results in steam temperature 
and pressure deviations from set points during the transition to the new 
steady state operating level that are ueli within equipment operating 
ranges. 

To bring a reactor module online and to approximately 25 percent power, 
the control room operator steps the module through a preprogrammed series 
of operational sequences between hold points. Conditions at each hold 
point are monitored to verify operation within acceptable limits prior to 
releasing the control system to perform the next series of sequential 
operations. There are hold points at reactor crlticality, steam genera
tor preboilout, steam generator boilout, and at steam generator rated 
outlet pressure and temperature conditions (approximately 25 percent 
reactor power). To remove a reactor module from service from 25 percent 
power, the process is the reverse of startup. 
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Figure 5. MHTGR Module Steam Conditions are Constant 
During Load Ramp 

During refueling, a nodule is automatically maintained within the 
operator's predefined refueling conditions (subcritical, depressurized, 
fixed heliun flow and feedwater flow) In this mode, the control room 
operator continuously monitors module status. The fuel-handling opera
tion itself is performed automatically and supervised from a separate 
fuel handling control room which provides a complete view of the re
fueling floor in the NI (see Figure 1). 

Each of the four NSSS control systems is Located near its reactor module, 
uith control equipment within each NSSS further distributed near the 
reactor and the stean generator vessels. 

Plant Protection 

Passive MHTGR safety features such as fuel integrity at high tempera
tures, core size and geomstry, and the use of natural circulation for 
decay heat removal, lead to MHTGR protection systems that are essential 
to meet requirements principally .'or plant maintenance and investment 
protection, not plant safety. 

This protection function is accomplished by tne operator through the use 
of four automatic, independent, and separate investment protection 
systems (IPS), one for each module, to protect plant investment in 
operating time and equipment. These systems contribute to plant availa

bility by mitigating the impact of major module component failures 
through minimization of damage and required repair time, and providing 
redundant, nonsafety-related decay heat removal capability to facilitate 
accomplishing reactor refueling and nodule maintenance activities In a 
timely manner following reactor shutdown. 

There also are four automatic, Independent, and separate reactor protec
tion systems (RPS), one for each reactor module, that provide reactor 
trip and steam generator isolation for radionuclide and Investment 
protection. These systems contribute to meeting regulatory requirements 
for design basis events, and are classified as "safety related." The 
RPSs are the only instrumentation systems with such classification. 

Backup manual trips for both the IPS and the RPS, as well as plant 
protection monitoring including post accident mcnitorlng, are not de
signed to meet regulatory safety requirements; however, they are provided 
as nonsafety-relatej functions to allow discretionary shutdown capability 
by the operator for equipment protection, to monitor the long-term well 
being of passive safety features, and oo facilitate analysis and recovery 
from plant trips. (11 protection information from the IPS and RPS is 
transmitted via a unidirectional isolator to the PCDIS data highways for 
display on the control room consoles. 

CONCLUSIONS 

The MHTGR operators can accomplish and maintain highly reliable cont.-ol 
through the use of a computerized control data and instrumentation 
system. 

The use of passive systems and inherent safety features eliminate the 
requirement for safety-related o r a t o r actions and significantly simpli
fy operator responsibilities. 

In the MHTGR, it is Intended that the control room operator manage plant 
operations at a relatively high level in contrast to being required to 
initiate or accomplish specific actions through direct manipulation of 
individual controls in response to evolving plant conditions. 
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Abstract 

Growing concern about the rising global tempe 
rature of the earth due to the "Greenhouse Effect" 
is increasingly focussing worldwide interest on 
passively safs reactors for heat and power pro
duction. In this context the development status 
of the HTR-Module designed by the Siemens-Group 
merits strong interest. 

The HTR-Module has a high degree of passive 
safety features. Even in case of hypothetical 
accidents the decay heat is dissipated from the 
primary system to the environment by passive 
measures alone i. e. by heat conduction, 
convection and radiation. 

The detailed engineering for the HTR-Module 
continues to progress. In addition to the 
engineering for the layout considerable progress 
has been made in the detailed engineering for 
specific components - e.g. pressure vessel, steam 
generator, hot gas duct, blower etc. - and 
specific systems - e.g. first core, helium 
purification system, reactor safety system, 
reactor control etc. The procedure for the 
conceptual licence has been continued. A large 
number of supplementary analyses and reports have 
been elaborated and submitted for this procedure. 
Many workshop meetings have been held with the 
nominated experts. The hypothetical accidents have 
been analysed and a special report on these 
accidents has been submitted. The safety analyses 
resort has been revised, taking into account the 
results and achievements reached during the 
ongoing licensing procedure. 

Parallel to these engineering activities 
outstanding R40 work for the HTR-Module, e.g. in 
the field of fuel elements etc. has been 
continued. 

The HTR-Module has found worldwide interest. 
Respective activities are going on in Bangladesh, 

PR China, USSR, Indonesia etc. Relevant appli 
cation studies have been carried out and/or 
initiated. 

1. Introduction 
With astonishment one can observe, above all 

in many industrialized countries, that there is an 
"schizophrenic" behavior of the people 
concerning the future energy supply. On the one 
hand there is increasing - sometimes hysterical -
concern about the environmental protection and 
recently about the "Greenhouse Effect" and 
on the other hand a decreasing public acceptance 
of nuclear energy, which is i-ecognized to be the 
"cleanest" energy and environmentally benign. 
The latter development was accelerated by the 
Chernobyl-disaster. 

However, because being convinced of the 
future necessity of nuclear energy and of its 
environmental merits, Siemens/Interatom are 
continuing the development of advanced nuclear 
reactors. One of this type of reactors with a high 
degree of passive safety features is the 
HTR-Module. 

Subsequently, report deals with the status of 
HTR-Module development. 

2. Status of Design and R4D 
Work for the concept of the HTR-Module was 

initiated at Siemens/Interatom in 1979. The basic 
concept of this reactor was published in fall 
1981. A detailed report on the conceptual design 
was completed in fall 1983. The preliminary design 
was carried out in 1984 - 1985 together with the 
safety analyses and the radiological analyses for 
the design basis accidents. For some areas - fuel 
qualification, material data, steam generator, hot 
gas ducts etc. - R&D-work was initiated in 1982 in 
order to provide all necessary experimental proofs 
and evidence. 

Since 1986 the detailed design has been 
continued. The design efforts have been concen
trated on the main components and main systems, 
for which a far advanced development status has 
been reached. 
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Fig. 1 shows a longitudinal section through 
the primary circuit of the HTR-Module with side-
by-side arrangement of reactor and steam generator. 
The main features of this reactor concept are: 

Primary system consisting of 1 reactor, 
1 blower, 1 steam generator 
Arrangement of primary system in sveel 
pressure vessel unit 
Free falling-in absorber rods or absorber 
balls 
Passive decay heat removal from the primary 
system to outside arranged surface coolers. 
Fig. 2 shows the arrangement of the primary 

system in a confinement, with T high degree of 
accessibility even during full power operation. 



FIG 3 Cross-section of reactor building. 

This confinement is provided with a redundant 
arrangement for the cabiing and the piping, with 
a pressure relief system and an adequate 
ventilation system. Moreover, it includes an 
emergency control room. 

Fig. 3 shows a cross section through the 
confinement. 

The detailed design of the shown Nuclear 
Island has been far advanced. All layout 
calculations, flow schemes, schemes for instru
mentation and control, reactor protection and 
safety systems etc. have been elaborated. The main 
stress analyses and main drawings and for some 
special components/systems even the detail 
drawings and stress analyses have been made. As 

far as the parallel and long-term R&D work is 
concerned the long-term R&D work is stlli 
continuing whereas some short-term work has 
already been concluded. 

Fig. <4 shows a longitudinal section through 
the experimental steam generator, tested in 
Interatom's large-scale High-Temperature Helium 
Test Facility. The test time since August 1982 
totals 16,000 h, 9,000 h of which at a tempera
ture exceeding 700 *C. 

Main points of investigation: 
Normal operation at temperatures up to 900 *C 
and pressures up to 43 bar at mass flow rates 
up to 3 kg/s of water 
Start-up and load reduction operation (with 
• 2 K/min and - 5 K/mln within the range of 
350 "C and 900 *C) 
Static stability 
Dynamic stability 
Depressurization accidents 
Hot/standby/condition and simulation of hot 
start-up of the reactor 
The obtained results were very satisfactory 

and showed that no fundamental difficulties are to 
be expected for the application of such steam 
generators in high-temperature reactors. 

3. Status of Licensing 
A site-independant version of the Safety 

Report (consisting of 3 volumes) was completed in 
March 1986. The first application for a license on 
the conceptual design was filed in in April 1986 
in the Federal State of North Rhine-Westfalia of 
the Federal Republic of Germany (FRG). Oue to the 
Chernobyl-accident occurring immediately after the 
application had been filed in, the work on this 
licensing was not initiated. Thus, a second 
application was filed in April 1987 in the Federal 
State of Lower Saxony in the FRG on the basis of a 
revised safety report. 
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The special feature ot the elaborated and 
submitted safety report is, the inclusion of a 
separate and comprehensive chapter des'--. ibing in 
detail the conceptual design and its main 
features. This chapter should thus be the basis 
for the applied license on the conceptual design. 
In addition, the safety report includes the follow 

A technical description of the Nuclear Island 
and of the overall plant layout as well as 
the sections 
on radiology 
on operation of the power 
on analyses of the design 
on quality assurance 
decommissioning 

and 
on waste management 

A report on the "Inherent safety design 
features of the HTR-Module" was presented during 
IAEA's International Conference on Nuclear Power 
Performance and Safety in Vienna, Austria, 1987. 

The licensing procedure was actively taken up 
in May 1987 by the licensing authority of the 
State of Lower Saxony. The experts for the 
various areas were nominated in May 1987, e. g. 
the Technischer Uberwachungsverein Norddeutschland 
and others. 

From May 1987 to December 1987 13 workshop 
meetings were held between Siemens/ Interatom on 
one side and the licensing authority and the 
experts on the other side. By the end of 1987 58 
supplementary reports including detailed main 
drawings, stress analysis reports, reports on the 
seismic layout etc. were submitted by Siemens/ 
Interatom and to a smaller extent by KFA Julich 
and Hobeg, Hanau. In addition, 26 basic reports on 
the HTR-technology including fuel technology, 
computer codes, material data (metallic and 
graphic), and on the seismic layout methods etc. 
had to be submitted, too. 

plant 
basis accidents 



1. Differentiation between design accidents and 
hypothetical accidents 

2. Failure ol surface cooler 

2.1 Temperature development ol components 
subsequent to failure ol cell cooling effects 
on fission product release 

2.2 Behaviour of concrete and integrity 
ot reactor cell 

2.3 Integrity of pressure vessel support structure 

3. Reactivity accidents 

3.1 Design basic accidents 

3.2 Hypothetical changes in reactivity due to 
malfunctioning absorbers 

3.3 Hypothetical changes in reactivity due to 
steam Ingress Into the core 

4. Failure ot scram actions 

4.1 Failure ol circulator disconnection 

4.2 Failure of steam generator isolation 

FIG 5 Investigated hypothetical accidents tor the HTR module (a). 

The most noteworthy report in this context is 
a special detailed report on the beyond design 
accidents. Fig. 5 and Fig. 6 show the contents 
of the already mentioned report on the hypothe
tical accidents. All the indicated accidents have 
been analysed in detail and the respective 
radiological consequences and consequence on the 
integrity of the design have been investigated, 
too. 

In February 1988 the licensing authority and 
the experts had completed a first assessment of 
the submitted documentation and requested resp. 
asked for 152 addional reports resp. answers tc 
questions. Moreover the workshop meetings were 
taken up again in order to deal with this 
additional questions and information. In these 
meetings the hitherto submitted safety report was 

s. Water ingress into primary circuit 

5.1 Design basis accident 

5.2 Failure of fast drainage of sleam generator 

5.3 Failure of sleam generator isolation 

5.4 Danger potential of H^CO • burning 
in the reactor hall 

5.5 Release of radioactive fission products 
in case ol hypothetical water Ingress 

6. Air ingress 

6.1 Design basis accident 

6.2 Possibilities of hypothetical air Ingress 

6.3 Elfects of large quantities of ingressing air 

6.4 Radiation level in the reactor building 
subsequent to hypothetical air ingress 

FIG.6. Investigated hypothetical accidents for the HTR module (b). 

checked and considered with regard to the stand
point licensing authority and of the experts. 
Adequate changes of the safety report, taking into 
account the hitherto achieved results of the 
licensing procedure, were agreed and the safety 
report was revised (2nd version). 

A survey on the time schedule for this 
licensing procedure and the next steps is shown in 
Fig. 7. It shows, that the revised safety report 
has been submitted in August 1988 and that by the 
end of August the experts have submitted their 
draft expertise to the licensing authority. 
Subsequently the Federal Ministry for Environ
mental Protection (BMU) and the Reactor Safety 
Committee have now been involved in the licensing 
procedure, too. The safety report should be made 
available to the public in September to November 
of 1988 and a public hearing will be organised 
still before the end of 1988. After this formal 
procedure, the Reactor Safety Comittee, the 
Federal Ministry for Environmental Protection 
(BMU) and the licensing authority have to give 



START OF THE LICENCE PROCEDURE 

PREPARATION OF TCHNCAl 
RETORTS 
PREPARAT ^N OF SUPPL E 
MENTARY DOCUMENTS TO THE 
SAFETY REPORT 

REVISION OF THE SAFETY REPORT 

MEETINGS WITH LICENSE 
AUTHORITIES 

EXPERTISE OF TUV 
COMMENT OF RSK 

PUBLIC ACCESS TO SAFETY REPORT 

PUBLIC MEAHUG 

COMMENT OF BUU 

ISSUANCE OF CONCEPTUAL 
LICENSE 

FIG.7. Time schedule lor the 

their recommendations and they have to react to 
any public interventions. Thus the conceptual 
licence can be expected by the middle of 1989. 

4. Investigations on Applications 
fig. 8 shows a survey on the different 

potential applications of the HTR-Module. The 
shortterm, economic application is expected in the 
combination with a steam generator for the 
production of electricity in countries with small 
grids or for communities, industry etc. and for 
the cogeneration of electricity, steam and heating 
for different purposes, e. g. chemical industry, 
refineries, tertiary oil recovery etc. The 
application for the direct use of process heat is 
expected to be a long-term goal. 

Fig. 9 shows a typical flow diagram for a 
HTR-Module power plant for electricity production 
solely. Fig. lo shows a flow diagram for the 
cogeneration of process steam and electricity, 
taking as example a power plsnt with back pressure 
turbine. Fig. 11 shows the flow scheme for a 
combined application of process steam for the 
Tertiary Oil Recovery (steam injection) and for 
the use of the accruing oil gases by splitting 

J| them in a steam reformer to H., and CO. 
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Steam and Electricity Generation Application of Proems H«at 

HTF o 
ModuHi 

6 
Mod** 

I t | I SlMRI 
IMoaMr 

MermediM 
H*s4 

Exchanger 

I 
Cetl 

UptyidkHj I 
Ch*mic«l 
Industry 

FIG 8 Application possibilities ol the HTR module. 
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FIG 9 HTGR module plant for power generation. 

H T R - M o d u t e 

((1 jT l HfcMemperature 

Water/Steam Circuit 
Intermediate-Pressure Turbine 

High-Pressure 
Turbine 

Low-Pressure 

Electricity 

Process 
Generatofjtr—D> Steam 

I Process Steam 
Superheater 

Cooling Tower 

Steam Generator 

reedmater Pump Main Condensate Pump 
J 

Main Cooling Water Pump 

FIG 10 Schematic oiagram ot an HTR module power plant 
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FIG 11. Steam supply lor tertiary oil recovery and tor hydrogen production out ot hydrocarbon. 

In context with the HTR-Module application in 
the industry it should be mentioned, that even a 
smaller and more simplified version of the HTR-
Module with a thermal power of 80 - 100 MW 
(instead Df 200 - 250 MW) has been investigated. 
However it should be pointed out that although 
more simplified, the specific investment costs are 
higher than for the larger version. 

5. Test Module Project PR China (INE1) 
In close cooperation between Siemens/ 

Interatom and KFA Jiilich on one hand and the 
Institute of Nuclear Energy Technology, Tsinqhua 
University, Beijing, PR China on the other hand 
the concept of a pebble-bed test module has been 
developed and elaborated. By constructing and 
operating this test module a nuclear test 
facility will be provided for demonstrating the 
most essential technical and safety features as 
well as different applications. 



FIG 12 Cross-section of test module with steam generator 

Thermal power 10 MVV 

Power density (avg.) 2 MW/m* 

H'D - ratio 0.93 

Core diameter 190 cm 

Core height (avg.) 176 cm 

Number of fuel elements 27000 

Heavy - metal content 5 g/FE 

Burn - up (avg.) 80000 MWd/l 

Fuel element Incore time 1078 EFPD 

Number ol fuel elements per day 25 

Loading scheme OTTO 

FIG. 13. Test module China, main core data. 

Fig. 12 shows the longitudinal cross section 
through this test module, equipped with a steam 
generator for test phase 1. Fig. 13 shows the main 
data of this reactor. Fig. 14 shows its 
arrangement in a vented containment. Fig. 15 shows 
the planned time schedule for phase 1. 

Fig. 16 shows a longitudinal section through 
the test module provided with a steam reformer and 
a steam generator as planned in test phase 2. 

The test program in phase 1 includes 
simulation of disturbed operation, whereby 
the fuel is heated up to 1600 *C 
measurement of the temperature coefficient up 
to 1600 "C fuel temperature 
simulation of water ingress 
simulation of air ingress 
simulation of reactivity accidents 
qualification of fuel elements, manufactured 
in PR China 
etc. 
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FIG.14. HTR test module China, longitudinal cross-section ol the reactor building. 
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FIG.15. Test module China — overall time schedule. 

6. Other International Pebble-bed Module Projects 
Besides the Test Module Project further 

pebble-bed module and prismatic fuel module 
activities have been initiated (jointly with 
General Atomics) with the Ministry of Nuclear 
Industry (MNI), Beijing, PR China. 

Other international pebble-bed module acti
vities to be mentioned are in: 

Bangladesh 
Indonesia 
USSR 
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« FIG 16 Cross-section ol the test module with steam retormer and steam genera',,, 

7. Summary 
The detailed design and the licensing 

procedure for the conceptual design as well as the 
backing RSD work have reached a far advanced 
status. Siemens/Interatom expect that the Test 
Module Project in the PR China jnd - especially, 
if the licence on the conceptual design has been 
granted - commercial HTR-Module Power Plants can 
be realized in the near future. 
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SMALL DEMONSTRATION HTCJR CONCEPT 

A.I. KIRYUSHIN 
Gorki Polnechnical Institute. 
Gorki , Union of Soviet Socialist Republics 

Abstract 

Currently the USSR is investigating two high-temperature gas-cooled 
reactors. The first plant Is the VGM, a modular type HTGH with power rating 
of 180-250 MWth. The second plant iff the VG-400 with 1000 MWth and a 
prestressed concrete reactor vessel. The paper contains the description of 
the VGM design and its main components. 

The HTGR plant of small power rated at 180 - 250 MW(fch) 
Is developed In the USSR. 

The alms of this project ares 
1. The solution of research and engineering tasks associ

ated with mastering a new type reactor with increased safety, 
namely t 

- validation of neutron and thermohydraulic parameters 
of the pebble-bed core; 

- analysis and optimization of methods for gas quality 
monitoring and control of helium coolant and its interaction 
with primary circuit materials; 

- high temperature structural end heat insulating materials' 
operability test; 

- fuel element, graphite structures, steam generator, 
gaa circulator, CRDM, fuelling-defuelling facility, instrumenta
tion, control systems etc. verification during operation as 
a part of the reactor plant; 



- core heat removal study In normal operation and accidental 
conditions. 

2. Choice of variant for use as a part of industrial plants 
of various destination. 

3. Pilot BT-400 plant components' and units' development 
In reactor conditions. 

4. Stage-by-stage reactor plant operation In 750°... 950°C 
coolant temperature range using a core bypass system. 

Study of different component layout variants showed tiiat 
the prefered variant is to place reactor and heat exchange 
equipment in separate vessels connected by coaxial gas duct 
in account of multi-purpose and demonstration nature of the 
plant. 

Qie distinctive features of such an arrangement are* 
- the large scope of research and development tasks nolved 

when designing and operating of the plant; 
- possibility of stage-by-stage realization of 750°...950°C 

temporeture range using bypass valves; 
- layout applicability for a plant destined for high-poten

tial beat production; 
- better conditions for assembly, components* changes and 

maintenance due to lesa and more uniform obstruction of mainten
ance zones and possibility of their separation with respect to 
functional assignment; 

- possibility to use more unified HT-400 plant components 
|7 including steam generator and main gas circulator. 

To obtain high operational reliability, safety and econo
mical efficiency the following principles were realised when 
designing the plant> 

- uranium dioxide was used as a fuel; 
- core comprises a loosely packed bed of 60mm diameter 

spherical fuel elements on the basis of fuel microkernels with 
multi-layer ceramic coatings of pyrocarbon and slliclun carbide; 

- maximum fuel temperature is limited by 1600°C in any 
design accidental conditions; 

- fuel loading parameters assure considerable negative 
temperature coefficient of reactivity; 

- core geometry size provides for absorber elements 
arrangement in the side reflector with sufficient efficiency for 
reliable reactor shut-down; 

- the main core and fuel element structural material is 
Graphite; 

- core is refuelled without shutting down the resetor; 
- use of inert gas (helium) as a primary circuit coolant; 
- radioactive materials' localization using multi-barrier 

system comprising multi-layer fission fragments' retaining fuel 
coatings, graphite fuel element shell, reactor steel vessel and 
containment, i.e. complex of tight and strong compartments con
taining all main primary circuit component* and fuelllng-defuel-
lins facility; 

- use of steel vessels for reactor and heat exchange 
equipment arrangement; 

- use of main components non-integral layouv assuring 
access to each component for maintenance and repair; 



- maximum use of BT-'vOO plant research and development 

r e a u l t s ; 

- uni fy ing of main BT-400 components: stream generator , 

gas c i r c u l a t o r , CKDUs, v a l v e s , instrumentat ion; 

- s tage -by-e tage a t t a i n i n g high helium temperature 

(950°C) by helium flow decrease through the core when opening 

bypass v a l v e . 

The small powbr reactor plant is composed of the following 
main parts» 

- nuclear reactor with a core in a steel vessel; 
- primary circuit components (reactor internals, steam 

genorator, gas circulator, CRDMs, valves, sensors of centralized 
monitoring and equipment diagnosis sy- em, reactor vessel head, 
etc.); 

- fuell lng-defuell lng f a c i l i t y ; 
- automatic control system (reactor control and pro

tection system, fuelling-defuelling facility control means, 
gas circulators and others) and instrumentation; 

- residv.al heat removal systems; 
- associated auxiliary systems of the fuelling-defuel-

ling facility, clean-up and others. 
The main data of the Bill and its components at nominal 

conditions are given in Table 1. 
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Value for version 

Characteristic With residual 
heat removal 
circuits 

With passive 
residual 
heat removal 
means 

Comments 

1 2 3 4 
Reactor thermal power 180 
Number of main reactor cooling loops 
Number of residual heat removal loops 
Thermal capacity of residual 
heat removal ayetern, UW 
Coolant pressure, KPa 
Pressure drop in primary 
coolant circuit, MPe. 
Lifetime, yr 

2 * 7.5 

0,123 

about 5.0 
4.9 

0,123 
30 

Core 
Core type cylindrical, pebble- bed 

Coolant 
Coolant direction 
Core dimensions, m 

height 
diameter 

Average power density, WH/v? 

Core pressure drop, MPa 

Coolant flow rate, kg/a 

Coolant temperature, *>i 
ax inlet 
at outlet 

helium 
downstream 

4,25 2.8 
6.87 
O.069 

6,60 
3.2 
3.3 
0.069 

85 (57) 

350 

in pebble 
bed 
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Value for version 

Characteristic With reaidual 
heat removal 
circuits 

With paaaivo 
reaidual 
heat removal 
aoaua 

Commonta 

1 2 3 \ 

Fuel 
>\iel e lement 

i"uel e l o a o n t d i a m e t e r , m 

Jiuuber or fuel elements in 
core 
Uranium content per fuel 
e2eac t, g o-ic 
Fuel enrichment, Tr-*3, * 

Average fuel bumup, MW.d/t 

Refuelling scheme 

Fuel-ULog method 

Average fuel lifetime, days 

Number of control and pro
tection rods 
Number of channels lor 
absorbing spherea 

uo 2 
monolytic, apherical coated 
fuel particles 

0.06 

13*000 i;900oo 

6.15 
from 6.5 to 10.0 
from 33000 
to 63000 

OTTO 

from 50000 
to 90000 

MPR 
(uiultiple-
passage 
refuelling) 

without reactor shutdown once In '. 
days 

from 300 to 
500 

from 500 to 
900 

Reflector thickness, m 
top reflec- or 
side reflector 
bottom reflector 

Gas gap between top face ref-
gj lector and pebble bed, m 

18 

18 

1.2 
0.1 
1.4 

0.5 

Value for version 

Characteristic With residual 
heat removal 
circuits 

With passive 
residual 
heat removal 
means 

Comments 

1 2 3 4 

Steam generator 
Thermal power , MW 
Coolant flow rate, kg/s 
reactor coolant temperature,°C 

at inlet 
at outlet 

Reactor coolant pressure, MPa 
Reactor coolant pressure drop, 
MPa 
Steam flow, kg/s 
Superheated steam temporuture,"C 
Superheated steam pressure,UPa 
i'eedwuter temporature, °C 
oteam-water pressure drop, HPa 
Boat exchanging tubes 
dimensions, mm 

outer diameter 
wall thickness 

Number of heat exchanging tubes 
Number of tubes sections 

2 
Heat exchange surface, m 
SG service life, hrs 
Weight,kg 

about 182.5 
85 

750 
350 
4.9 

0.03 
68.9 

J 40 
17.2 
180 
4.12 

20 
3.0 
198 
18 

935 
50000 
76800 



TABL£1 (com) 

Value for version 
Characteristic With residual neat removal circuits 

With passive residual neat removal means 
Comments 

1 2 3 4 

main naa circulator 
Gam circulator vertical, centrifugal, 

single-stage, driven by 
an electric motor,with 
Isolating valvs 

Impeller nominal power, MV 4.26 
Rotor nominal rotation frequency a \ (rpm) 93.9(5600} 
Rotor frequency control 
ranee, ar* 
Capacity, m^/aOce/a) 

from 10 to 100 
24.6(92) 

Inlet gas parameters: 
pressure,MPa temperature,AG 

4.78 
342 

Outlet gas pressure, MP* 4.9 
Vomlnnl power conc.umptlon.mW 4.413 
Peed current frequency. Ha fromlO to 100 
efficiency,* not less than 68,4 
Head. KFa 0.123 
Impeller outer dlaneter.m 0.928 
Replaceable part service life, hra 
Note: 
Values of coolant flow rate and tenperature in perenthesea are 
given for period of attaining nominal design temperatures. 

THE REACTOR PLANT AND ITS COMPONENTS DESCRIPTION 

There are two alternative concepts of the reactor planti 
the f irst with separated residual beat removal (RUB) loops and 
the second one - with passive residual heat removal means, when 
using the latter concept, residual heat i s removed to the reactor 
well aurfeee coolers without forced coolant circulation ( this plant 
concept drawing i s not given). 

One layout of the reactor plant with residual heat removal 
loops providoa maximal accessibility to each reactor coaponant for 
maintenance and repair ( see Pig.1). 

It i s possible due to non-integral layout with reactor and 
stean generator arrangement In Individual vessels, so thet one has 
diversified separated equipment maintenance sones. Besides, this 
layout type i s the boat one for equipment radiation protection 
provision. 

Bte mala components of the reactor plant are arranged 
in individual vessels, connected with reactor vassal by three co
axial duets, one of which i s a steam generator duet and two ethers, 
of smaller diameter, are emergency residual heat removal loop duets. 
She main circulator, unified with BT-400 plant, is vertically 
attached with the help of stud-torus seal to the bottom of the steam 
generator vessel.Toe same it with emergency IBB loop circulators. 
All coaxial ducts axes l i e in one and the same aorlsoatal piano* 
The roller supports of reactor, steam generator and 1KB' host «•» 
changers are arranged in said piano and carried by reinforced con
crete interstitial ceilings of underreaotor oonpartmsnts. Tassel 
aupporta dealga and arrangement allow components reeldual expenaloa 

http://conc.umptlon.mW


1 - reactor vesselj 2 - core; 3 - 8** circulator; * - atean 
generator; 5 - ionization chamber; 6 - GPB drive; 7 - cherge 
tube; 8 - discharge tube; 9 - RHRS heat exchanger; 10 - auxiliary 
gaa circulator. 

10 Fig. 1. Small power reactor plant. Multi-unit layout. 

from reactor center, but preventsthen fron toraloa and t i l t 1B the 
case of earthquake• 

Reactor i s located in the cylindrical concrete well with end 
overlaps, the upper one being disnantable, to provide access for 
repair. CBW rooa i s located above the upper overlap and roosts for 
fuelllng-defuelling facility and gas circulators - below the lower 
overlap. Belnforced overlap, covering CUM rooa serves as an upper 
part of the leak -tight reactor shell (of a tight and strong coa-
partaent). Share la no access Into said shell during reactor opera
tion. 

Hie nuclear reactor consists of cylindrical ateel vessel 
with core la i t , el l iptic bottom head with flat aetal packing. 
In the reaotor bottoa there i s one central dlaoharge penetration, 
lnere la a distributor on the reaotor top head for distributing [ 
fuel eleaente to charging tubea. 18 CBDM aossles, start up ionise- { 
tloa chambers and la-core temperature aensors are located around 
mentioned distributor. 

Ihe pebble bed core ia located in cylindrical cavity surrounded 
by graphite internals, foal eleaanta are ehargtd en pebble bed eur-
faoe froa above through 6 supply tubes, than by gravity paaa once 
through the core and axe reaoved through discharge penetration, 
for Initial cor* foraation absorbing spborea with tbe aaae outer 
dlaaeter are loaded* fuel eleaenta and absorbing spheres design 
la the aaae as for HP - 400 plant, toe? question la elaborated 
about expediency of aultlple-paaaage refuelling (MHt) for fuel 
Integrity control . timely rejection failed spheres and laproveaent 
of paaeive reeidual heat reaoval poaalbllltiea. 

i 



Graphite Internal3 and top ref lector form a cavity for a pebble 
bed core. The internals are mounted on the support plate with 
st i f fening ribs and i t s aide surface i e l ined with ot«ol she l l . 

Core operation control i s carried out with the help of control 
and safety rods with drives. Absorbing rods novo in duct3, arranged 
in ref lector inner layer. The drive mechanisms design i s the same 
as for £T - 400 plant. Located under reactor top head absorbing 
spheres ayatom with boron addition la uaed for the roaotor ohut down 
18 tanica of absorbing spheres system are arranged above the top 
ref lector and connected throu«fc gate valves with vert ica l ducts 
in the side ref lector inner layer. Absorbing spheres are loaded 
into the re f lec tor ducts by gravity end returned to the tanks pneu
matically. 

Core heat engineering and radiation parameters are controled 
with the help of sensors of reactor control and safoty system and 
centralized plant monitoring system. 

Steam generator i s arranged in an individual pressure 
vessel and i s separated from reactor. Steam generator i s vert ica l , 
once-through, with c o l l tube system. Reactor coolant (helium) 
flows between tubes, working medium (feed water, superheated steam)-
inside the tubes in the counterflow. SG heat exchanging surface 
consists of 19 multi-start he l i ca l c o l l s , arranged in rows around 
central she l l . Colls are fixed and spaced by spacer bars, connected 
through raiilal r ibs with outer steam generator s h e l l . Coils are 
paral le l and joined in 18 sections for feed wator and superheated 
steam. Said sections are Joined in two independent egxial efficiency 
uni t s . It provides local izat ion of any leaky part or section of 

hoot exchanging surface. Header tubes thermal expansion i s accomo
dated by compensating units arranged in SG upper part* Tube eye-
tern and compensating units are fixed by she l l s on 60 upper head. 
All SG tube, structural member and unit jo int* are welded. 
Header tubes pass through SG upper head and outside are attached to 
corresponding steam and feed water headers located near the 60 
upper head. Tube bundle spacing in pressure vessel in provided by 
two support be l t s arranged i n lower part and at in let openings. 

Feed water from outer headers flows by delivery tubes to uteam 
generator lower part and la distributed to parallel c o i l s . There 
feed water flowing upstream i s heated by primary helium, trans
formed into superheated steam which by header tubes flows to outer 
steam headers. Instrumentation n o « l e s oa SO head are connected 
with sensing tubes for reactor coolant pressure drop measuring 
along the height of the tube bundle, helium sampling for moisture 
analyses downstream the bundle and reactor coolant temperature 
monitoring at the tube bundle in - and out let . 

The main gas circulator BT-400 plant 3T-90/1.25 i s 
centrifugal, s ingle-stage, vert ica l , gas t ight powered by inter
nal e lec tr ica l motor. The drive i s an induction motor operating 
in helium medium with a smooth control of rotor frequency, extended 
in cantilever centrifugal impeller of gas circulator i s mounted 
on the e lectr ic motor shaft. The shaft i e rotated in two radial 
hydrostatic bearings, carrying radial loads. Axial loads are 
carried by thrust bearing , arranged at the shaft end In circulator 
lower part. All bearings operate in o i l . Oil and o i l vapor ingress 
into helium loop and e lectr ic motor cavity i s prevented by labyrinth 



sea l s In which sealing gas with pressure higher than reactor 
coolant pressure l a delivered. Electric motor and circulator 
inner cavity during operation are cooled by bui l t - in cooler with 
helium, forced by two blowers fixed on the shaft on the both 
sides of e l ec t r i c motor. During shut-down they are cooled by 
equipment cooling water system. In the circulator gas path sbut-
-o f f valve i s mounted t o l imit gaa flow through i t when shaft i s 
not rotating. 

Gas circulator pro-rides coolant circulation during plant 
start up, power increase from J5JS to 11091 of nominal power, 
normal and emergency residual heat removal. 

JVlmary coolant circulates as follown: cold holium from 
main circulator flowing along SG pressure vessel wal ls , flows 
through nozzle annulus to the gap between reactor vesse l and core 
she l l , then through top reflector ducts, comes to core where 
coolant i s heated by fuel elements. Helium at ?50°C flows through 
bottom ref lector ducts t o hot mixing chamber, then by main nozzle 
inner tube to s«eam generator Inlet chamber, after i t through 
SG shel l openings enters the plenum above tube bundle, from 
where passes downstream along heat exchanging surface and after 
heating secondary coolant comes to gas circulator. 

In the some way primary coolant c irculates when RUB loops 
are operating* 

In accordance with USSH engineering standards and 
codes th i s unit has some independent channels for residual heat 
removal, each providing f u l l reactor cooling down in any emer-

183 gency conditions. Residual heat removal con be effected either 

by main heat removal ayatom or by omorgency R1CR system, consist lag 
of two Independent loops of equal effect iveness . Primary circuit 
of the RJER system la a closed loop with helium forced circulation 
including reaudual heat removal heat exchanger and gaa circulator. 
Secondary c ircu i t of RHR loop i s a closed system with water 
natural circulation, Including evaporator-condenser, water accumu
lator and piping. Heat from secondary c ircuit RUB loop i s removed 
in evaporator-condonser by evaporation into atmosphere. 

Baorgenoy RHR system properties provide residual heat removal 
without excoeding maximal allowable fuel temperature (1600°C) 
in any design accidents, including primary c ircuit depresaurlsation 

LIST OF AamtEVXATIOMtJ 

CRJiU - control rod drive mechanismsj 
UFR - multiple-passage n;fuelling; 
OTTO - once through then out; 
RHR - residual heat removal; 
SO - steam generator. 
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Abstract 

In J969. Japan Atomic Energy Research Institute(JAERI) started the 
development of a very high temperature gas-cooled reactor(VHTR) which 
could produce the outlet gas of nearly 1000'C for the broad utilization 
of direct nuclear energy, not only for electric power generation but also 
for nuclear heat and has been carrying out various researches and 
developments for the project along yith the Japanese industries. In 
1967, the Japanese Atonic Energy Commission issued the recommendation on 
the early construction of KTTR which can produce the outlet gas tem
perature of 850*C first and 950 *C finally ,so that the necessary re
searches and developments may be carried out for establishing and updat
ing the technology basis for advanced HTGRs in future arid various innova
tive basic researches may be conducted as an irradiation test reactor at 
ver> high temperature of around UOO'C. 

This paper presents the design considerations and improvements for 
achievement of 930°C outlet gas temperature in HTTR along with the design 
out! m e of HTTR. 

The HTTR consists of a 30 Hit core, a primary cooling loop with a 
he'iuir-hel ium i nte*«ie;ia*e heat exchanger and a hel ium-pressur ized water 
cooler, an. auxiliary cot1 ng loop and two reactor vessel cooling systems. 

The core is composed of 30 fuel columns, IG control rod columns and 12 
replaceable reflector columns, each made by graphite blocks and is tooled 
by helium gas of 3S5'C at the inlet of reactor vessel, which flows 
downward through the core. The maximum fr*' temperature with 950*C outlet 
gas temperature is designed to be about !500'C in the normal operation 
and lower than 1600*C during the anticipated abnormal transients. Major 
design considerations are forwarded to proper blockwise distribution of 
fuel enrichment, proper flow distribution in the reactor vessel, fuel 
block design, elimination of hot flow streaks and the design of as
sociated major components in the primary cooling loop . 

1. INTRODUCTION 

In 1969 the Japan Atomic Energy Research Institute(JAERI) started the 
development of very high temperature gas-cooled reactors(VHTRs) which can 
produce helium gas of nearly 1000*C at the reactor vessel outlet and since 
then, research and development have been carried out on various subjects such 
as fuels, material., and components. The Japan Atomic Energy Commiss'on(JAEC) 
established a special committee in March 1966 in order to review the Japanese 
HTGR project. The committee issued the final report in December 1986 on the 
RID program for HTGRs in Japan, proposing the construction of High Temperature 
Engineering Test Reector(HTTR) which can produce the outlet coolant of 9S0*C 
instead of the experimental VHTR and recommending that JAERI constructs and 
operates the HTTR in order to carry out the necessary R&D for establishing and 
upgrading the HTGR technology basis and to conduct various innovative basic 
researches on high temperature technologies such as advanced C3ramics and fu
sion reactor materials. 

According to the report, the previous program in which the experimental 
VHTR was defined as a first step toward direct nuclear heat application was 
suspended and has been replaced by the program of HTTR and the JAERI has, 
therefore, proceeded the design of HTTR along with the Japanese industries,The 
design of the HTTR is now at the final stage. The major objectives of HTTR are 
as follows: 
(1) To establish basic technologies for future advanced VHTRs, 
(2) To be served as an irradiation test reactor in order to promote innova

tive high temperature new frontier technologies. 
Many considerations have been paid to the design of HTTR in order to realize 

the 950'C outlet coolant temperature in HTTR and this paper presents the out
line of considerations and improvements in the design of HTTR. 

!!. OUTLINE OF HTTR DESIGN 

The HTTR consists of a reactor pressure vessel, a primary cooling loop with 
an intermediate helium-hellum heat exchanger( IHX) and a pressurized water 
cocleriywC) in parallel, in auxiliary cooling system, reactor vessel cooling 
system and related components as shown in Fig.,1. The reactor pressure vessel 
is 13.2 m hign and 5.5 IT '" inner diameter, and contains the 30MWt core and 
reactor -, m e n u 1 s*.ruc tur.v. ,\^ ',hown in iig,?, A major specification of HTTft' 

I 
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Fig. 1 Schematic diagram of HTTR 

i s l i s t e d i n Tab le 1 . The r e a c t o r b u ' l d i n g c o n t a i n s a conta inment v e s s e l , 
a u x i l i a r y systems f o r c o o l i n n systems, v e n t i l a t i o n and a i r c o n d i t i o n i n g s y s 
tems, a r e a c t o r c o n t r o l room, f u e l h a n d l i n g and s t o r a g e f a c i l i t i e s and so o;i. 

i ^ n i t t Tocler-aiej anC cooleo by h e l i u m , and p r i s m a t i c f u e l 
••'. 4»o«" lr •:^,}, *ne iZ'.'.c core is ?. 9-i hic,n and 2. .3m ir, 

d Dy 

, • ' ^.ore 
Tne core 1 

b'oc»s are -•: 
equivalent CM.-»-*<.;e*- â id ••> r/l,""j.::Jtid Dy 'ep'aceabit reflector composed 
hexagonal graonite blocks. The permanent re'lector Surrounds the replaceable 
reflector and consists of large polygonal graphite blocks fixed by core 
restraint mechanisms. tach hexagonal graphite block made of the domestic IG-
110 has three dowels on the top and three associated sockets in the bottom, 
and the blocks are fixed with the combination of dowels and sockets. 

Reactivity is controlled by control rods, which are individually supported 
by mechanisms located in the standpipes connected to the top head of the reac
tor vessel and are inserted u.to channels in the active core and replaceable 
reflector regions. The reactor shutdown in the high temperature condition is 
made by the insertion of 9 pair control rods in the replaceable reflector 
region at first a~* then. 7 pair contrc 1 rods in the core region* are inserted 
in the condition of core temperature lower than 850'C, Back-up shutdown 
capability is provided by insertion of boron carbide/graphite pellets into 
othe- channels in t,ie control rod guide blocks. Refueling is accomplished un
der the depressiri>ed condition with the reactor shutdown. 

The core is cooled by downward helium gas wnose temperature is 395'C at the 
reactor inlet. Major nuclear and thermal hydraulic character 1 st'.cs are also 
1isted in "able '. 
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Fig. 2 Vertical cross section view 
of reactor vessel 

(2) Fuel 
The fuel block which keeps fuel elements in it is a pin-in-i, ioek type 

hexagona 1 block of 58 cm high and 36cm jcroLL flats. A fuel element consists 
of a graphite sleeve and fuel compacts .which are made of co»ted particles of 
low enriched uranium oxide whose average enrichment is about 6% and the ker
nel diameter of coated particle is 600/jm, The particles are bonded together 
with graphite powder in fuel compacts which are held in a sleeve to form a 
fuel rod. 

At JAER1, the associated meta 1lurgica 1 performance tests for domestic fuels 
hive been made in the in-pile gas I uop OGL-l, capsules and other out-pile 
faci11 lies. 

(3) Reactor Cooling Systems 
The reactor cooling systems are composed of a primary cooling system(PCS), 

an auxiliary cooling system'ACS) and two reactor vessel cooling system(VCS) as 
shown II, Fig.l, The A C i< operated tc remove residujl heat from the core 
when the reactor is shut rr^.n. f.ach VCS is operated at 100/5 flow rate during 



Table 1 Major nuc ear and thermal hydraulic specifications 

theca l power 
out le! cooli. it * prrofature 
in^et coolant temperature 
fue l mi t e r t a l 

fuel element type 
total coolant flow rate 
direction of coolant flow 
primary coolant pressure 
pressure vessel material 
number of primary cooling loop 
conta inment type 
plant 1i fetime 
cere effective diameter 

30 MH 
9 SO °c 
39S w 
UOj 

prismatic block 
10.4 kg/s 

downward flow 
«.l MPa 
stee 

steel containment 
?0 years 
2.3 IT. 

1.9 m 

2.5 W/cm3 

off-load, 1 batch 
16.5 Xflk/K 

3~-10(6) wtl 
??/33 GWd/t 

cere effective height 
average power density 
fuel loading 
excess reactivity 
uranium enrichment (average) 
fue l burn up(average/ma.'imuni) 

reactivity coefficient 
f ue l temperature c o e f f i c i e n t - ( 1 . 5 t o 1 . 0 ) x l 6 At/k/'C 

moderator temperature c o e f f i c i e n t - ( 3. 3 t o 0 . 3 1 )»10* Ak /k / "C 

power c o e f f i c i e n t - ( 2 . 0 t o 0 . 67 ) x l d 3 £ k / k / M * / 

power peaking factor(rjdial/axial) 1.1/1.7 
effective coolant flow in core 8C I 
maximum fuel temperature 1495 "C 

reserve shut-down 
channel 

control ~Od channel 
ontrol rod guide 

block 
fuel block 
eplaceable 

block 
neutron detector 

hole 

ermanent 
ref lector 

"control 
rod guide block 

: i g . 3 Horizontal cross sect ion 
view of reactor vessel 

'" t o c e o ! t h e b i o l o g i c a l s h i e l d a r o u n d t h e r e a c t o r 
eoo l t n e M - a c t o r v e s s e l and t h e c o r e i n such an Wie
t h e PCS. The PCS i s s e p a r a t e d i n t o two l ^ n e s o u t s i d e 
n e ' u ~ g - s h e a t e d :n t h e c o r e i s c o o l e d i n p a r a l l e l 

•V." .is ( ' * • • ' •.-. : i ; . ' . Heat of 30Mni g e n e r a t e d i n t h e 
•••- : : . •• . : f \ a' a i •" i o. !.?•" t. e * h . . .i ciie'se • en. . ' h e !HX 

. *- r * ' s* :..:•:• '~a* .-.'"?. inger. '̂' 'rMr y '.nolant. 

flows on the shell side with secondary coolant flowing on the tube side. 
Material of * he h.-at transfer tubes for trie pressure boundary is rastelloy >r. 
Tno PWC is a vertira) J-fuh..- '-.en heat e.changer, 

A co-axial doubie pi-.e 's aejor _pg for t ransf e'"> I n.j primary icj:an; cf nigh 
temperature helium gas. Gas cf ape..it 'ifjO'C flows it, the a-nu'ar gap between 
the inner ar.ti outer pip-"., to M r '.-act.jr iir, i _;,-.:. .,' M O C. t f"om tr..- reactor 
flows inside t*ie ii.r.e' pipr '' the t c - c>. * i a doob'e pipe. 

ut ."Mb ; on ..! nuclMr- [ H O C V , ; o e M . 
proper radial and axial .1 I sir tbut ions ct fuel 

•ie maximum fu.i-1 terr.pe ra t u' e as low as po.l.if'.• . 

-i, • ujor 1t.e rs t... :>•- ;. 
1 he :o 1 1 ow i ng ar e r.a 

t a ^ e n I M C a c c o u n t in .; 
o f 950°C i n HTTK ' o r c i r 

- " D e t e r m i n a t i o n of r 
r i chnen t t o ri-a '' i ." 
respect to the fuel mtactness. 

'^Reduction o' coolant flow rale ' ne f f ei: 11 ve to U.e direct cou.inej ol foe 1 

through baths of leal M o w , cross flow and bypass flow wh.Mh can not be 
avoided in the design of prismatic fuel erne. 

' L'e termi na . i on of r.'st proper dimension and •. or, f i g u ra ' i on o' fuel 
graphite blocks and M e l elements with respect to the core structure m -
tactness agnr.st *henr,al and irradiation stresses. 

""Separation of the prtMure boundary frorr, th .• temperature boundary. 
^Reduction of ernir s in .JMecfior of outlet coolant tempMalure which is 
selected as a prole:tivc signal for reactor shut down. 

The lrrpro.. .-rue" t s .'• M s ] • • ' • i T T f- are desor ' Peg ir. 'he following sections 
wtr. the ?.\l result' >el :'.•-: * • • ' tie pi J t > 1. • r:. 
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Fig. 4 Core distribution plan of fuel enrichment 

3.2 Core neutronics and thermal hydraulics 
(1)Core neutronics 
In order to achieve high reactor outlet coolant temperature, it is important 

to keep the maximum fuel temperature as low as possible. To minimize the maxi
mum fuel temperature, the fuel and burnable poison zonings are determined as 
follows: 

sTo achieve a uniform radial power distribution through a burnup cycle, 
a four region radial fuel zoning and a burnable poison arrangement, 
which reduce the local power peaking, are selected. 

•To achieve an axial power distribution which minimizes the maximum 
fuel temperature, that is, to achieve a uniform axial fuel temperature 
distribution in the higher temperature part of the fuel channel, a four 
region axia1 fuel zoning and an axial burnable poison zoning, v.!,.ch keep 
the shape of axial power distribution constant through burnup, are 
selected. 

A patten, selected for fuel zoning and burnable poison arrangement are shown 
in Fig.4. Preferable fuel temperature distributions have been obtained as 
shown in Figs.5 and 6. and the evaluated maximum fuel temperatures have been 
reduced by 50°C compared with the case of 3 x 3 fuel zoning planned ini
tially. 

(2) Thermal hydraulics 
Suppression of core bypass flow 
The horizontal and vertical gaps between the core graphite blocks cannot 

be eliminated due to the difference of thermal expansion at various tempera
tures, dimensional change due to irradiation aid so on. It is, therefore. 
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planned to seal the core bypass flow at the outer part of the core as 
follows: 

•At the permanent reflector, sealing is made by narrowing gap between 
the permanent reflectors tightened by the core restraint mechanism. 

"At the top shield block, sealing is made by narrowing gap between the 
top shield blocks by the use of the difference ot thermal expansion be
tween steel(top shield block) and graphite(permanent reflector). 

*At the hot plenum block, sealing is made by newly developed seal 
element(triangular graphite seal element). 

timization of number and dimension of the fuel channel 
educing the core pressure drop is effective to reduce the core bypass flow 

and has been achieved by increasing the total number c* coolant channels in 
a fuel block. The dimensions of the fuel channel have been determined by 
optimizing the heat transfer characteristics and the -ore pressure drop to 
obtain the maximum fuel temperatures as low as possible through burnup. 
Detailed flow distribution analysis 
A computer code '-'tern was developed to evaluate the core flow distribution 

properly. The code system evaluates (a) deformations of the core blocks, gap 
sizes between core blocks and flow resistance along the cross flow gaps and 
calculates (b) tie corresponding flow and temperature distributions in the 
core. Calculations (a) and (b) are iterated until the solution converges. 
As a result of these improvements in the fields of thermal hydraulics, a 
directly effective core flow rate as high as S8Z of total flow has been 
achieved. 
As the results of above-described design considerations, the evaluated maxi

mum fuel temperatures are limited below about ISOO'C under the 950*C opera
tion. The engineering uncertainties considered are systematic uncertainties 
for total power, power distribution, total flow rate, flow distribution and 
core inlet temperature. Random uncertainties are also considered for manufac
turing tolerances and material properties of graphite and so on. 

3.3 Fuel and core structure design 
(1) Fuel block design 
In the first stage of fuel block design, an iterative process was performed 

to determine the basic parameters specifying the structure which was consis
tent with the requirements on power density, reactivity control, fuel tempera
ture and structural integrity for seismic, thermal and irradiation-induced 
loads. As the result, a dowel-socket combination has been adopted to prevent 
a disarray of core during a seismic event, and the fuel block with 33 coolant 
channels and 3 dowel-sockets has been specified. Figure 7(a) shows a 
specified design. 

In the next stage of design, a detailed stress analysis was performed to 
evaluate the lifetime of fuel blocks which have a viscoeiastic behavior under 
thermal and irradiation-induced loads. The result showed that the required 
lifetime was not achieved for the blocks located adjacent to replaceable 
reflector region. These blocks are under the severe loads which results from 
th# large coolant temperature d-.iference between the channel and the inter-
column gap. In order to extend the lifetime of blocks, the following ap
proaches were taken: 
1) optimization of the channel radius and relative arrangement of channels 

and dowe's in order to minimize the shutdown stress of blocks and maxi
mize in* seismic caoacity of dowel-socket combination. 

H 

(a) fuel rod arrangement for (c) fuel block arrangement 

Fig. 7 Core arrangement plan of fuel blocks with 
33 and 31 fuel rods 

2) reduction of temperature d;fferences(dT) between coolant flowing in the 
coolant channels and coolant flowing in the block gap,and 

3) elimination of channels which give the stress higher than the allowable in 
33 pin fuel blocks. 

The third approach resulted in deleting two of three channels in the cor
ners of prismatic blocks adjacent to the replaceable reflector block columns 
because viscoeiastic stress analyses showed that the high stress leading to an 
insufficient lifetime would occur in the surroundings of these channels. The 
31 pin block design proposed for the blocks adjacent to the replaceable 
reflector block columns is shown in Fig.7(b). Core arrangements with 33 and 31 
pin fuel blocks are shown in Fig.7(C). 

Allowable range for irradiation dose and temperature difference(dT) for 31 
and 33 pin blocks are shown in Fig.8. In the figure, vertical and horizontal 
axes indicate allowable fast neutron dose and coolant temperature 
difference(dT),respectively. Curves were determined so as to meet the HTTR 
stress criteria defined tor replaceable graphite blocks. As shown in the 
figure, allowable dose for the 31 pin block is 70 ' larger than that of the 
33 pin block at dT = IOC' ' C, which is, a typical condition in the reactor 
operation. 
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Fig. 8 Allowable rjnoe for irradiation 
dose and temperature difference dT with 
respect to fuel block intactness 

12) Reduction of hot streak 
The coolant coaling from the core is mixed in the 7 Hot plenum blocks and 

then, the coolant from tne 7 hot plenum blocks is mixed into one flow in the 
hot plenum. There are temperature differences of about TOO•*C in the flows 
Trom the core and in the flows from the 7 hot plenum blocks. In order to 
reduce the hot streak ir. the primary coolant loop and the heat exchanger, 
sufficient mixing is required. It was ascertained by ft & D that a T-type 
junction is better than a Y-type junction in the hot plenum blocks. The T-
type junction adopted is shown in Fig.9. For mixing coolant enough in the 
hot plenum, a mixing promoting plate is provided. Ti.e effectiveness of the 
plate was predicted by flow analysis and by 1/' scale «.. • full scale experi
ments. A structure concept is also shown in ' ig.9. 

The above two countermen si. rei are estimated to reduce the hot streak from 
about 60*C to 6*C. 

3.4 Primary cooling system 
(1) General design considerations for primary cooling loop 

*A special alloy with high corrosion resistivity at high temperature is 
developed a.t«S used for the structures. 

'Chemical impurity levels are maintained wthin acceptable limits by in
stallation cf a helium purification system. 

•Mechanic*" loading on structures <it hi -h temperature is lowered by pres
sure balance. 

^ flow direction 

Fig. 9 Detail of HTTR core bottoei structure 

(?) Co-axial double piping system 
This system consists of a liner, an inside insulated inner pipe and an out

side insulated outer pipe as shown in Fig.10. Hastelloy-XR is used for the 
l-*ner pipe. 
(3) Intermediate He-He heat exchanger(1HX) 
IHX heat fansfer tubes form the primary coolant pressure boundary under the 

high temperature condition. In order to maintain the integrity of heat trans
fer tubes under the high temperature condition, mechanical loading and ther
mal stress on the heat transfer tube have to be reduced. IHX structures art 
shown in Fig.11, 
Hastelloy-XR is used at high temperature structures for heat transfer tubes, 

tube sheets, tube support structures, a center pipe and a liner. 
The following are design considerations to achieve 950*C operation. 

'Differential pressure between the outer side and inner side of heat 
transfer tubes is controlled so as to prevent the unexpected mechanical 
loading. 

*The outer vessel acting as the pressure boundary is cooled by colder 
helium which flows in the annular channel between the inner vessel and 
the outer vessel. 

"Heat transfer tube bundles and tube sheets are arranged axial-
syometncally to reduce the thermal stresses. 



Fig. 10 Co-axial double piping for primary cooling system 

(4) Protective action 
In order to achieve 950*0 operation, some additional protective actions are 

taken, that is, the gas circulator trip and some reactor scrams. These scram 
set points are chosen to limit the maximum fuel temperature below 1600'C in 
lase of abnormal operational transients and below 1800=C in case of accidents, 
and the temperature of Hastelloy XR below 98Q aC in case of abnormal opera
tional transients and below 1000°C in case of accidents. 

"High reactor vessel outlet helium temperature: This scram signal indi
cates an increase in the core heat generation, a decrease in the primary 
coolant flow or a decrease in heat removal capability of the secondary 
cooling system. This scram and gas circulator trip are appropriate in 
the above-mentioned events to protect high temperature structures Such 
as heat transfer tube of 1HX and so on. This scram set point is set 
below 980 °C to keep the integrity of high temperature structures as 
shown in F ig.12. 
-Low differential pressure of reactor core: This scram signal indi ates 
the core flow bypass event due to the flow leakage in the inner pipe of 
co-axial double piping system. The scram set point is suitably set to 
limit the maximum fuel temperature below lSOCC in accident conditions. 

"Large rod position difference among control rods: This scram provides a 
protection against fuel heat-up due to imbalance in control rod posi
tions and abnormal insertion/withdrawal for single rod during the normal 
operation. 
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Fig. 11 Vertical cross section view of 
1HX and major parameters 

3.5 R&D related to the problems 
The Helium Engineering Demonstration Loop(HENDEL) is 

JAER1 to perform large scale demonstration tests of 
ponents for the HTTR. The loop capacity is; a maximum c 
kg/s, a maximum pressure of 4 MPa and a maximum tempera 
blocks, control rods and in-core structures have been 
The loop was constructed in March 1982, and it has been 
8000 hours. The fuel block test section has been in 
1983, The design and construction of the in-core struc 
started in March 1983, ar.d completed in June 1986. 

a test facility at the 
high temperature com-
oolant flow rate of 4 
ture of 1000'C. Fuel 
tested ir the HENDEl. 
operated for more than 
operation since March 
ture test section were 
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(1) Fuel block test section Tl 
The objectives of Tl test section are to perform heat transfer and fluid 

dynamics tests of the fuel block, fuel rod and control rod in reactor operat
ing conditions. It consists of a single channel test section Tl-S shown in 
Fig.13 and a multi-channel test section Tl-M, Heat transfer and fluid 
dynamics tests on a fuel channel were performed with the Tl-S. Figure 14 
shows heat transfer data and correlations obtained for simulated fuel rods. In 
this test, helium gas was heated "lectrically up to 1000*0 Differences were 
not found among heat transfer coefficients obtained with three different types 
of power distribution for simulated fuel rods which have spacer ribs as tur
bulence promoter. The friction factor obtained for fuel channel with the 
sinulated fuel rod is shown in Fig.15, 
(2) In-core structure test section 1? 
The T? test section is to investigate the performance of the core support 

structures of the reactor core such ar, the plenurr block, the core support 
post, the insulation layer, the qraphite re'lecto"- and the outlet gas duct. 
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Fig. 17 Comparison of experimental and 
analytical results on leak flow rate 
for simulated core bottom structure 

Figure 16 shows the T? test section and Fig.17 shows comparisons of eiperimen-
tal and analytical results on leakage flow rate vs. differential pressure with 
different temperatures of helium gas flowing into the plenum block. It is 
found that the sealir-j performance of graphite structures are excellent with 
experimental leakage flow smaller than the analytical. 

IV. CONCLUDING REMARK 

As described above,JAERI has es tab l i shed the design of HTTR which c«n 
produce the 950* C. out let coolant temperature for the deve^pment of direct 
u t i l i z a t i o n of nuclear process heat along with the Japanese industries, by 
devoting much e f fo r t to the R&D related to the problem, 

JAERI is to s ta r t the construction of the HTTR by the end of Japanese f isca l 
year 1989 through about one and a half year safety review by the Government. 



TWENTY-NINE YEARS OF FRENCH EXPERIENCE 
IN OPERATING GAS-COOLED REACTORS 
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Gtf-sur-Yvettc, France 

Abstract 

Since 1959, Franca has gained en experience in operating eight 
gas-cooled reactors, which amounts to 145 reactor » years, with qood load 
and availability factors. Besides, the few incidents which occurred and 
the observed servicing conditions can allow for an assessment of the experi
ence feed-back, thus enabling to specify the limits in the design of natural 
uranium, graphite moderated and gas-cooled reactors. Therefore, lessons 
can be drawn with respect to the general rules of constitution of this 
reacto;- type,to the nature of the gas in the primary circuit,to the fuel 
design and to the instrumentation used for core control. 

The first power gas reactors built in France, G2 and 63, were 
operated at low temperatures, thereby causing swelling of the graphite 
stacks, under irradiation, which required adequate correcting actions. 

For the following reactors, iHINON Al, A2 and A3, the choice of 
higher temperature has allowed to get eway with this drawback, but keeping 
the steam generators outside the reactor vessel necessitated an external 
primary gas circuit under pressure. In order to ascertain the strength 
of the corresponding metallic pipes with large diameters, important surveil
lance programmes had to be set, thus lengthening the maintenance shut 
downs. 

The design of the ST-LAURENT-OES-EAUX Al and A2 reactors deals with 
steam generators within the reactor vessel, thus suppressing this maintenan
ce limitation. These two reactors represent the outcome of the evolution 
of the UNGG design, within the 500-700 W e range. 

For higher power, i.e. 900 to 1000 MWe, e more performing fuel 
and a higher pressure in the primary circuit were needed. This was the 
case of the INCA project with a 540 MWe prototype built at BUGEY. However,the 
corrosion of graphite, which appeared in this reactor, has shown the limits 
of carbon dioxide at high temperatures and pressures. As far as fuel is 
concerned and evnn though it appears very reliable in normal operation, 
the observed melt downs of magnesium-zirconium clads during the rare 
incidents which occurred, show that the margin between nominal temperature 
of operation and the melting temperature is too small. 

Together with the other reactor types, the gas-cooled reactcrs 
encounter difficulties with their steam generators. This component having 

H 3 a shorter life time than the reactor one must be designed and located 

in such a way that it may be changed without causing unbearable limitations 
to the whole plant. 

These few thoughts, drawn from the operating experience of the 
gas-cooled reactors, lead to consider an integrated design with stean 
generators of a modular type, located in such a way that natural convection 
can contribute to decay heat removal. The fuel must withstand, under any 
circumstances, temperatures relevant to a monophasic coolant, inert with 
respect to the components, such as helium, 

This leads to the HTR assign, with a size adapted to the grid 
(electricity or steam). 

The French experience concerning electric power reactors show 
that reactors in the 450-550 MWe range are now economically obsolete and 
this leads ELECTRICITY DE FRANCE to shut down the last four gas reactors, 
between 1990 end 1994. This does not alter the technical interest of the 
gas reactors, which have shown how reliable they can be and for which 
their safety feature remains an outstanding asset. 

/ 

1. INTROOOCTIOM 
Franch axparienca in tha operation of gaa-coolad raactora 

bagan in 1959 with startup of tha G2 raactor in Karcoule. By 
1972, aavan other plants had antarad aarvica, and 145 reactor-
yaara of oparation hava now baan racordad (Fig. 1). with tha 
exception of two pairs of duplicatad raactors (G3 and 02, SIA2 
and SIAl), all theee raaetors wars prototypes. They broadaned 
Franch axparianca and anablad ua to determine tha advantagas and 
drawbacks of tha various technologies employed. 

Based on this axparianca, wa now know tha limitations of 
natural-uranium raactors moderated with graphite and coolad with 
CO], and wa can apply tha leasons to other types of gas-cooled 
raactors. For this purpoaa, I will discuss problaas and 
accidanta which occurrad ovar tha last 29 yaars. 

2. ACCIDENTS 
Four accidants cauaad relatively sarious damage to tha fuel 

as ravaalad by tha cladding-failure detection systerna. 
Tha first accidant occurrad at tha G2 raactor in Harcoule 

on July 14, 1966 (Franca's national holidayI) during a startup 
in tha prasanca of low gas prassura caused by a faulty sansor. 
Tha resulting inadequate cooling caused magnesium-sirconium 
cladding to begin melting in 11 channels among the core's 
hottest elements. This accident had no effect on the 
environment and did not cause a reactor outage. 
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Tha second accidant occurrad at tha St. Laurent Al raactor 
>.i October 10, 19C9, tha day after its official inauguration. A 
human and technical handling arror caused a cylinder of 
graphite, used in tha initial phase to control core reactivity, 
to enter a channel filled with fuel elements. Its presence 
interrupted their cooling, causing two new fuel elements to 
melt. There waa no effect on the environment, but the reactor 
was out of service for 1 year while the melted uranium was 
removed and filtration was installed at tha core exit. 

The third accident occurred 11 years later, again at St. 
Laurent Al, during a startup on February 13, 1980. Faulty 
measurement of gas temperature at the core exit, combined with 
human error and unusual physical conditions (xenon effect, rod 
position and moderator temperature) which greatly distorted the 
axial flux curve, caused cladding to begin melting in 33 core 
channels. This accident had no effect on reactor operation or 
on the environment, but it taught ua a great deal about the 
physics of large cores and allied instrumentation. I will 
discuss this point in greater detail later on. 

The fourth accident occurred at St. Laurent A2 on March 13, 
1980, exactly 1 month after the accident at SLA1. A plate 
protecting instrumentation tubes was torn away by tha C0 2 and became stuck in the mouth of a channel, causing three heavily 
irradiated fuel elements to melt. After the iodine level 
decreased, largely absorbed by the graphite, the primary coolant 
circuit was drained through the filters. The reactor was taken 

out of service for 2 yeara to remove the melted uranium and to 
install filtration at tha core exit. 

As can be seen, two of the four accidents can be attributed 
to human error, while two were due to instrumentation problems. 
The last failure, involving dislodging of the plate, could have 
been avoided if steps had been taken to prevent channel 
obstruction when designing the reactor. The two St. Laurent 
reactors, the only ones exposed to this type of problem, have 
since been modified. 

In the very small number of major accidents in 145 reactor-
years of operation, we see the three main causes of problems: 
human er or; faulty instrumentation; and poor design. 

3. TECHNOLOGICAL LIMITATIONS 
X will now discuss the main problems encountered, related 

to the design of gas-cooled reactors, to determine the 
technological limitations of this type of reactor and the 
implications for gas-coolad reactors as a group. 

3.1. The graphite 
The two main problems relating to graphite ware caused by 

the Wigner energy storsd and dimensional changes in the presence 
of radiation. 

I only mention the first cause in passing. While this 
factor was monitored closely at the G2 and G3 reactors, 
operating conditions — temperature in particular — ware such 
that both reactors reached the ends of their lifetimes without 
requiring thermal annealing. This was because the margin with 
respect to the curve of specific heat was still 28 %, as seen in 
Fig. 2. 

On the other hand, play around the piles in the two 
reactors was insufficient to cope with expansion in the presence 
of radiation. It should be noted that, between 1955 and I960, 
the physical phenomenon was poorly quantified. Above all, tha 
lifetime of these reactora, initially sat at 10 years, was 
increased to 15 years, and they finally operated for 21 and 22 
years. 

The channels were horizontal, and the cross section of the 
pile was as seen in Fig. 3. The pile was held in place by metal 
atraps placed over springs. At the end of their lives, these 
elastic supports reached their limits around the reactor inlet, 
where the temperature was lowest and the flux highest; these two 
conditions can cause Wigner deformations. 
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Tharaal annealing, by addad heating, would have baan 
axpanaiva in terms of coat and time lost during shutdown. 
Instead, permanent nuclear annealing was performed on G" (G2 
having baan ahut down) by changing tha raactor inlat temperature 
slightly. Not only ware changes in pile size halted, as 
intandad, but tha pil* contracted slightly. 

Measurements made regularly on tha othar raactora showed 
that attention in tha design to such factora as tha inlat 
temperature proved appropriate, and no othar problems wara 
encountered. Howavar, Fig. 4, which shows an example of sice 
changas a* a function of irradiation tasparatura, clearly 
indicatea that graphite bahavea in a complex Banner whan 
irradiated and that highar temperatures alone ara insufficient 
to solve th* problems. During design, caraful thought muat be 
given to ail* changes, both expansion and contraction. 

With the first gas-cooled reactora, we ancountarad tha 
technological limitations of graphite corresponding to its lowar 
range of use. Later reactora operated in an intermediate range 
of temperature and irradiation, far from the upper range used by 
HTRs. Our knowledge is of little use to the latter, apart from 
the fact graphite shows very complex behavior. 
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3.3. Ilia gas coolant 
Whan gaa raactora vara first dasignad in England and 

Franca, C 0 a waa choaan for tha coolant. It quickly caused steel 
to corroda at taaparaturas over 330* C. As a result, wa reduced 
tha power of chinon A3 but ware unable to atop corrosion of the 
•atal structures completely at the core exit. 

To correct tha problems seen after 20 years of operation, 
EOF (tha French electric utility) undertook a large-scale 
robotized operation, known as ISIS, discusaad elsewhere. 

At St. Laurent Al, tha aaaa corrosion phenomenon led to 
loaaas of thermocouples used to measure tha temperature at the 
core exit. In tha long run, these loaaaa could have had harmful 
affects if tha deciaion to shut down thia raactor in 1990 had 
not bean made for other reasons. Tha aalaction of new steals 
for later reactora virtually eliminated thia problem. 

However, C 0 3 ahowed ita limitations with tha Bugay 1 
raactor, whose maximum specific power of 13 w/g and pressure of 
40 bars causa heavy radiolytic oxidation of the graphite. This 
oxidation affects tha entire pile, especially the hotteat 
graphite bricka (490* to soo* C) which era subject to the 
haaviaat irradiation. Currantly, oxidation of tha bricka in the 
worst affected aone is 25 %. Thia fact lad to a review of 
raactor safety this ;-aar to prova that tha mechanical properties 
of tha bricka are adequate, avan in tha event of an earthquake. 

To minimise thia oxidation, methane ia injected at all 
times. However, if tha concentration ia too high, it causes 
carbon deposits, in particular on tha fuel elements, raising 
their temperature. Unfortunately, there ia little room for 
maneuver between oxidation of the graphite and deposits on tha 
fuel. 

Another drawback of C O a is its tendency to corrode metallic 
uranium used as fuel. The excellent behavior of tha cladding 
combined with refueling during operation have kept corrosion 
from interfering with operation. 

Clearly, these problems of steel and graphite corroaion 
could be eliminated through uaa of an inert gas such as helium, 
as employed so effectively in HTOe, However, helium could also 
have bean used for intermediate temperature and flux ranges. 

3.3. The fuel 
For the G2 and 63 reactora, tha uranium alloy used was 

SICRAL in slug form. To increaaa the apecific power of the 
fuel., we uaed uranium in the form of tubas. The alloy waa 
modified to improve its mechanical properties (UHo with 0.5 % 

FIG.5 

Mo, then 1.1 % ) . Nevertheless, tube creep was one of the main 
causes of fuel failure. 

It than occurred to an engineer to keep tha core of 
graphite used to cast the tube, enabling a return to the SICRAL 
alloy which is lass absorbent than UMo and easier to reprocess. 
Fig. 5 shows this type of fuel. Another solution consisted of 
further enlarging tha diameter of the tube to place cladding on 
tha inner wall. This lad to tha annular element seen in Fig. 6 

At tha same time, tha thermal performance of tha cladding 
was improved, enabling an incraass in tha specific powers 
obtained and in tha temperaturea. 

Using fuel with a cladding temperature of 515* c when the 
melting point of MgZr is 660' c might have seemed risky. This 
was dona, however, with tha vary low failure rata of 1.4 x 1 0 " 5 

for the fuel with a graphite core. Even the annular fuel, for 
which bonding of the internal cladding caused initial concern, 
met expectations with a failure rata of 3.3 x 1 0 " 5 . 



FIG 6 

Having said this, while thia fuel bahavaa entirely 
satisfactorily during normal operation, there la little 
difference between the luminal operating point and the melting 
point. Hence, care must be taken to protect againat possible 
tranaienta. The four accidenta mentioned earlier illuatrate 
thia point. 

Given the low heat-exchange coefficienta typical of the 
gaa, a ceramic fuel, permitting larger temperature excuraiona, 
can contribute greatly to aafety. From thia point of view, the 
uae of coated particlea la a good solution to thia problem. 

4. OSSIGM 
The orgeniietion of a reactor — a gaa-cooled reactor for 

the purpoeea of thia diacusaion — affecta both Ita oparatlon 
and ita maintenance. Conaequently, the deaign optiona affect 
lta availability. 
4.1. The primary coolant circuit 

The ateam generators at the first French reactors, two in 
Harcoule and three in Chinon, were located outside the core 

117 containment. This design requires long, large-diameter piping 

able to withstand high pressures. Such piping needs periodic 
inspection and lengthy, expensive repairs. These facts emerged 
from the operation of the St. Laurent A and Bugey 1 reactors 
whose steam generators were incorporated in the vessel, 
eliminating such piping and its servicing. 

4.2. The vessel 
Two gas-cooled reactors, Chinon Al and A2, were built with 

steel vessels. Then, prestressed-concrete vesssls wsrs adopted. 
Opinion was divided at the time. Given the uncertainty 
surrounding the lifetime of steal vassals, however, snd the 
excellent behavior of prastressed-concrete veaaala, experience 
favora the latter, at leaat for large gas-cooled reactors. 

4.3. The steam generator 
No matter which type of reactor is used, no one knows how 

to build a steam generator with the save lifetime as the 
reactor. Hence, steam-generator failures must have the least 
possible effect on operation: either by oversizing them so thac 
the isolated, faulty parts do not limit reactor power (although 
this method does not protsct againat generic faults); or by 
using a modular, intsrchangeable design for the steam generator, 
enabling correction of the faults aa thay appear. 

Experience in Franca favors the aecond solution, which was 
used at Chinon A3. A fault in construction of the steam 
generator at this reactor necessitated replacement of the entire 
component. Its modular design and accasaibility of t'.ii modules 
enabled this operation to take place over time, with virtually 
no negative atfacta on output. 

On the other hand, the steam generator at the St. Laurent 
daa Eaux raactora uaad a monolithic design. Aa a result, ataps 
had to be taken to combat the erosion-corrosion affecting it, 
thereby prolonging ita lifatiaa aa much aa poaaible. For this 
purpose, the power level of both reactora was lowered IS %, 
equal to a vary large penalty over the raactor'a lifetime. 

Based on our earlier statements on the primary coolsnt 
circuit, a good aolution would thua consist of a modular steam 
generator incorporated in the vessel with interchangeable 
modules. 

S. TUB INSTRUMENTATION 
While the problem of instrumentation is not limited to gas-

cooled reactors, based on experience I feel it must bs 
discussed. Given the size of the cores of gas-coolsd reactors, 



good monitoring of their phyaical charactariatica requires 
instrumentation which ia extensive, reliable and properly 
located. 

Earlier, I mentioned the accident which occurred on 
February 13, 1980 at St. Laurent Al, aaying I would return to 
it. I will diacusa it now because of the important role 
instrumentation played in it. 

The raactor had been ahut down after the control roda were 
lowered automatically; 1 hour and 40 minutaa later, the 
operating taaa restarted the -eactor, fully convinced the xenon 
effect would keep it from going critical. However, they failed 
to take into account that the reactor had been operating at 
three quarters of ita power and that, consequently, the xenon 
peak would be smaller than expected, making criticality 
possible, other problems also kept them from recognising thia 
situation. 

Three iteas of information monitored by the control-room 
supervisor on restarting were essential: the average core exit 
temperature; tha rata of change in thia temperature; and tha 
readings of the neutron probes. 

Unknown to the operating team, a 26-minute failure of the 
thermocouple indicating the average exit temperature and its 
shift strengthened their conviction the reactor was not going 
critical. In addition, the neutron probes did not behave as 
planned; whan the raactor is operating with the regulating rods 
half way into the pile and with a moderator temperature as seen 
in Fig. 7a, tha flux curve ia a cosine distorted toward the 
downstream end of the channel. Whan the control rods are fully 
out of the core, tha curve flattens as indicated in Fig. 7b. 
Nhcn the moderator temperature becomes uniform after the raactor 
is shut down and tha xenon effect develops as a function of tha 
axial power existing before the rods ara lowered, the axial flux 
curve is distorted as seen in Fig. 7c. 

Three neutron probes ara used placed in vessel wells 120* 
apart at a height where flux is at a maximum during normal 
operation. They capture the signal through a window in the 
lateral reflector. Consequently, the operating team could not 
have a specific indication of the power of its reactor with a 
curve distorted this badly (Fig. 8). 

Late recognition of the power rise can be attributed to 
human error, faulty instrumentation and poor design. Tha 
operating team shut the reactor down when tha thermocouple, 
which had failed for 26 minutes, returned to service. A few 
seconds later, the security devices would have lowered the 
control rods automatically. Given the dynamics of tha 
phenomenon, however, the consequences vould have been wo:se than 
they were. 
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FIG.7 Distortion o* tha axial flux 

Prevention of such an accident ia simple: on restarting, it 
is merely necessary to prevent raising the rods above their 
height before they were lowered to avoid distortion of the flux. 

Thia example shows the important role played by the 
instrumentation, which must be reliable and suited for all 
possible operating conditions. Thia was one of the lessons of 
the Three Mile Island accident and must ba kept in mind when 
designing new reactors. 

6. CONCLUSION 
In this paper I have sought to draw lessons from past 

experience in operating French gas-cooled reactors. I may have 
painted an overly bleak picture by only examining tha negative 
aspacta of tha situation. If needed, I would like to correct 
this impression by emphasizing that the events discussed ara but 



FIG 8. Neutron flux measurement 

a small part of the 145 reactor-years recorded and that, during 
this long period, the gas-cooled react>: <-c behaved very veil on 
the whole. 

Today, the number of nuclear rejtctc-u in Franca is such 
that their operation, including that of gas-cooled reactors, is 
adjusted to the needs of the nation's grid. In other words, 
they no longer operate under basic conditions. Hence, their 
behavicr Bust be evaluated in terms of their availability and 
not of their load factor. Their availability is excellent. 

In terms of cost, however, gas-cooled reactors in France in 
the 400- to 500-MNe range are penalized by the fact as many 
personnel are needed to operate them as for 1,000- to 1,400-MWe 
reactors. This led EOF to schedule permanent shutdown of the 
remaining four gas-cooled reactors within the next 6 years: SIA1 
in 1990, SLA2 in 1992, and Chinon A3 and Bugey 1 in 1994. They 
will then be respectively 21, 20, 25 and 22 years old. 

To conclude this rapid historical overview, gas-cooled 
reactors have proven thair efficiency and safety over these many 

119 years, but they were operating fairly near their technological 

limits. If we had to design a gas-cooled reactor based on our 
experience, it would have a prastrassed-concreta vessel 
containing a modular, interchangeable steam generator placed to 
allow removal of the residual power by natural convection. The 
iuel would be able to withstand the temperatures permitted by 
the graphite and an inert gas coolant such as helium. 

This naturally leads to the HTR concept and its coated fuel 
particles. The size of HTRs should meet the naads and aconomy 
of the nation, leaving open a broad range of possibilities, from 
modular reactors to 1,000-MWe reactors. Thssa observations are 
nothing new but confirm that HTRs ars, based on expsrisnee, a 
natural development in gas-cooled reactors. 
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Abstract 

The paper describes the plant and gives the relevant data concer
ning its operational life. Construction of the Station started In 1958, 
first criticality occured in Dec.1962, first connection to the grid in 
May 1963, and commercial operation started from Jan. 1964. 

The neminal electrical output of ZOO MW was reduced in 1969 to 
160 HW' to cope with the oxidation of the primary circuit mild steel 
structures -aased by hot C02, similar to all the steel-vesseled Magnox 
stations. 

Periodic inspections of components in the primary circuit were 
thus scheduled to check for the integrity and present damages. 

Repairs were carried out to assure safe operation. In Nov. 1986 
the Station was shut-down for planned overhaul and after the national 
referendum (Nov. 87) called in by the post-Cernobyl mass criticism 
towards nuclear generation, the Italian Government decreed its final 
shutdown (Dec. 1987) and the owner was ordered to start actions to 
bring the plant in a passive protective condition (equivalent to IAEA 
Phase 2 of decommissioning). The governmental decision is political 
and not based on safety grounds. 

The operating licence, renewed in 1985 by the Italian Ministry of 
Industry, was due to expire in 1992, with provisicns of possible exten
sion. 

Renewal in 1985 was obtained after a full safety review .nade with 
the same ground-rules of CEGB Nagnox Stations. It was, in its comple
teness, an anticipation of CEGB's Long Term Safety Review for 20 years 

operation. Only very limited backfitting was considered necessary; in 
particular a new emergency feed water system was built and modifications 
of safety circuits were under completion. 

Also a first-level Probabilistic Safety Assessment was carried 
out, and areas where simple plant modifications could give significant 
improvement in overall safety were found. 

The cumulative electrical output has been 26 TWh, scoring an ave
rage availability factor of 73V 

A description of the inspections to the primary circuit internals 
and repairs is detailed. 

Other unusual operating events and radiation protection data are 
also outlined. 

Conclusive experience of the 75 years of life shows that the ope
ration of the Latina Magnox has been regular and in accordance with 
high safety standards. 

The reactor is presently undergoing the Phase 1 decommissioning 
(de-fuelling) which is to be completed in 3 years. 

1. DESCRIPTION OF THE PLANT 

The Latina Station, on the coast of the Tyrrhenian Sea, 70 Km south 
of Rome, is equipped with one Magnox reactor. The plant was built as 
a joint venture between the British Nucle.ar Power Plant Company Ltd 
(NPPC) and Italian Agip Nucleare (AN). The time schedule was as follows; 

- Aug. 1958 : date of contract; 

- Oct. 1958 : beginning of construction; 
- Feb. 1961 : vessel pressure test in site; 
- Dec. 1962 ; first criticality; 
- May 1963 : first connection to the grid; 

• Jan. 1964 ; start of commercial operation. 



1 - GATE 
2 - OFFICE 
3 - AUXILIARIES 
4 - SY1TCHGEAR 
5 - TURBINE HALL 
6 - CONTROL BUILDING 
7 - REACTOR BUILDING 
8 - SALT WATER INLET 
9 - SALT WATER OUTLET 

FIG 1 General layout ot the plant. 

The general outline of this Magncx plant is derived from the Calder 
Hall prototype (fig, 1). 
Tie reactor building is separate from the conventional part of the 
,?!--... and contains the vessel with the core, the primary coolant circuit, 
with 6 heat exchangers and 6 gas circulators, and the ccr.crete biologi
cal -hield (fig. 2). 
The turbine hall contains 5 sets with the steam cycle and the plant 
electrical services switchgear. 
The control building is in the middle, with the main control room and 

|21 the essential electrical supply system. 

The reactor building is directly connected to the irradiated fuel route 
and to the cooling pond, with its w^ter treatment plant and liquid ef
fluent system. 
The core consists of a 24-sided vertical prism made of graphite blocks 
in layers, bored and assembled to form vertical cylindrical channels for 
fuel,control rods and steel neutron absorbers.Trie total weight of tne core witii 
fuel is about 250C t. Each fuel channel holes d Uranium metal roas, ê cr. 
m a finned Magncx car. i. polyzonal type;. The radial neutron flux distri
bution is controlled »-itr. vertical steel absorbers suitably inserted .:. 
interstitial channels. 

The primary circuit is rr.ade by a spherical carbon steel vessel, 20 r. dia, 
and 6 steel ducts, 2 rr, dia. 
The nuclear reaction \s controlled by insertion from the top of 68 bcron 
steel rods in the ccr«. In addition, 12 safety rods are provided. The rcd3 
are suspended on chains directly into the stand-pipes wnich penetrate the 
pressure vessel. 20 rods are in automatic control. 

The coolant is CC2 in closed circuit; it goes through the core from botton 
to tcp. The heat exchangers, one per each duct, are placed high enough to 
allow for natural circulation. 
The coolant is forced into the sphere by 6 axial circulators, each driven 
by an AC variable speed motor. Auxiliary motors are operated by whe nor
mal and the emergency electrical system. 
The pressure vessel is surrounded with a cylindrical concrete biological 
shielding, 3.20 m thick average. Another concrete wall 1.65 m thicK protects 
the gas duct outlets. 
Fuel handling is on-lcad by means of a charge-discharge machine, carried 
on a gantry on the pile-cap. The spent fuel withdrawn from the reactor, 
is directly discharged into the cooling pond before its transport to the 
re-processing plant. 
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A dual theraal cyela (HP and LP) operates thraa aata of 70 MM turbogenera-
tora and two auxiliary variabla speed turbogenerators for powering tha 
coolant circulators. 

Iha condensing water, in open circuit, is taken from tha sea at a pier 700 
a long for deeper waters. 
The plant -jiin technical data are listed in tab.l. 

•Bawwm or TW nun 
From the beginning (1963) to the laat shut - down (1986), the 

overall gross generation of the plant has been 26 TWh (electrical) 
with an average availability factor of 73*. It autt be taken into 
account that the plant belongs to the first generation of nuclear 
power stations, and that at the tiae it was the first reactor with 
an output of 200 IWe in Europe. 



TABLE 1. MAIN TECHNICAL DATA 
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In 1963 Latin* was the beat European nuclear station for the 
annual availability ractor (96%). 

The yearly generation is showi. in fig.3. 
The longer outage periods are described below. 

- In 1969 a 207 days outage was necessary to inspect the inner struc 
turea of the reactor and of the six steam generators to check the 
effects of the oxidation on oild steel components, cauaed bv COS 
at high temperature. Details of the consequences produced by this 
common feature for the steel - vesseled Nagnox plants on Latina 
Station are in parr. 3 and 4. 

Following these inspections, it was decided to lower the outlet 
002 temperatures frost 390*C to 3S0*C with an output loss fro* 210 to 

VIH 1*0 NH* ( - 24*). During the following start - up of the plant a 

number of failures in fuel eleaenta occurred (see par. 6),particularly 
at aid - channel poaition. The ahut - down was prolonged and a period 
of low power in order to detect and discharge the damaged fuel followed. 

- In 1973 the plant was ahut - down for 107 days to remove the last 
two atagea of bladea on the LP section of the main turbines, due to 
suspected cracks on the key - way at the shaft. The output was sub
sequently reduced to ISO NWe. Later a new set of LP rotors was re
placed and the output was set back to 160 "we. During this shut-down 
the repair of the thermocouple cables securing system on the charge -
pans was completed in the reactor (see par. 4), 
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- la 1979 tha planned overhaul waa extended for 139 days for inapections 
en internal and external coaponanta of tho primary circuit (mainly welds 
on tho ducta bellows). 

after 1989, tha Regulatory authority compelled tha owner to plan a 
reactor Internal Inspection to tha "lid ateel atructurea operating at 
high taaperatur* every year; only after 1979, evidence on tho alow deve
lopment of tha oxidation and on tho affactivaneaa of modelling waa auch 
to allow an interval of two yeara for tha inapactiona. 

- in 19*vi tha Station waa ahut - down for tha planned overhaul. The sche
duled activitiea and controla ended in Dec. 1996; tho inapactiona to 
tha damagsrl linha connecting tha internal raatraint atructure to tho co
re (aaa par. «) continued until March 1997 and the station was kept 
ahut - down pending a national referendum on some laws about nuclear 
power inatallationa, called in by the motion of the Chernobyl accident. 

Tha referendum, took place in November 1987, with daaaatrous effects 
on nuclear generation in Italy, and in Dec. 1997 the Italian Government 
decided to cloae the plant and the »>wner waa ordered to start actions to 
bring tha plant in a paaaiva protective condition although the operating 
license, renewed in 1985 by tha Italian Ministry of Industry, was valid 
until 1992 (thirty years from first criticality). with provisions of pos
sible extension subject to a full plant safety review. 

The plant haa so started discharging the irradiated fuel, and arran
gements for shipment to Ota reprocessing plant of the full core are al
ready made. Presently (Sept. M ) about 10* of the core has been dischar
ged, and completion ia expected in three years. 

3. OOUPnTIOM OT W U W T O . STWUCTMIgS III TUX HttWUnr CIPCUIT 

The oxidation phenomena caused by hot C02 in Hagnox reactors are known 
since the late sixties. At Latins, during the first inspection in 1969, 

some damaged parts were found in the heat exchangers (hangers,bolts,gao 
deflectors) and on the reactor top charge pans (T/C csble holders). 
The actions taken to continue a aafe operation were as follows. 

i) Periodical inapections tu the primary circuit mild steel structures, 
to check any failures or defects insurglng during previous operation. 
For details see par. 4. 

ii) Reduction of the maximum gas outlet temperature of 30'C in order to 
reduce the oxide growth rate. This figure waa common to the Nagnox 
steel-vesseled reactors,and cane from a compromise between the neces 
aity of stopping the oxide growth and the operational difficulties 
caused by s too dramatic reduction in teaptrature to the conventional 
machinery, 

iii) Closer control on the coolant chemistry. It was soon established that 
tha oxide growth rate on mild ateel surfscee ia mainly due to hot CO*, 
but it ia alao influenced by residual gases present in the coolant,in 
particular by H20 vapour and H2 in a negative way, and CO in a (li
ghtly positive way. 

The actions to obtain significant reductions in water content were : 

- more stringent specifications for fresh 002 external supply; 
- improvement of the drying ayetea of freait COS produced at the plant; 
- control instrumentation more sensitive to low values; 
- improvement in purging procedures for the fuel machine before coupling 
to the reactor. 

The actions to keep H2 content the loweat possibile ware : 

- mora stringent limits in fresh COS supply; 
- more careful operational cheeks and maintenance to C02 sealing en gas 
circulatora (oil-operated). 



TABLE 2. COMPONENTS INSPECTED AND METHODS OF INSPECTION 

METHOD 

- Gaa outlet ducts, thermal insulation - TV cc 
- - and 1*° bolts, core restraint structure upper layers - Ultrasonics 
- Vessel thermal insulation (int -el) and thermouplea - TV cc 
- links ef the core restraint structure - TV ee. photographs 
- Vessel velds and stand-pipe forcings (external) - TV cc 
- Chart* P«*» " Photographs 
- Duct bellows velds - Magnetic particles, 

Ultrasonics 
- toiler aanholas velds - Ultrasonics 

4. HanOPTCM. xNSPmCTlOMS M P W J A m S 

Starting from 1969, periodical inspections of the primary circuit compo
nents were carried out, as indicated before, particularly to check the 
progress of the oxidation on mild steel structures and the possible ef
fects of ageing on materials (specially welds). 
Methods of inspections ranged from qualitative (using TV cameras in closed 
circuit and photographs, magnetic particle" and dye-penetrants) to quanti
tative (ultrasonics). For a list of components inspected and the methods 
of inspection see tab. 2. 

The frequency of primary circuit inspections was every year until 1979, and 
then every two years. As it requested depressurization of the circuit and 
cooling of the reactor for every inspection, it had a significant effect on 
plant availability. 
Also samples to check the oxidation rate were periodically extracted from 
or measured in the heat exchangers and tests for accelerated oxidation rate 
were carried out in rigs at <USI Laboratories in Milan. 

Every two ver.rs since 1973, a detailed assessment of trie safe cunoitien tl' 
reactor internals operating at high temperature mas produced for the Hegu-
latory Authority. The oxide growth rate was assessed and predicted according 
to a general model provided and tip-dated by CEGB, valid for all the Kagnox 
stations. The model was set according to a series of theoretical studies, 
experiments and to a great amount of sampling from the primary circuits. 
The result was to produce a set of failure probabilities of components in 
the future operation, to be compared with the real failure frequencies 
resulting from the inspections. 

The results of the ultrasonic Inspections to the restraint structure bolts 
of the higher layers (highest operating temperatures) up to 1986 showed a 
small percentage (• IX) of failures, well in agreement with the failure 

predictions obtained with the periodical safety assessment. Other internal 
components were in good conditions. Welds on bellows, on ducts, on manholes 
of the primary circuit showed few original defects, well below the accep
table dimensions and not growing during operation. 
As quoted above, during the reactor internal inspections in 1969, some 
clamps and bolts fastening the termocouple cables for gas outlet tempera
ture measurements were found broken or out of position due to oxidation. 
A mis-positioning could disturb the fuel operations and debris in the core 
channels reduce cooling. So it was decided to sleeve the channels on the 
charge pan top plate with cylindrical steel rings. The thermocouple jun-
tions were also clamped in position. This repair was completed in 1973. 
Repairs were also carried out on cracked welds on the blowers deflectors. 
Itwasa much more easy task, the area being directly accessible. 
During the last planned overhaul for inspections also failures on the links 
connecting the graphite core and the restraint structure beams were found. 
This requested a more detailed investigation with a photo camera that rea
ched the bottom layers of the structure (see fig. 4 ). 
The expected cause of zr.e failure car. be ascribed to the seizure of the 
spherics} •.-;;:.ts a: octr enis. Sue t" oxidation t-f the surf bees. 
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The number of failures and defects found on these components, although it 
can be demonstrated not being a safety problem, compelled the operator to 
envisage the restoration of the function. The architect-engineer, NNC, 
provided a design for replacement of these components. This activity did 
not seem, at that moment, to require complicate tools, to be very expensive 
and time-costly. Repairs could be easily carried out by station Personnel 
in a fen months. 

5. BmCK - HTTIWG 

Only few improvements on the safety-related systems had to be carried 
out during the first operating years. 

After the overall safety review, completed in 1977, the Regulatory 
Authority requested in 1979 a further reassessment of the plant using 
any new safety criteria and experiences applicable to gas reactor (post 
TNI plant review). 
The main requests concerned : 

- revision of the plant response to original design basis accidents, 
taking into account all the plant modifications completed in thi 

previous operation, ageing, operational experience, up-dating of 
models and safety ground-rules; 

- definition of safety-related systems and components that emerged from 
the previous point; 

- up-grading of the technical documentation; 
- implementation of QA for safety-related plant modiflcat' -s; 
- up-dating of operating rules; 
- requalification cf radiological impact under normal and accident con

ditions; 
- up-dating of emergency Planning. 

The Regulatory Authority asked also an analysis or a reassessment of 
events not considered explicitly during plant construction, the most 
relevant of which were earthquake, tornado, pipewhip, LOOSP, fire, 
man-made events. 
Most of them were already well covered by the original design and con
struction. For earthquake, see par. 9. 

The review was carried out with the collaboration of CEGB, using the 
same criteria and groundrulea, when applicable. 
The plant modifications that were considered necessary according with 
the results of the reviews are listed in tab.3. 

r u n . AW> COOLIWO POMP BWAViomi 

The Irradiated fuel elements arc kept under water in a pond for radio
active decay. Before the periodical shippings of the fuel to the re
processing plant (Windscale), each element is desplittered to reduce 
volume. 

The pond water ia treated in closed circuit with ion-exchange resins. 
The regeneranta of the resins art sent to an inorganic exchange resin 
for Cs 134+137 concentration. The water is also sand-filtered and rs-



TABLE 3. PLANT MODIFICATIONS 

•afore ir /»: 
- animus fuel taaperature protection modification 

- oeismic t r i p system i n s t a l l a t i o n 

- boron carbide powder ultiaate protection installation 
After » ? • : 

- emergency CO aupply systea improvement 

- emergency pieae l generatora improvement 

- blowers house segregation 

- access control implementation for securi ty 

- f i r e f ight ing systems and equipemont improvement 

- Retal iat ion of a new separate emergency feed-water sys tea 

- modification of t r i p l o g i c s for dp/dt 

- l iquid ef f luent system improvement 

- feed low pressure protection installation 

frigerated. The behaviour of fuel handling equipment must be consi

dered satisfactory. 
HMD 

The channel i r r a d i a t i o n d iacharge l i m i t was o r i g i n a l l y 3600 — wi th 

a dwell-time l imit of 6 years. 

In 1979 an improved type of fuel for a higher burn-up waa loaded in 

the reactor, allowing to increase progressively the burn-up to 5000 
M O 
-r- and the dwell-time to 11 years, with no operational problems. 
The number of damaged fuel elements up to 1968 waa in average IS per 
year. In 1969 and 1970 many elements acre discharged from the reactor 
after i long shut-down. So in 1970 it was decided to put a fuel element 
of the high-temperature type in fourth position in the channel, instead 
of the low-temperature type. This significantly reduced the number of 
burst elements to nil in practice (see fig. 5). 
The spent fuel discharged in the pond experienced severe corrosions in 
four periods, with significant increase of contamination levels in the 
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FtQ.5. Burst fuel •laments discharged from 1963 to 1M6. 

water. It occurred when de-splittered elements hsd to be kept for Jong 
time in the pond. With s more and more stringent control of the chemi
cal and phyaical conditions of the pond wster, low levels of eontamine 
tion are now obtained. 
The quantity of fuel discharged from the reactor and sent to the re
processing plant from the beginning up to the end of 1987 ia 1,170 tons. 

7. mPIATIOm PHOTlCTIOm 

A - Actlvs sffluents 

The gsseous effluents sre produced by activation of the open-circuit 
cooling air of the biological shield and of the vessel, by coolant con
trolled releases to the ambient due to depreaaurisation of the fuel di
scharge machine or of the primary circuit and by particulates that may 
escape from the filters on the discharge lines. 

Annual limits are set, by the Regulatory Authority, for halogens, 
noble gases and beta-gamma emitting particulates. 
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In tab.4 are sh.o*n the annual activity releases for the most rele
vant radionuclide (A41) and tne percentage cf the annual allowed limits 
covered for noble gases, halogens and particulates starting from 1..5. 

The liquid effluents are produced 95* from the treatment plant of 
the spent fuel pond water, ar-d 5X froir. the decontamination facilities 
en site and the active laundry. They are released to the :••*•» vater at 
the discharged culverts. The values for the -jnr.ual discharge of H3, 

all the other radionuclides and the percentage of the annual limits 
covered by the liquid discharge are shown in tab. 4. 

The limits are apparently very strict compared with other similar 
plants on an open sea. It must be considered that the Latina front ba
sin is very shallow. 

The solid wastes take origin from decontamination, coveralls, con
taminated solid materials, fuel element splitters, mud from the pond 
water treatment plant depleted inorganic ion exchange resins. These wa
stes are stocked on site, the low activity in carbon steel 220 litres 
drums, the splitters and other high activity solids in underground bun
kers. 

The annual production rate is of about 50-100 drums for low activi-
3 3 

ty, 10-20 m for splitters and 1-2 m for mud. 

8 - Environment surveillance 

A local network for environment samples is opersting around the Sta
tion. The samples are listed in tab. 5. The results of the measurements 
are published every year, and the contamination of the samples due to the 
Station effluents is not detectable since the beginning. 

C - Dose to critical groups of population 

The assessed dose (whole body) from the gsseous dischsrges to the criti
cal groupof the population (local farmers) can be seen in tab.6 from 1974 
to 1986. 

The assessed dose (whole body) from the liquid dischsrges to the cri
tical group (local fishermen) is in tab.6 froa 1974 to 1987. 

The results show that the environmental impact of Latina station has 
always been negligible. 

It must be also considered that the assumptions for the modelling are 
considerably pessimistic. 



TABLE 3 ENVIRONMENTAL SAMPLES 

T^pe of — l i e 

1 - air 
2 - rai l -out 

4 - float or cow a i l * 
» - •«•> 
• - Vagatasiloo 
7 - m a t 
Q - Sojad/osmttanmta 

• - ! 
10 • 
11 - Plat 
IS - Sktlluaca 
13 - Salt Hater 

i w l y s i e frequency 

Thrice a Meek 
Continuoua 
i l M l t t f 
tawster 

ter 

Monthly 
annua] 
Quarterly 

2 -

Quarterly 

Continuous 

TABLE 6. ASSBSSCD DOSES TO CRITICAL CROUPS 

jroor 
l iquid, sBv 

(nrofoooional 
fianemon) 

gaseous. aBv 
(local ffenHn) 

74 a.s-io"* 4.10-* 

75 1.7-10"* 2 1 0 - 3 

76 1,7-10"* 2 -MT 3 

77 1.3-10"* 2-10" 3 

70 • - 1 0 - 3 7-10- 3 

7» l . t -10"* e.io" 3 

• 0 4 - M T 3 « i o - * 

n • • I O " - 3 • • l u " 3 

• 2 1-10" 8 • lO" 3 

as S-IO" 3 t . i o - s 

• 4 2.S-10""4 4 . 2 - 1 0 - 3 

•s W+ 5 . 9 1 0 - 3 

M • . • •10~* 1 .3 -KT 3 

87 l .S-10" 3 / 

D - Doses to the workers 

S t a r t i n g from 1963 up to 1987, in tab . 7 are i n d i c a t e d the c o l l e c t i v e 

dose , the average and the maximum annual i n d i v i d u a l dose both for the ope

r a t o r ' s s t a f f and for workers of o u t s i d e f i rms . I t can be noted that a c o n s i d e 

r a b l e e f f o r t was taken to keep down the c o l l e c t i v e d o s e , although very low, 

improving from experience the q u a l i t y o f the work in the c o n t r o l l e d areas 

with remarkable r e s u l t s . 

a - uwuauAL OPIRATUG EVKKTS 

Unusual o;<rating events that affected the plant during its 
life, besides th' reactor internal structures oxidation and dama
ges, and the main turbines LP rctor replacement, are shortly listed 
below. These unusual events did not affect significantly the avai
lability of the plant, and generally only simple remedial actions 
were necessary. 

- 1003P frr 40 mir in 1978 . It caused a reactor sersiti, and the 
emergcncyDiesel concerned regularly started automatically to supply 
essential loads. Remedial action : new set of the national grid con 
nected to the plant and better coordination of line protections. 

- Losr. of minima stock cf fresh C02 on site. The fresh C02 is stocked 
en site in liquid phase in drums. The failure of -a burst 
disc eauaed by frost produced a loss of fresh COS below the minimum 
content allowed by the operating rules. 

Remedial action : periodic check of instrumentation and valves 
concerned. 

- Corrosion fiom water dipping of • C02 reactor filling pipe. Remedial 
action : full inspection of similar pipes, repair of the failed water 
drain that caused the nipping. 



131 TABLE 7 COLLECTIVE DOSE TO WORKERS 

H* o« persons Collective dose individual individual 
,.T (•an Re.) (dose Re.) (dose Re.) ,.T 

Staff All Staff All Staff All Staff All 
External External External 

:-;; 3:" "i 3:3 !' !" "- 0.1- O.i- f.:J :.:•; s.»« c.:; 

I 1:* 3:- <: 3:! 7? ' V 0..3" C33 f.3: :.:« <!.J* !.!• 

•.-:* 3K3 j* 33? 53 ! -3 C.33 •>.;•) 4.32 ».03 C!i <•.(•? 

I":i « ' • : > *.. 33? -!) ? 7- .:•.-• f.i; O-.JJ J.!> 5.3i I.Jj 

!*:* ;>3 33 33* " 3 U 3 0.3- *.C« J.3: 3.!! 5.:? 8.!'. 

i--i v> -" 3-" 5- • «:> 0.3- 0.03 0.3: 1.3! C.e! !.!! 

I s-' 2% 53 3*5 35 :: =3 C.33 0.13 J.-7 1.3: 1.03 1.3! 

:-•; 353 " :-: e: ; si 0.3; i.:i *.:: t.S» 5.3* J.:3 

!':: !:3 :33 33i -= :: 3J C.3- J.08 «.!3 t.s- j.25 i.r 

;"3 t:- s- 3-3 -3 r s» 0.3" 5.3'j 0.3* o.ss us ;.13 

!"3 a-- '.;' 3*' ;? ; j. c.i: O.N o.i« C.S3 ».l? C.?3 

:-** ;:• ! • ' 333 3! : 3- C.3- 0.03 0.03 0.73 C.03 C I 

!"? •r !:' aw* «.:; o.o; 0.03 O.«J ;.jo :.oo 

I-': r.- :::• v3* *J - ii o.:- o.o; CM !.:3 !.tJ 143 

V--T ."3 : : • ? i ;* 1Z 5 i' o.n o.-r ,v 0.:: 0.-! C.7» 

!-'• 3-' 3- 3:; 3-, •:• t . ci: 0.33 •:.!• *.'j l.»S !.« 

•!"' 3i- ;-: *:- v> 0.13 0,03 0.0* !.:•) t.3: t.S'5 

::r 33'. : * : • 
i»J s- : r o.o- ;.:3 o.~: C.21 0.33 !.3: 

:-•: 3" !:: ::: 
" • 

•:.': !.'J3 V ! 0.3! ').3" 0.3* 

: :-3 :*: •;3 •M 3, • • 3* .;.•;• :.-: o.i: c.*i i.o; ].:•; 

:,:i :̂: 
! : 

" : n 0.03 '.'• •'•." :.•: } . V 1.3: 

TABLE 7. (com.) 

year 
N* of persons Collective dose 

{man Re.) 

Average 
individual 

(dose Re.) 

Max i.un 
individual 

(doae Ke.) year 
Staff All 

External 
Staff A U 

External 
Staff All 

External 
Staff All 

External 

I'3J 

l'3i 

••- »3 333 

3% I!: j?i 

333 •'. 3" 

V: 3 :' 

i * 3 33 

3» * 33 

r i <• 

• ) . " ' : . • • • ' . - . 

•).)• 0.!' •?.»• 

«.•): '!.')3 ')/•? 

I.'1' 1.!i i.1)'. 

•!.:* ".:'. ! . 3 " 

- Failure of bolts connecting some stand-pipes assemblies to the fuel 
element guide tube, caused by fatigue failure. Remedial action : 
replacement of the bolts. 

9. SEISMIC AHALYSIS 

Following a request of the Regulatory Authority in 1979, a seismic analy
sis was carried out for the Latina site. 
Originally the most relevant parts of the plant were designed against earth
quake tatting into account a static acceleration of 1/8 g. 

A study made on historical documents demonstrated that the raaxinum foreseea
ble earthquake on the site was not more than Vl-VII MC£: (Meic&Lli, 'Jun/i"ni , 
Sielberg) with a return time of more than 100C years. 
This corresponds to a peak acceleration at ground level cf 0,07 g. 
However, in order to increase the knowledge cf the site er.viroririer.t, a 
network of sensors was installed around the area in crder to record the lo
cal microsejic.icity. In a couple of years, no significant loca; activity 
was reccraed, ~or.firrr.ing the ger.eral knowledge cf the area btir.^ a "quiet'' 

http://~or.firrr.ing


To taKe into areount all sort v t' oessifr. isrr.s, tr.e fir.al Authority's position 
was that all the safety related structures and systems hai to withstand an 
earthquake of V1I-VIII MCS with a correspondingpeaK acceleration cf 0.1 g. 
Calculations were then carried on with the dynanic spectrum as per HG 1.60 
scaled to 0.1 g. 

Agreement was found with the Authority .in the possibility that local duc
tility effects could be called in for an acceleration limit down to 0.07 g 
Below this value, the operator had to provide modifications to the struc
tures. 

According to the calculations made with these inputs the major modifications 
concerned these items: 

- main and auxiliary turbines hall roof 
- liquid radwaste building 
- boilers supports. 

It was mainly civil work, and was left to the preliminary design stage. 

10. RISK AWALYSIS 

After the periodical safety review of the plant, the Regulatory Authority 
requested to the owner to undertake a probabilistic safety study (P.S.S.), 
with the object of assessing the overall safety of the plant, and of de
tecting the accident conditions that would damage the fuel, with a measure 
of the associated ' -equency. 

The study was commissioned >jy end to the National Nuclear Corporation Ltd 
\NNC>, and it took about one year to be completed. The study identified 
and quantified the frequency of the fault sequences which could lead to 
'̂•rr1 <iacra£e. * r. oraer to determine the dominant sequences and to identi-
*v p . s * .^;«' • : • ::* -c::!": • .*r i .r.i, :n i>i>.:M^:i "~ r'r.os*- .ilre:u"ly d e f l noil, to 

131 •'-rtntr :=:r:vf ;'.».-. t safety. 

These conclusions einrrfie.: : 
(i/ The frequency of sequences outsiue trie design basis with the poten

tial for core aar.age due to failure of the ?HR systems is predicted 
-i -5 

to be 1,4 x 10 for confined faults and 1.1 x 10 for unconfined 
faults. 

(n) The frequency of failure of the trip protection systems is predicted 
-6 -7 

to 4.3 x 10 for confined faults and 2.9 x 10 for unconfined faults. 

(iii) Taking operator errors into account, the upper bound to the frequency 
of sequences outside the design basis with the potential for core da-

-4 mage due to failure of the DHR systems is 3.3 x 10 for confined 
faults and 1.6 x 10 for unconfined faults. 

A detailed further analysis was carried out to claim for natural circula
tion, and it showed that the effect is to reduce by a factor of about 2 
the failure probability for the most frequent pressurised faults. 
In conclusion, interesting results were obtained: 

it was demonstrated that the weak system was the CNR one, and that in par
ticular with the insertion of a new auxiliary boiler and with the installa
tion of a further syster. for feeding town water directly into the secondary 

-5 -1 
the overall failure probability could be reduced to 1.4 x 10 y . 
Moreover, it was demonstrated that th* effect of installing a new protec
tion system, completely separate and redundant would not significantly re
duce the core damage frequency. 

11 - FUTUM ACTIVITIES 0W SITE 

As previously said, the Eta .ion is now undergoing the total 
defueling of the core to the reprocessing plant. 



132 Next activity will be the dismantling of the low radioactive 
parts of the plant (i.e.boileralandthe ins'filing of te t facilities 
to reduce contamination and activity of components below established 
limits for unrestricted release. Other items will be conditioned for 
long - term deposit. 

A program is under «ay to be settled in order to provide signi
ficant smear teats, specimens and calculations to obtain a full in
ventory of radioactivity of the primary circuit and samples for future 
testing. 

It is also envisaged the convraion of the conventional part of 
the plan into a combined cycle with new gas turbogenerators and reco
very of the exhaust gas heat to produce steam for the original main 
turbines. The plant siting and the steam cycle are strongly in favour 
of this solution. 
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THE ISIS OPERATION: ROBOTICS REPAIR WORK ON THE 
CH1NON A3 NATURAL URANIUM, CARBON DIOXIDE COOLED, 
GRAPHITE MODERATED REACTOR 

R.M.E. HILMOINE 
Electricity dc France, 
Avoine, France 

Abstract 

After describing the upptr internal support structures of 
the CHINON A3 reactor , the problems resulting from their 
degradation due to corrosion and to the difficulties of the 
ISIS operation are presented here. 
The repair method is as follows : all tools and repeir parts 
reach the working area by the feeding-pipes drilled through 
the 7 m thick concrete vessel surrounding the reector core 
the robots handle, into the reactor, the tool heads and the 
repeir parts which are automatically positioned end welded 
around the corroded structure, thus restoring the support 
of measurement devices. The parts are cither linked together 
or to the existing structure by mesne of 2 studs of 12 mm 
in diameter. 
The different phases to sort out a problem are in-core 
topography, reconforming of the full-scale mock-up with the 
repair eree, learning on this mock-up and in-core repair. 
The technical specificities of the robots used era the follo
wing : they have en 11 mete: long, 0.22 meter accross telescopi 
mast with joinced srms reaching a radius of 2.7 m. Then the 
useful load is 70 daN and the repeatability 0.1 mm. 
Different tool hesds can be handled by the robot : 
- telemeter and laser reconstruction it allows to locate 

the in core points and to materialize them on the mock-up 
by a laser croaaed-baams locating technique, 

- scouring it clean* the corroded psrts of the structures 
before welding, 

• welding it sllows the perts handling and the carried 
studs welding, 

- screwing, 
- tensile test : carried out when the stud welds are defective. 
A high level computerized control system is organized around 
a central unit whic>> calculates the displacements of robots 



and synchronises the actions of different tools by communicat. ing 
with several local units. 

A 100 000 hour designing, a 200 000 hour building and assemo 1 ing 
and a «30 000 hour operating on working area «ere necessary 
to repair lb «ut of the 102 corroded structures by fitting 
and welding 205 repair parts. 

I - CIIIWOII A3 M A C T Q H (ft—» I) 

CHINON A3 is a gos-cocled reactor. Its output is about 370 electrical 
MW. ft wo* first connected to the grid in August J966 and haa now been 
operating /or nearly 93 000 hou.-*. 

Figure number I shows the reactor core. The core itself is made of 
graphite (about 10 meters high and 12 meters in diameter), with 9200 fuel 
channels containing 45 900 fuel elements. The core is surrounded by 
prootrswsd concrete, about 7 meters thick. The refueling of the reactor 
(s done when the reactor is in operation, using a special feeding machine, 
through 100 feeding pipes, 7 meters deep and only 247 mm in diameter. 

The steam generators are located on the north and south sides of the 
reactor. 

srnvcwus 
m the upper part of the core, we find an area (IS meters in diameter 

and 3 to 4 meters high!, where the warm carbon dioxide gas circulates, be
fore leaving the core. Hart, its operating temperature is about 3T0mC 
and its pressure 19 atm. 

* i that area, which is the repair area, we find 10t bolted and welded 
mild steel support structures, carrying primary gas sampling tubes (for breach 
clad detection} and thermo-couples. Ail these structures are supported by 
the control rod pipes (see figure JJ. 

m this area, the dose rate is about 100 rod per hour and any human 
intervention is forbidden. 

COMIOgOW (fejure 3) 

These structures have been at lacked over the years bv carbon dioxide 
90s. 

(MHHIAD IRAVEILING CRANE 50 I 
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FIG 1 Preitressed concrete reactor vessel. 
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FIG 8 Ciiinon A3: groups ot pipes and pipe covers 

Shis type of corrosion was discovered in Latino (Italy) and Bradwell 
(U.K.) in the late 60s, This corrosion appears in particular on bolted ana 
welded interfaces. It creates an additional thickness leading to the vpture 
of welds and bolts. 

Figure 3 shows the process of corrosion by carbon dioxide gas. 

Studies in the UK and r'rance have shown that the corrosion speed 
depends on: 

- for CO'; the temperature (corrosion speed doubles each 20"C), pressure 
and hygrometry. 

- for steel: the silicon content (more than.J % in silicon content drastically 
reduces the corrosion speed). 

Unfortunately this is not the case with the upper internal structures 
in the CHINON A3 core. 

The first effects of corrosion were detected on photographs taken 
in the core in J 975. 
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FIG 3 Chinon A3: mild sleel corrosion through CO;. 
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The final decision to repair the CHINON A3 structures wax made in 
1982 for economic, technical and psychological reasons: 

economic: the cost benefit calculation for the repair was positive. 

technical: remote-repair systems were judged necessary for the future, 
based on the size of the French nuclear program. 

psychological: at that ti ne, the PWR program was plagued by equipment 
problems and EOF wanted to demonstrate that major reactor 
repairs Mere not impossible. 

Just after 1975, CHINON A3 's operating temperature was reduced by 
about 25°C. From 1981, each 4 months the reactor was shut down to take 
4 000 photographs of the upper internal structures to monitor the effects 
of corrosion and a study task force was created to define and develop robotic 
systems to repair these corroded structures. 

The main difficulties were: 

. the hostile environment, 

. tool access (see figure 4i, 

. the numerous obstacles in the repair area, 

. the ignorance of the structures'exact position (the corrosior allows 
significant relative movements), 

. the great nun ber and variety of elementary repair actions. 
Each structui 3 is a unique case, with a specific environment, 

. Finally, in 1980, no solution to this problem existed. 

THE ANSWER TO THE PROBLEM 

Figure 5 shows the result obtained after repairing the corroded upper 
internal structures of the CHINON A3 core. We intend to weld, around the 
existing structures, special repair parts. These parts fulfill the following 
requirements: 

- they cor./ine the existing structures, 
- they will ensure mechanical support during SO 000 hours of core 

operation in carbon dioxide gas at 400*C (they are made of a special 
steel with 0.6 % silicon content), 

- they still allow the refueling of the core, 
- they are welded by a special stud welding process. 



FIG 5. Chinon A3: ISIS operation — repair parts for current structure. 

Except for two cases, each repair part is welded on another one, so 
we are sure of non-corroded welding support. F~r the two special cases, 
we weld the part on the existinp corroded structure. Be/ore doing this, 
however, we clean the corroded steel with a special pneumatic tool with 
needles that strip the oxide. Each repair part has two studs of 12 mm in 
diameter. Only one is weeded to support the part. The second one is a 
backup * i case the first one fails, to any case, both studs are welded. 

Repair parts carrying and attachment requires 2 robots, (see figure 6): 

The first one, which previously handled a welding-head, automa
tically catches repair part No.2 delivered to the reactor by a carrier 
running through a feeding pipe. The welding-head was previously delivered 
into the reactor by another carrier running through another feeding-pipe. 

A second robot similarly handles repair part No.J. The two robots 
move towards the structure and part No.I lands on part No.2, which is 
held in place by the first robot to avoid stressing the structure. Then the 
welds are done. 

The repair part carder delivers part No.2 
toTM 1. 

a i 
*5 Kir ^* •IvH^^ 
The repair part carder delivers part No.l 
toTM2. 

Welding of part No. 1 by TM 2 on part 
Na2heldbyTM 1. 

The repair part carder delivers part No.3 
to TM 1. TM2 holds parts 1 andT on the 
structure. 

Docking of part NoJ with TH 1. 

7\ T* 

Welding of part No.3; TM 2 holds parts 
1 and 2 on the structure. 

FIG.6. Chinon A3 — ISIS operation. 



The second robot support's the (wo piece* while the first one handles 
part No.3, landing and welding it on the (wo first pieces. 

Then the robots work in the same way for all other repair parts. 

The approach trajectories of repair parts are automatic, but their 
final docking is achieved semi-automaticaliy by mutual help r*(ween robot 
and operator. The operator receives the following informations; 

- visual (through the monitoring cameras), 

- position in r e g i o n to the structure (by proximity sensors an the 
repair parts). 

- forces on the robot due to the structures (by a force ant torque 
sensor integrated wi the end-arm elements 

Figure 7 shows the general organization of the working reactor area. 

The welding control is dene by recording the current, the voltage 
and the arc duration during the welding process. We also record the 
penetration of the studs in the molten metal. Hundreds of tests have been 
made to determine the best values of all these parameters corresponding 
to a good stud welding. 

To attain such a result in this reactor, we need several phases: 

- mapping the areas to be repaired, using a telemetric head 
(video camera), 

- reconforming the full-scale mock-up with the repair area 
(a dedicated hail was built for this purpose close to the reac
tor to house the mock-up, three robots, their carriers and 
accessories, etc.), 

- learning on this mock-up all repair phases (except the weld) 
for each structure with the real repair parts used later in the 
reactor, 

- finally, the in-core repair itself. 

m the reactor, we need: 

- 2 main robots (mapping or repairing), - I scouring head, 
- 2 head-tool carriers (one per robot), - I screwing head, 
- I repair parts carrier, - I tensile test head, 
- 1 telemetric head, - 2 video monitoring robots, 

137 - 2 handling and welding heads, - the computerized control system. 

Platform for power 
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structure to bt <epalRd 

FIG. 7 Chinon A3: ISIS operation — general organization of the repair area. 



In the mock-up, we need: 

- 3 main robots (one operates the reconforming session in half 
of the mock-up, while two others team the repair phases in 
the other half. 

- 3 head-tool carriers, 
- 3 repair parts carriers, 
- I laser reconstruction head, 
- 2 simplified handling and welding heads, 
- 2 video monitoring robots, 
- the computerized control system. 

These working areas are operated at the same time by shift workers. 

V - TOOLS (figure 8) 

S.i - The main robot, which welds the pieces in the core, is made by the 
French company HISPANO SUIZA (subsidiary of the state-owned 
aircraft engine builder SNECMA). It consists of a telescopic mast 
(7.5 m length) with a Jointed arm (2.5 m length). Its total weight is 
about 3 metric tons. 

(mast: 2.75 tons, arms and joints: .25 ton). 

This robot has 8 degrees of freedom: 

'. 'general rotation j * ' e c t " « " movements 

. 3 wrist 1 hydraulic movements 

. 3 elbow 5 (pressure: 180 and 2T0 atm) 

Each degree of freedom is equiped with one, two or three 
resotvers (depending on the required accuracy) that gives the robot 
position. 

The main part of the jointed arm is covered by a collision de
tection system (made of stainless steel sheet metal with stress gauges). 
When the robot touches something in the core with such stainless steel sheet 
metal, the computer detects the variations in stress on the stress 
gauge, stops the robot and in'' ins the operator where the robot has 
touched. 

The robot is able to handle loads of TO daN at 2.7 m from the 
mast axis. 

arm Ng.1 
Jack elbow 1-2 Harmonic-drive arm NO.2 

wdst 2 

resolver 

welding head 

_L tool QripoJnQ head 
fnrre • r n w 

arm No.3 

arm UoA 

FIG 8. Chinon A3: ISIS operation — lower part ol the main robot. 



The repeatability of the arm-extremity is about J mm. At 
the arm-end are: 

- a farce and torque sensor giving the force and the torque 
exerted on the robot, 

- a universal gripping interface allowing tool-heads connection. 

5.2 - The telemetric head (diameter: 240 mm, length: 1050 mm, weight: 
TO daN) is used to determine the exact geometry of the repair area 
by locating specific in-core points. 

ft has two focusing systems: one, 16 mm, which allows the head 
to have a general view of the environment; the second one, 100 mm, 
is used through a rotating mirrors telemeter with coinciding images. 

The total area around the main axis is covered and vision is pos
sible from * 30" to - IS' in relation to a perpendicular plane to this 
main ooris without changing the external shape of the tool-head. 

This system is accurate to within S mm a 300 mm. 

S.3 - The laser reconstruction head (dimensions and weight; same as tele-
metric head) is used in the mock-up to materialize the previous in-
core points by a laser crossed-beams locating technique. The long 
focus camera (of the telemetric head) is here replaced by a laser beam 
generator. It is accurate to within i mm at 300 mm. 

5.4 - The scouring head (diameter: 210 mm, length: 300 mm, weight: 
25 daN) is used to clean the corroded parts of the structures before 
welding. Twelve pneumatic needles made of specially treated steel 
break up th? oxide layer. 

5.5 - The handling and welding head (diameter: 210 mm, length: 250 mm, 
weight: 35 daN) is useu to handle and carry repair parts, and then 
weld them into the required position after docking. 

The repair parts are provided with two cylinders (called "guns") 
containing elastic dishes around the stud. A special device lochs 
the "guns" and prestresses the elastic dishes. Then the parts are 
ready to be carried. 

After correct docking, a step-by-step motor runs the first 
electrode forward to get in touch with the stud which is itself 
pushed against the support. When all required conditions are met, the 
welding cycle starts: preheating, arc, short circuit and stud propul-

139 ston in molten metal. This cycle lasts 1.05 sec. 
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FIG.9. Chinon A3: ISIS robot system. 

5.6 - The screwing head (diameter. 210 mm, length: 400 mm, weight: 
10 daN, tightening torque: 3to 7 m.daN) is used to attach repair parts 
when the welded studs solution is not possible. 

5.7 - The tensile test head (diameters 2lo mm, length: 2S0 mm, weight: 
35 daN, tensile strengths J500 doN)is used when the two welds of 
the repair part don't meet required parameters recorded auring the 
welding cycle (current, arc duration and penetration). 

Figure 9 shows the shape of all these different tool-heads. 

The main robots work with the following secondary robots: 

- the tool-head carrier is a very simple robot (a mast with elevation 
and a rotating motion). It delivers into the core the tool-head the 
main robot needs to work. The robot-tool-head connection takes 
place in the core. 

- the repair piece carrier looks like the tool-head carrier but it 
brings down into the core the different repair parts. The robot 
takes them in the core, automatically, with the welding tool-head. 

- video monitoring robots: these robots (electric with 6 degrees of 
freedom) have been developed to carry video cameras among the 
structures to monitor the main robots. 



| 4 | VI - WOaOT COMMAWO-COWrJKM. SYSTEMS 

Computers play a major role in the repair process. Figure 10 shows 
the command-control architecture with a central unit that is a sort of 
conductor, ft dialogs with several local units driving the different tools 
(main robot, tool-heads, toot-heads and repair piece carriers, etc). The 
central unit calculates the displacements of the main robot and synchro
nises the action of the different tools. Each local unit runs a specific tool 
(sequences, alarms, report to central unit). 

All the command-control is based on 8086 and 8088 units from INTEL 
and the operating system used is MUX 86. 

The central unit is based on 16-bit microprocessors; it has a 640 K 
RAM, a 94 K ROM and a 40 M Winchester disk. 

For the main robot, there are three motion modes: 

J - Manual mode 

Controlled from the keyboard, it allows direct performance of 
an elementary motion joint-by-joint and predetermined linear or angular 
displacements. 

2 - Automatic mode 

The robot runs any trajectory previously learned and recorded 
on a floppy disk. 

Such a mode is operated to link several trajectories previously 
learned, or to reach a known trajectory from any point not too far 
from this trajectory, or to reverse automatically another trajectory. 

To save time during the learning phase, an independant compu
ter system is used to prepare and calculate trajectories. The six 
degrees of freedom of the robot operate simultaneously. 

3 - Automatic sequential mode 

The docking phases are carried out by means of proximity sensors 
(on repair parts) and the robot's force and torque sensor. 

The course of these different phases is planned during the 
learning session; displacements can be: linear, angular, reaching a 
point, a straight line or a pkme. They can also balance a planned 
effort due to the structure. 

The operator, knowing all the information delivered by the 
sensors, can help the robot to achieve each docking phase if required. 

FIG 10 Chinon A3 — ISIS operation. 

VH - SYSTEM OPERATION DATA 

The upper part of the CHINON A3 reactor is composed of 102 support 
structures. Fortunately, only a third of them will hove to be repaired. 
from February 1986 to July 1987 we repaired IS structures. The reactor 
has again been shut down since May 1988. Through October 1988, 7 other 
structures are expected to be repaired. 

From 1989 to the end of life of this reactor (1991), we intend to repair 
about 3 structures per year. 

As of the end of July 1987, about 100 000 hours had been spent on 
design, 200 000 hours on construction and assembly and 450 000 hours 
operating on the working area. 

Today, about 265 repair parts have been fitted and welded on 19 
corroded structures; the average operating time for each robot is about 
10 000 hours. 
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Abstract 

It is coamnly agreed that advanced HTGR concepts mist be licensable, which 
aeans that they must fulfil existing regulatory requirements. 
Furtheraore, it is necessary to improve their public acceptance and they 
must even be suitable for urban sites. Therefore, they should be 'safer' 
than existing plants, which mainly means with respect to low-frequency or 
beyond-design severe accidents. 
Last but not least, the realization of advanced HTGR would be easier if 
commonly shared safety principles could be stated ensuring this further 
increased level of safety internationally. 
These qualitative statements need to be cast into quantitative guidelines 
which can be used as a rationale for safety evaluation. This paper tries to 
describe the status reached and to stimulate international activities. 

Existing Basic Principles and Regulatory Requirements 
International surveys indicate similar basic aims and approaches to reactor 
safety. It is a commonly agreed objective to keep radiation risk for 
workers, indivuals and society outside the plant as low as reasonably 
achievable (ALARA) or possible (ALAP). Furthermore, the fundamental 
principles of reactor safety technology follow a deterministic approach 
essentially including the concept of defence-in-depth centred on several 
levels of protection, giving higher priority to accident prevention over 
measures to limit the consequences. 
The concept includes successive physical barriers preventing release of 
radioactive material and a selection of postulated accidents which are, 

143 together with conservative assumptions, taken as the basis for the design 

of the plant and engineered safeguards, lie I uiti i 11 ty ami probabilistic 
safety analyses are used as support /see 1/. 
Nevertheless, there are differences in detail witluencing the actual level 
of safety, like 
- radiological reference levels and procedures to demonstrate compliance 

(see Fig. 1), 
- selection of design basis accidents and basic assumptions, 
- treatment of severe (beyond-design basis) accidents and mitigation of 

their consequences, 
- use of probabilistic methods and guidelines, e.g. plant-specific 
probabilistic risk/safety analysis (PRA/PSA), probabilistic safety 
goals. 

Taking Germany, F.R. as an example of a more specific illustration of 
nationally established objectives and principles, the legal basis needs to 
be emphasized. According to the Atomic Energy Act sufficient precautions 
against damage caused by plant construction and operation according to the 
current state-of-the art (§ 7) must be proven within the licensing 
procedures. 
This general requirement is specified by an ordinance for radiation 
protection (Strahlenschutzverordnung) and overall safety criteria, design 
guidelines including a list of postulated accidents relevant for the design 
of the plant and detailed licensing requirements established for LWR. 
The basic aims of radiation protection are 
- to keep radiation doses for the public and personnel as 'low as 

possible1 during normal operation, 
- to limit radiation doses caused by (design relevant) accidents so that 

public risk is not increased significantly and individual risk is within 
acceptable limits, and 

- to keep health effects caused by beyond-design accidents 'as low as 
possible' for the public by active emergency protection. 

Dose limits of < 30 (whole body)/90 mrem/a (thyroid) have been established 
for normal operation, and < 5/15 rem for design relevant accidents. 
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Conservative compliance procedures (Storfallberechnungsgrundlagen /ll/) 
have been fixed; protective actions are not allowed to be taken into 
account for dose calculation. 
The deterministic 'defence in depth' approach including sate operation by 
quality assurance as well as accident prevention and consequence limitation 
by safety equipment is followed, off-site emergency measures need to bo 
planned and guidelines for protective actions are given. 

Probabilistic Methods and frequency values are used to confirm sufficiently 
high reliability of vital safety systems, to check the homogeneity of the 
safety concept and to support accident categorization. 

Perceptible Future Developments 
Internationally, greater stress has been placed upon the development of 
commonly shared principles for all nuclear power plants (NPP), after the 
need for this has been emphasized by the Chernobyl accident. The IAEA's 
International Nuclear Safety Advisory Group (INSAG) has issued Basic Safety 
Principles IV which can be summarized briefly as follows: 
- NPP risk defined as arithmetic product of consequences and frequency of 

occurrence should be comparatively small. The linelihood of severe 
accidents should be extremely small; target values of < 10" 4/10' 5 per 
reactor-year for core damage and < 10"'/10"° per reactor-year for large 
off-site release are proposed for old/new plants. 

- The concept of defence in depth including prevention of successive 
barriers is endorsed. In-plant accident management arj off-site 
mitigation measures for beyond-design accidents are emphasized and 
adequate provisions should be made. 

• Deterministic and probabilistic methods should be used jointly. A set of 
design basis accidents should be established for design and licensing 
purposes and PRA/PSA should be used for their selection; quantitative 
target values (PSC) *re regarded as a necessary supplement 

- No hierarchy of safety means is given. Inherent safety features are not 
expressly favoured. 

IIIL' 1 At A itself augmented its efforts fur I. hi- publications of safety sei es 
reports, t ui H U M mure, it entourages the use of PUA/i'SA !>y memliei i.ounti les 
and has dratted a . eport on methods and data to promote a standardized 
framework and to facilitate external review of the results /A/. In the same 
context it is aiming at the evaluation of target values, e.g. • 10"(l per 
reactor-year fur large off-site release and It per year for individual 
fatality risk seem to come up (see /5/ for overview including activities of 
OECD member countries). 
In Germany, F.R., it is generally agreed that the Chernobyl accident did 
not cast doubt upon the safety concept of its own nuclear power stations. 
Nevertheless, the political impetus has been activated to improve safety 
measures against severe accidents or to minimize risk, respectively, by 
improved in-plant accident management, Therefore, the deterministic defence 
in depth approach has been extended from 3 to 4 levels including measures 
to prevent severe core damage and to protect the containment under given 
core meltdown conditions (see Fig. 2), which have been identified by plant-
specific PRA/PSA- and risk research /6/. Accident management measures are 
not regarded as a necessary supplement to the safety concept and thus not 
as technical requirements for the safe operation of the plant and formal 
part of the licensing procedure 111. 
Besides intensive use of operating experience including precursor studiei., 
the implementation of a risk analysis for a boiling water reactor has beim 
initiated as well as a risk oriented study for the THTR-300. The use of 
PRA/PSA methodology - mainly to gain plant insights and to optimize the 
safety concept - has been inten-.ifiert as a support for tn^ deterministic 
approach. The Federal Ministry responsible for reactor saf;ty (BMU) has set 
up a committee to draft corresponding guidelines. 

Need for HTGR-soecific criteria 
Following the objectives mentioned at the beginning 
• being as safe as existing plants, which means fulfilment of 
existing regulating requirements, but 

• being safer with respect to severe accidents 
a need for specific criteria applied to modern HTGR-concepts must be 
realized: 
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level 1 

Salety precautions 

normal operation 

levc rt2 

incidents 

leve u 
design basis accidents 

leve 4 

beyond design basis 
accidents 

quality assurance 

inherently safe response 
accident prevention 

plant protection system 
salety equipment 

risk reduction (as supplement to 
licensing procedure) 

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

I beyond design basis 
I accidents with large 
I releases 

( beyond licensing 
procedure) 

off - site emergency planning 

iy. -: Enlarged multi-level concept fjr safety assurance in West-
Gerrmr nuclear power- plants 

1) Although existing basic: principles and requirements with respect to 
radiation protection and plant safety are generally valid, detailed 
licensing requirements including a list of design basis accidents have 
been established or codified for light-water reactors, but not for 
HTGR. A word-for-word transfer would lead to inadequate, mostly 
overloaded safety concepts due to significantly different safety 
characteristics. 

2) Current safety principles aim at and guarantee low frequency of 
catastrophic large releases but they do not exclude such events, 
not even for the frequency range usually covered by PRA/PSA (they are 
not beyond cut-off values). E.g. according to the German Risk Study, 
Phase B, the overall frequency for core meltdown combined with early 
containment failures is "less than 10"" per reactor-year". 

3) Perceptible developments do not cover HTGR-specific interests, e.g. 
INSAG-3 report may be taken as an illustration: " some future types 
of nuclear power plants may achieve the intent of some of the 
principles presented in this document by special inherent features 
making the principles as presently formulated not entirely applicable. 
For such cases, it would be necessary to scrutinize closely the extent 
of the basis in proven technology". 

Proposals for HTGR-specific criteria 
In Germany, F.R. different proposals have been made for advanced safety 
criteria in general as well as for HTGR design and licensing requirements 
specifically. The following approach has been developed by the Nuclear 
Research Centre Jiilich (KFA), originally to deduce requirements for urban-
sited nuclear power plants of each type /9/. In the meantime they have been 
applied to HTGR concepts unofficially for safety evaluation. 
The basic idea to ensure "sufficient precaution against damage" is to 
interpret the existing licensing requirements for LHR probabilistically. 
This leads to frequency-oriented dose limits which can also be referred to 
for selection of specific design basis accidents. 
In addition to that (see Fig. 3), the releases in case of low-frequency 
severe accidents should be so small that people living nearby would not be 
disturbed in their daily activities. Emergency measures defined as 



Event Classification, Explanation of Frequencies Radiological Limits 
(Whole-Body Dose) 

Accidents relevant 
for design 

>3-10"2/yr 

3-10~2...10"Vyr 

10"4...10"5/yr 

Severe accidents 
<10 5...10~ 8/yr 

Event not to be excluded during lifetime 
of the plant 

Event not to be excluded during lifetime 
of several plants 

Event not to be expected during lifetime 
of several plants 

Event can be excluded practically 
(beyond design range) 

aOmrem/yrUASStrlSchV' 1) 

fraction of 5 rem/event 

5rem/event(S28.3StrlSchV) 

b) 
r ~ i 
I 1 (...)rem/event 7 days ; 

| 10(...)rem/event30years | 
i_ _ _ J 

" Strl Sen V Strahlenschutzverordnung = radiation protection ordinance. doses for unprotected reference 
person, exposure time 50 years 

b ) Proposed ASC.compliance procedures less conservative than * \ dose ranrjes derived from German 
protective action guidelines 

Fig. 3: criteria for advanced HTGR-concepts proposed by KFA 

- acute measures such as evacuation, distribution of stable iodine 
tablets and early relocation, as well as 

- late measures such as late relocation and area decontamination 
normally planned in the vicinity of the nuclear plant should no longer be 
considered necessary to protect individuals and the public. The financial 
damage should be coped with by society. 

For this purpose advanced safety criteria (ASC) have been evaluated, 
essentially proposing dose limits for short-term (7 days) and lon(/-term (30 
years) exposure following postulated severe accidents. The dose limits 
refer explicitly to individuals at worst location; sufficient protection of 
the public must be proven. 

I 



|4| Reasonable values for dose limits derived from intervention levels for 
protective actions show whole-body doses ranging from 

1 to 25 rem for short-tern exposure and 
10 to 250 rem for long-tern exposure. 

The smaller values will probably emerge as the reference values after 
intensive discussions which have not yet been completed. 
'Severe accidents* include all events and event sequences with frequencies 
down to 10' 8 per reactor-year. They need to be identified by PRA/PSA. The 
available methods and data are regarded as being sufficiently developed for 
this screening and selecting purpose. 
Vulnerability in relation to acts of sabotage and catastrophic rare events 
should be as small as possible. 

In the United States of America the MHTGR Licensing Program of the 
Department of Energy applies quantitative "Top Level Regulatory Criteria": 
NRC acute fatality safety goal, 10 CFR 100 Sect. 100.11. 
In addition to that the user/utility group has established more stringent 
requirements to eliminate the need for protective actions in case of low-
frequency events (see Fig. 4). For this purpose it needs to be demonstrated 
that doses at the Exclusion Area Bcjndary (425 in) are below Protective 
Action Guidelines (PAGs) established by fie Environmental Protection Agency 
(EPA): whole body doses claim to be s 1 rem for the whole range of 
accidents. 

Comparison of Proposed Criteria 
A gross comparison of basic aims (no influence on daily life activities) 
and principles (PAGs as dose limits for low-frequency, severe accidents) of 
US/FRG criteria does not indicate significant differences, but the proposed 
dose limits and compliance procedures deviate obviously. 
In order to discuss the significance of these differences for the design 
requirements a joint comparative study /10/ has been carried out; the 
differences in dose limits, compliance procedures and release 
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Fig. 4: Licensing basis regions for the US MHTGR 

characteristics have been identified and assessed in view of the maximum 
allowable release of radioactive material for design and beyond-design 
basis accident conditions. 
Safety criteria and essentials of compliance procedures are summarized in 
Table 1. The major differences between compliance procedures, commented on 
in Table 2, indicate that West German criteria put the emphasis on short-
term and long-term effects to protect the public's health and land 
effectively. Therefore, groundshine and ingestion pathways need to be 
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TABLE I SUMNURY OF PROPOSED SAFETY CRITERIA AND COMPLIANCE PROCEDIRI S 

\ ClUMtt-VMI 
\ * d w t a d 

" l a Pio 
\ POSMI 

issue \ y 

U.S.A. 

WCFR100 PAGs-tt75 
Sect 100.11-S62 

GERMANY, F.R. 

Radiological Protection Ordinance ASC -1986 1 Proposed) 
(Str lSchVi2t3) -»76 

Dose amils / 
pathways 

25'em whole body/ 
plume submersion 
300tem thyroid/inhalabon 

1 to Srem whole body"/ 
plume submersion and ground-
shine 
5 to 25 rem thyroid / inhalation 

Stem whole body 
15 rem thyroid 
30rem bone, 
other organs 
plume submersion. groundshme. 
inhalation and Ingestion, m prin
ciple 

7-dayslmlts • " 
K to 25 Item whole body 
3 (to 75) rem thyroid 
6 (tc 150) rem bone 
30 - years ImJts: 
H I to 250 Item whole body 
Vi0( to 3750) rem thyroid 
300 (to 7500) rem bone 
prorne submersion, groundjlww 
and Inhalation. In principle 

Exnsure l i " * 
>nd localian 

30 days at the Exclusion Area Boundary SO yews at the worst tocation(s) 
beyond the site boundary ° 

7 days/30 years at the worst 
location (s) beyond site bound -
ary hall ol the exposure time 

Carculalional 
guidelines 

Best estimate assessment which includes uncertainties, 
9Sth percent* dose com- cumulative mean dose from 
pared with 10 CFR100 limits all events compared with 

rower PAG limits 

Conservative approach specl-
lied in Stcf liaoerechnungs -
grunOaoenlRel 11) 

Conservative approach speci
fied In Rel. 11. although assump
tions related to reference man's 
behaviour are less conservative, 
or 95 th percentile dose estimate 

Evenls 
- selection 

- Irequencies 
ptf plant-year 

Utilisation ot PRA / PSA 

between; StO'andlO 4 

1 means) 
greater than 5-10' (mean) 

Support by PRA/PSi. tor 
evenls comparable to LWR 
specified in Rel. 11 
interpreted greater than n * 
(mean) 

Utilization OIPRA/PSA 

between 10' and 10 * (means) 

' i ' H suggests sheltering tor town values and evacuation lor upper values " Ingestion prohibited within a 2 - km radkis alter one day 
w Currently stated as dose ranges expected that lower values would be established. ingestion il food production cannot be excluded 

included in dose calculation. In contrast to that, the US dose calculations 
are focused on short-term effects. Other relevant differences deal with the 
modelling of weather conditions (average or most unfavourable, dry or wet 
and dry, modelling of near-ground release etc.) and with modelling of human 
behaviour. 

The comparative calculations indicate a strong influence of the compliance 
procedures on the allowable maximum release of radioactive material into 

the environment under accident conditions. Nevertheless, the release values 
in the low frequency region of accidents and the resulting safety/design 
requirement are almost at the same level fable 3). The proposed West-
German advanced safety criteria (ASC) cove, a somewhat higher degree of 
hypotheticality (cut-off 10" 8 instead of 5 • 1 0 ~ 7 per reactor-year); the 
releases of short-lived nuclides are guided by the short-term dose limits, 
whereas the long-lived nuclides (strontium, cesium) are limited ' • long-
term doses. 
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15fl TABLE 2 MAJOR DIFFERENCES BETWEEN COMPLIANCE PROCEDURES 

USA 

OCFASKtnOI I PAG 

Germany. F.R 

St i1Sct iV i28 3 ASC 

Comments 

Exposure pathways 

Exposure tawas 

Reference person's 

Selection procedures 

Ground deposition 
Id ly ) 

Giound deposition 
( wet) 

>wdP 
r l 

VanrJP 
MataHon 
••uimdlhlna 
(Ingestion attended) 

Ai least M days 

Ltnmng caw ol edurlor M w l 

hdMtbal remains lixed i t t M site 

Gaussian n a m model toi elevated and 
ground revel release irtatn-g the 
Pesgul oYspotston coolttci»'ls 

Generic site parameters which encom
passes *5 X ot al U S A sitas 

v and B submersion Y and P submersion 
eeialatton 

50 years 

(Ingestion) •' 

?days/]0 years 
tor stttrt/tMg-ierm 

Mhrtdual remains nxed at worst posstola 
b u b a i l l ) at 01 MyondttwirK boundary 
whole exposure I half ol the expo-
time { sura Una 

Gaussian plume modal tor elevated 
release uulaxj the 
dispersion coefficients. Consider 
gamma ray absorption by air 

Select weather category which maximizes 
the dose ( of the 95 In percentile ol site -
specific data, it avaeaote) 

ConsKfiied. use realistic dry deposition velocities 

Not currently considered Consideied. select deposition velocity 
which maximiies the dose 

etcaoton ol Ingestion 
slgrflleantry Impacts 
dose esp- If rain- out 
must be assumed 

Longer exposure limes 
Impact atgnllicanuy 
dose calculations 
wh**eictide Ingestion 
andgiouNlsrene 

Age consldereoons 
Impact thyroid dose 
catcotauons via etges-
tlon and Inhalation 

Higher Ingestion and 
caoundshne doses may 
occur al distances 
beyond (he EAP under 
certain meteorological 
or release conditions 

Weather parameters 
are representative ol 
weather and laiiain 
conditions within each 
country. Inclusion of 
ae absorption etlects 
•educes dose estimates 
from gamma exposure 

FRG calculations must 
be oriented to maximum 
dose , data ate oai sotci. 
tied tor heights lower 
than M m 

Contributes 10 long-mm 
groundsrene doses 

Stgnitcantly impacts 
gioundshine and inges -
tlon dose* horn ele • 
vated release heights 

" Mgestion only it toed produclxm cannot be excluded 

Focusing on official regulatory requirements (10 CFR 100. StrlSchV), 
currently applied within licensing procedures, tremendous differences 
become obvious. Even if the guidelines for protective actions (PAGs) are 

TABLE 3 SUMMARY OF SINGLE-NUCLIDE ENVIRONMENTAL RELEASES MEETING CRITERIA 

Criteria Region 
(mean frequencies 
per plant-year) 

Release 
Height 

lm] Kr-88 

Maximum Release ICil *' 

Sr-90 1-131 Cs-137 

U.S.A. 
25-10"'... W'4 

2.5-10'* ...S-10'7 

to'1 

10"'... 10'' 

30 
30 

30 
30 
30 

2.7-10' 
8.9-10' 

38 -104 

7.5-104 

75 -It 

8.1 10' 
1.7-10' 

0.002-10' 
3.8-10' 
19 -10' 

3.1 10s 

4.7-10' 

0.03-10' 
6.6-10' 
32 -10' 

8.9-10' 
4.0-10' 

0.4-10' 
130-10' 
2.7-10' 

10 CFR 100 
PAG 

Germany, F.R. 

25-10"'... W'4 

2.5-10'* ...S-10'7 

to'1 

10"'... 10'' 

30 
30 

30 
30 
30 

2.7-10' 
8.9-10' 

38 -104 

7.5-104 

75 -It 

8.1 10' 
1.7-10' 

0.002-10' 
3.8-10' 
19 -10' 

3.1 10s 

4.7-10' 

0.03-10' 
6.6-10' 
32 -10' 

8.9-10' 
4.0-10' 

0.4-10' 
130-10' 
2.7-10' 

Strl Sen VS 28.3 
ASC • short term 

- long term 

25-10"'... W'4 

2.5-10'* ...S-10'7 

to'1 

10"'... 10'' 

30 
30 

30 
30 
30 

2.7-10' 
8.9-10' 

38 -104 

7.5-104 

75 -It 

8.1 10' 
1.7-10' 

0.002-10' 
3.8-10' 
19 -10' 

3.1 10s 

4.7-10' 

0.03-10' 
6.6-10' 
32 -10' 

8.9-10' 
4.0-10' 

0.4-10' 
130-10' 
2.7-10' 

Based on dose calculations at an EAB ol 425 m. Lower dose limits In USA PAG and proposed FRG ASC 
were utilized 

taken as limiting doses for the region of classical design basis accidents, 
the Nest German requirements are more stringent. 
The differences based on single nucliJt calculations are narrowed down in 
their overall significance if the "re;>'i" release characteristics of low-
frequency HTGR accidents are taken into account, e.g. the different limit 
values for strontium (almost a factor of 100) are meaningless due to very 
small release figures, in principle. 
Neither proposal includes rare events like rupture of pressure vessel or 
other potentially extreme events like all kinds of sabotage or weapons' 
attack in a quantitative manner. This class of events needs to be assessed 
qualitatively in view of the vulnerability of the plant. 

Specific criteria in other countries 
In the Soviet Union the Chernobyl accident ha: necessitated the development 
and implementation of radical measures to improve safety /12/. For this 
purpose probabilistic safety criteria have been developed aiding at 
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- a freqjency of core damage which does not lead to societal radiation 
exposure above the allowable emergency level of < 10 per reactor-year 
and 

- a frequency of core damage which results in the release of radioactive 
material above prescribed limits of less than 10" 7 per reictor-year. 

Based on the latter goal allowable releases of 500 Ci of iodine and TO Ci 
of cesium have been derived from dose limits and used for the design if 
urban-sited HTGR against low-frequency events. 
In Ja'ian the overall safety approach is deterministic. It includes the so-
called site evaluation accident for which the release of the whole 
inventory of noble gases and 50 V of iodine roust be assumed. The low 
population zone surrounding the reactor must be defined in such a way that 
established dose limits (25 rem whole-body, 300 thyroid) cannot be exceeded 
at the boundary. 
This approach has not been affected by the Chernobyl accident and has been 
applied to the High Temperature Gas-cooled Test Reactor (HTTR) of 30 MW 
thermal power completely, only the postulated source term has been reduced 
for the design purpose to 30 H and 15 H of noble gas and iodine inventory, 
respectively. It is an open question whether this will be accepted by the 
1 icensing authority. 

Conclusion 
The following conclusions can be drawn: 
J- Specific criteria for licensable, acceptable (super-safe) HTGR concepts 

are needed or would be at least helpful; the existing and evolving 
requirements for the current generation of nuclear power plants are not 
sufficient. 

- Specific criteria are proposed and used for safety evalution, in the 
U.S.A. within the licensing programme. 

- US/FRG comparative study identified major differences in dose limits and 
comoliance procedures, but similarities in basic ideas and desiyn 
requirements (allowable releases) for low-fiequency events. 

- Passive and inherent safety characterises are most promising for 
fulfilment of these criteria; it is ob' ious that current small HTGR 
concepts can meet these restrictive criteria. 

It is recommended that an international group should be established for the 
exchange of information and for the development of commonly shared criteria 
for advanced HTGR concepts. 
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Paul Scherrer Institute, 
Wiirenlingen, Switzerland 

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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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. 
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1. INTRODUCTION 

In 1985 the U.S. DOE MHTGR program submitted a Licensing Plan (Reference 1) 
to the Nuclear Regulatory Ccmnission that proposed an aggressive schedule of 
licensing activities prior to submittal of an application. Similarly, in 1986 
the NRC issued the Advanced Reactor Policy (Reference 2) which encouraged the 
earliest possible interaction between the advanced reactor developers and the 
NRC and its staff. Both groups sought preapplication interactions to provide 
this early communication in the design and licensing process. This process, 
wherein the regulator worked with the designer to develop regulatory criteria 
and the designer worked with the regulator to set the conceptual design 
configuration, is in stark contrast to the previous procedure in which a 
complete preliminary design was presented to the regulator for approval. This 
paper describes the process that was proposed, the scope and objectives of the 
submittals, the manner in which they were reviewed, and the results to date of 
the NRC review. 

2. LICBBPC PLAN 

The MHTGR licensing plan was developed in a manner that allows its 
framework to be applied to any advanced reactor. However, within this framework, 
which begins with the specification of generic Top Level Regulatory Criteria, 
there are areas of emphasis that are specific to the safety design of the MHTGR. 

while this design utilizes basic features and inherent characteristics 
common to ail HTGRs, the fundamental difference of the modular HTGR's safety 
design is that its size and configuration have been specifically selected to 
passively remove core heat thereby retaining radionuclides within the ceramic 
coated fuel particles. This is best illustrated in Figure 1 which shows 
chronologically the core sizes and geometries of the U.S. HTGRs and the 
corresponding maximum accident core temperature under conditions of loss of 
helium pressure and flow, up until the development of the MHTGR, all previous 
designs sustained damage to a fraction of the silicon carbide (SiC) coated fuel. 
Only with the slender, annular core of 350 MH thermal rating does the geometry 
and size assure that sufficient heat could be removed passively by conduction 

jjj and radiation to maintain fuel integrity. 
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Figure l. Size and Geometry of Modular HTGR Precludes Failure 
of Ceramic Coated Fuel Particles 

Since the MHTGR'3 passive approach to radionuclide control is fundamentally 
different from existing reactors in the U.S., elements of the licensing plan 
cover the development of i-egulatcry criteria. While the manner in which the 
criteria are derived is generic, the actual criteria are specific to the MHTCR. 

The MHTGR Licensing Plan identifies the licensing-related activities, 
aoministrative process, organizational responsibilities, and schedule necessary 
to support a U.S. Nuclear Regulatory Commission (NRC) review and approval of the 
Standard MHTGR. The objective of the Plan is to assure that necessary licensing 
activities are identified, planned and executed to a degree sufficient for the 
NRC to formally issue a Final Design Approval and certification for rulemaking 
for the Standard MHTGR. 



fJI For planning purposes, all licensing activities within the scope o£ the 
Plan are scheduled within one of two periods, namely the Preapplication and 
Application peiiods. Preapplication period licensing activities started in 
1985, and have as an objective the issuance of an NRC Licensability Statement on 
the Standard MHTGR. Application period activities will begin with the 
preparation of a Standard Safety Analysis Report (SSAR) and have as an objective 
the issuance by the NRC of a Final Design Approval and certification rulemaking 
for the Standard MHTGR Design. 

Figure 2 displays the overall licensing logic for tne Plan and identifies 
interfaces to the MfTGR Program schedule. The top two bars in the figure 
display the major elements of this Plan. The third bar displays critical 
program milestones. 

Preapplication activities have implemented early interaction with the NRC 
and laid ta.-> orjundwork for the Application activities. The objective of the 
Preapplication activity was to develop a Preliminary Safety Information Document 
(PSID) and other submittals to the NRC that led to an affirmative licensability 
sta'dnant for the Standard MHTGR. 
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Figure 2. Logic for HTGR Licensing Activities 

Conditioned on the conceptual stage of the standard MHTCP Design, the 
overall licensability statement should reach conclusions on the following 
questions: 

1. Is the Standard MHTGR Design reactor concept licensable? 

2. Are the interfaces between the Standard MHTGR Nuclear Island and the 
Energy Conversion Area and the site appropriately iditntified and 
characterized? 

3. Are the top-level regulatory criteria acceptable and can they remain 
valid through Final Design Approval7 

4. Is the methodology for proceeding from top-level regulatory criteria 
through risk assessments and other safety analysis to the 
deterministic licensing bases acceptable and can it remain valid 
through Final Design Approval? 

5. is the approach for emergency planning acceptable? 

6. is the proposed Regulatory Technology Development Plan adequate for 
the Standard MHTGR Final Design Approval? 

7. Is the proposed Application procedure acceptable? 

The conclusions drawn on these questions will provide a cloar path and 
methodology for licensing an advanced Standard MHTGR Design, and will provide 
the NRC staff with reasonable assurance that the proposed design and its method 
of development and implementation will be successful. 

3. PREAPPLICATION SUBMITTALS 

During the Preapplication period, 15 licensing submittals have been made to 
the NRC for their review, including the Licensing Plan (Ref. 1), Top-Level 
Regulatory Criteria (Ref. 3), a Regulatory Technology Development Plan (Ref. 4), 
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a 2-Volume Probabilistic Risk Assessment (Ref. 5), a 'l-volmne t'SID i Ret. b >, and 
an Emergency Planninq Bases Report (Ref. 7i. The objectives, scope, and results 
of the latter four submittals are described below. 

Regulatory Technology Development Plan (RTOP) 

The purpose of the RTDP is to describe research and development programs, 
both planned or in progress, that generate technical information directly 
related to radionuclide control and retention for the Standard MHTGR. 

The RTDP describes the requirements for data and the experimental tests 
that are needed to validate or confirm assumptions concerning the performance of 
equipment that limits radionuclide releases to acceptable limits. The RTDP 
describes the technology development required for radionuclide control in the 
following topical areas: 

1. Fuel/fission products. 
2. Graphite 
3. Metals 
4. Control materials 
5. System/component tests 

The RTDP will be expanded to include commitments made by DOE during the 
review process, such as a physics validation plan. 

In each topical area, a summary (status) of the existing data base is 
provided. Since the RTDP presents only the additional experimental programs 
intended to complete the data base, only brief summaries of the existing 
information are given. Consequently, while the RTDP focuses on identifying 
technology plans yet to be completed, it should be recognized that most oi the 
plans are backed by an existing comprehensive data base assembled from many 
years of international testing and operating experience with gas-cooled 
reactors. The additional data required for the MHTGR are for conditions 
specific to the MHTGR, to reduce uncertainties or to confirm expected results. 
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The experimental programs dencr ir«i ,n»« those jucl<je<l *o i.- ,IHM|<«I • 
complete the data base that assures that Junctions pet ioinnii by . les,; ;i: 
selections for the Standard MHTGR will be accomplished to ensure that, iwi; • 
nuclide releases canply with the applicable regulatory criteria. In addition, ,n 
response to a user-specified requirement, the RTDP includes development 
activities that are judged to be needed to assure that the Protective Action 
Guides (Ref. 8) for exposure to airborne radioactive materialti will not !»• 
exceeded at the plant's 425-m (0.26-mile) Exclusion Area Boundary. This 
requirement is ijnposed both to ensure a large margin in protection of the public 
from accidental releases and to avoid the need to involve civilian entities 
offsite with planning and training for public sheltering and evacuation. 

The RTDP supports MHTGR development leading directly to a commercial plant, 
No prototype plant project is required for full scale safety tests. All 
experimental programs described can be performed in existing test facilities; no 
major new facilities are required. However, as shown in Figure 2, a private 
sector initiative leading to the first plant will be availab:.e to provide 
demonstration and experience prior to rulemaking for design certification. 
Startup and other tests supporting certification will be developed and submitted 
by DOE to NRC for approval. 

Probabilistic Risk Assessment (PRA) 

The objectives of the PRA are to: 

1. Provide a means of characterizing the safety of the MHTGR such that 
the conceptual design can be evaluated in a logical fashion. 

2. Provide the basis for the selection of the licensing basis ever.ts 
(LBEs) evaluated in the PSID. 

3. Evaluate a wide spectrum of events with offsite consequence to show 
compliance with Protective Action Guides (PAGs) at the exclusion area 
boundary in support of the Emergency Planning Bases report. 



4. Evaluate the risk to the public due to accident, releases trom the 
standard MHTGR to show compliance with the NRC safety goals. 

The scope includes frequency and consequence assessments for a wide 
spectrum of events with frequencies greater than once in one hundred million 
years. An uncertainty evaluation for both the frequency and the consequence 
assessment is included. 

Relative to the three levels of PRA defined in the NRC Procedures Guide 
(Ref. 9). this study is similar to the most comprehensive (level 3) study. 
However, the conceptual status of the design clearly limits both the breadth and 
depth of this assessment relative to a level 3 PRA for an existing plant. 

The PRA assessment examined a broad event spectrum in order to identify 
events potentially dominant with respect to plant safety. From this 
examination, seven initiating events were selected for detailed evaluation: 

1. Primary coolant leaks. 
2. Loss of main cooling. 
3. Seismic activity. 
4. Lo6s of offsite power and inadvertent turbine trip. 
5. Anticipated transients requiring reactor scram. 
6. Control rod group withdrawal. 
7. Steam generator leaks. 

From these seven initiating events only primary coolant leaks, seismic 
activity, and steam generator leaks were found to result in potential offsite 
releases. The fission product release scenarios include depressurization of the 
reactor vessel under dry and wet core conditions with or without forced cooling. 
The accidents under dry conditions are initiated by primary coolant leaks and 
earthquakes. The accidents under wet conditions are initiated by the steam 
generator leaks. In these accidents the core cooling can be provided either by 
one of two forced cooling systems or by conduction through the reactor to remove 
heat out to the reactor cavity cooling system. 

The assessment results continued the selection o£ the Licensing Bam: 
Events included within the PSID to be appropriate and consistent with rhii; 
latest study. The PRA results confirmed that even when a broad range <A 
accidents that cover both a large cros6 section of initiating events and an 
extreme frequency spectrum is considered, the assessment of plant risk shows the 
MHTGP. to be insensitive to failures in active, engineered systems. The 
frequency of potential radioactivity releases is essentially dictated oy the 
failure of passive structures in the MHTGR. By virtue of its high reliance on 
passive features and inherent characteristics in this small MHTGR, the overall 
safety of the concept is shown to display unusually high levels of safety. The 
concept is shown to comply with the risk limits of the NRC Safety Goals and to 
do so with substantial nargin. The MHTGR is even shown to satisfy the very 
stringent user-imposed requirement that PAG doses related to public evacuation 
and sheltering are not exceeded at the site Exclusion Area Boundary. PRA 
results demonstrate that releases with frequencies as low as 5 x ]0" 7 per year 
would produce doses at the site boundary that are below the PAG sheltering 
thresholds of 1 Rem Whole Body and 5 Rem Thyroid. 

Preliminary Safety Information Document 

The objectives of the PSID are to: 

1. Provide a basis for concluding that the Standard MHTGR concept is 
licensable. 

2. Identify interfaces between the Nuclear Island, the Enenjy Conversion 
Area and a standard site. 

3. Show compliance with dose and risk criteria. 

The scope of the PSIP is to document the licensing criteria and bases that 
have been estihlifhed for the Standard MHTGR, the conceptual desiign that has 
been developed, anc! the analytical results which indicate that the criteria can 
be met. 



Th* design description provided in the PSID is focused on the Nuclear 
Island portion of the plant, though it does identify the interfaces with the 
remainder of the plant (referred to as the Energy Conversion Area) and a 
standard site. The Nuclear Island is considered to be that portion of the plant 
that has within its boundaries the standard reactor modules and "safety-related" 
buildings, structures, systems and components dedicated to assuring reactor 
shutdown, decay hest remova , fission product retention, and prevention of fuel 
chemical attack. Additionally, the Nuclear Island includes structures, systems 
and components not "safety-related," but which directly support reactor 
operation. 

The safety analyses in the PSID evaluates the Anticipated Operational 
Occurrences and the Design Basis Events against the corresponding Top-Level 
Regulatory Criteria. As shown in Figure 3, each AOO and DBE meets the limiting 
regulatory criteria with orders of magnitude of margin. 
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161 Figure 3. MHTGR Meets Licensing Requirements with Large Margins 

Emergency Planning Bases Report 

The objective of this report is to reach agreement with the NRC on the 
following points: 

1. That the approach used to select emergency planning banes for the 
Standard MHTGR is consistent with and in instances more conservative 
than that used by regulatory agencies for existing reactors. 

2. That emergency planning zones derived using this approsch for the 
standard MHTGR are appropriate. 

3. That, since the plume exposure is encompassed by the plant exclusion 
area boundary, no plans or drills for rapid notification, sheltering, 
or evacuation of the public are required for the Standard MOTGR. 

The scope of the report includes a description of the approach used to 
determine emergency planning bases for the standard MHTGR, as well as its 
application in determining emergency planning bases for the plume exposure 
pathway. The licensing basis events that are considered to form the emergency 
planning basis are defined, based on the PRA, and include the design basis 
events discussed in the PSID. The radiological consequencor of the selected 
events are assessed for the plume exposure pathway using methods consistent with 
those used in the PRA. The determination of appropriate emergency planning 
bases is made in a manner consistent with, and in some instances more 
conservative than, the approach and rationale in NUREG-0396 (Ref. 10), which 
documents the planning bases for emergency planning for light-water nuclear 
power plants. The implications of the resultant EPZs on emergency planning for 
the Standard MHTGR are briefly discussed. Actual plans for responding to a 
radiological emergency are outside the scope of this report. 

The PRA evaluates the events in the Emergency Planning Basis Region. 
Figure 3 shows that the EPBEs easily meet the NRC safety goal for individual 
latent fatality risk as well as the PAG for sheltering off site. Even less 
frequent events are also evaluated in the PRA, and as Figure 3 shows, their 
consequences offsite also meet the PAG for sheltering. Several of the bounding 
events and their doses are discussed in Reference 11. 



\J2 «. REGULATORY INTERACTION PROCESS AND RESULTS 

Extensive interactions have taken place during the past five years with the 
NRC, its staff, and the Advisory Committee on Reactor Safeguards (ACRS). The 
NRC's Advanced Reactor Group has performed the technical review with input from 
their contractors and consultants, including oak Ridge and Brookhaven National 
Laboratories. 

Briefings have been held to familiarize NRC staff, the ACRS cmd various of 
its subcommittees with the MHTGR design and technology. From tijne to time the 
Commissioners have been collectively and individually briefed on the status of 
the interactions. The review of the design and technology has been based on 
numerous submittals to the NRC from 1985 to 1987, with working meetings almost 
monthly during 1987. In total, there have been more than 50 meetings over the 
last five years, with over 25 meetings with NRC's Advanced Reactor Group and 
over 10 meetings with the ACRS. 

The formal review of the submittals by NRC and the ACRS has been completed. 
_ Ti>e NRC has drafted the Safety Evaluation Report (SER) on the MHTGR design. In 
this Preapplication period, the SER provides initial guidance to the designers. 
The SER reviews the design with an emphasis on the equipment relied on to meet 
regulatory criteria. Independent contractor evaluations of the response of the 
MHTGR to off-normal events are included. 

In general, the SER concludes that the MHTGR has the potential to have a 
high level of safety, is expected to exceed the safety level of current LWRs, 

" and has the potential to meet or exceed the NRC Safety Goals. Particular 
aspects of the MHTGR design and licensing approach that have been found 
technically acceptable by the NRC reviewers include the absence of traditional 
pressure-retaining containment structure, the use of a mechanistic source term 
to determine site suitability, and the absence of the need for an offsite plan 
for evacuation or sheltering of the general public. 

The SER was submitted to the Commissioners in August. It is under review by 
the ACRS, from whom a favorable letter is expected in September. The ACRS is 
expected to comment on the MHTGR containment system and the role of the 

operator, while focusing on generic Advanced Reactor Policy issues. The 
issuance of the SER will significantly influence the continued development of 
the MHTGR design, as well as the private initiative to market the MHTGR. 

The preapplication interactions with the NRC have been very constructive 
and invaluable to the MHTGR program. The feedback has enabled the preliminary 
design to get underway with an understanding of the regulatory requirements for 
advanced reactors and of the specific areas of interest to the regulator. The 
MHTGR program looks forward to receiving a favorable SER and to continued 
productive interactions with the NRC. 

ACKNOWLEDGEMENTS 

This paper was supported by the Department of Energy, San Francisco 
Operations Office Contract DE-AC03-88SF17367. 

REFERENCES 

1) "Licensing Plan for the Standard HTGR," DOE Report HTGR-85001, Rev. 3, 
February 1986. 

2) U.S. Nuclear Regulatory Commission, "Policy for the Regulation of 
Advanced Nuclear Power Plants," Federal Register, Vol. 51, p. 24643, 
July 8, 1986. 

3) "Top-Level Regulatory Criteria for the Standard HTGR," DOE Report 
DOE-HTGR-85002, Rev. 2, October 1986. 

4) "Regulatory Technology Development Plan for the Standard Modular 
High-Temperature Gas-Cooled Reactor," DOE Report DOE-HTGR-86064, Rev. 
1, August 1987. 

5) "Probabilistic Risk Assessment for the Standard Modular High-
Temperature Gas-Cooled Reactor," DOE Report DOE-HTGR-86011, Rev. 5, 
April 1988. 



6) "Preliminary Safety Information Document for the Standard MHTGR," DOE 
Report HTGR-86024, through Amendment 9, April 1988. 

7) "Emergency Planning Bases for the Standard MHTGR," DOE Report 
DOE-HTGR-87001, Rev. 1, August 1987. 

8) "Manual of Protective Action Guides and Protective Actions for Nuclear 
Incidents," Environmental Protection Agency Report EPA-520/1-75-001, 
September 1975 (revised June 1980). 

9) "PRA Procedures Guide," NRC Document NUREG/CR-2300, January 1983. 

10> "Planning Basis for the Development of state and Local Government 
Radiological Qnergency Response Plans in Support of Light Wataer 
Reactor Nuclear Power Plants," U.S. Nuclear Regulatory Commission and 
U.S. Environmental Prelection Agency Report, NUREG-0396: 
EPfc-520/1-78-016, December 1978. 

11) A. J. Neylan, presentation at GCRA Conference, San Diego, CA, 
September 20, 1988. 

163 

STORAGE AND FINAL DISPOSAL OF SPENT HTR FUEL 
IN THE FEDERAL REPUBLIC OF GERMANY 
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Kemforschungsanlage Jiilich GmbH, 
Julich, Federal Republic of Germany 

Abstract 

Current HTGR designs in the Federal Rebpulic of Germany are based on 
low-enriched uranium fuel. The paper describes various aspects of thirt fuel 
cycle including spent fuel treatment and technical concepts for intermediate 
storage and final disposal. In addition the status of related research and 
development programmes i s presented. 

1. Principle considerations 

1 .1 . The HTGR fuel cyc l e 

In the e - - l^ years of the peaceful use of nuclear power, i . e . in 
the l a t e s i x t i e s and in the s event i e s , expectations of high growth 
rates of nuclear energy made neutron economy and beat poss ib le 
u t i l i z a t i o n of the uranium resources the most important factors in 
an optimized nuclear fuel cyc l e . As a l og i c consequence, the 
uranium-thorium cyc le with reprocessing was being explored and 
developed for the high temperature reactor in both the U.S.A. and 
the FRG. Even nowadays we would probably f ivor t h i s cyc le for 
reasons of eventual uranium shortage in a world of wide spread 
nuclear power generation. 

In the l a t e s e v e n t i e s , however, we learnt that commercialization 
of the HTGR was to come much la ter than expected in a world 
wherein a v a i l a b i l i t y and the price of uranium no longer play a 
leading role in nuclear planning. In fac t , e n t i r e l y d i f f erent 
requirements must be met now by a sound HTGR fuel s trategy . 
Present requirements re su l t from p o l i t i c a l aspects such as 



Ill - non-proliferation 

- public acceptance of nuclear power up to spent fuel treatment 
and waste disposal 

as well as from technical/economical assets such as 

- manufacture and handling of rather small amounts of fuel. 

The given circumstances taken into account, today's core 
physicists and fuel cycle experts have reluctantly left the 
thorium-uranium closed fuel cycle for the low enriched uranium 
(LEU) fuel with direct disposal of the spent fuel elements. 

With LEU fuel too, the HTGR can make good utilization of the 
uranium (Table 1): HTGR LEU fuel allows high burn-up figures 
beyond 80.000 or even 100.000 MWd/t HM. In reality fuel element 
burn-up in the AVR mass testing is peaking at 150.000 HWd/t HM. In 
general, both 90% of the initial U 235 and the bred, fissionable 
plutonium are burned in-situ. Effectively, uranium consumption in 
HTGR's without fuel reprocessing is roughly the same as in LWR's 
with fuel reprocessing in terms of electricity generation. In 
addition it has to be taken into account that the isotopic 
composition of plutonium in spent HTGR fuel is very poor with 
respect to effective reprocessing. 

Table 1 : Utilization of low enriched Uranium in HTR 

Reactor Concept 200 MW 3000 MW 
MOGUL 

Burn-up (MWd/l) 80 000 100 000 

in-situ utilization 
fissile U (%) 87 84 
fissile Pu (%) 86 89 

1.2. Aspects of Spent HTGR Fuel Treatment 

Presently of more importance in the FRG than any uranium in-pile 
economy is that of the spent fuel treatment concept. The HTGR fuel 
element, into that area, bears many a positive feature and most of 
the safety related properties, quoted in our plant accident safety 
analyses, are likewise effective during spent fuel intermediate 
storage and final disposal) 

- the fuel particle coating, providing an effective long-terra 
barrier against fission product transportation, may reduce the 
effort for additional engineered barriers 

- the low power density allows for passive air cooling systems in 
intermediate storage facilities and is helping towards 
application of disposal techniques developed for medium active 
waste forms. 

- the solid, homogeneous graphite matrix of the fuel element 
minimizes spent fuel conditioning effort towards an acceptable 
package form for final disposal 

- the corrosion resistance of both matrix and fuel coatings 
against repository related salt brines help to simplify the 
final disposal packaging concept. 

- the small dimensions of the pebble bed HTGR fuel element allow 
for small and easy-to-handle equipment for intermediate and 
final storage. 

The FRG approach to spent HTGR fuel treatment is baaed on both, 
safety and economical aspects and involves: 

intermediate dry storage in appropriate containers and 
facilities and 



final disposal in a salt mine by application of techniques 
under development for heat generating, medium-active waste. 

For final disposal, other technical solutions than the embedding 
in salt rock seem possible and could easily be developed. 

The techniques for intermediate dry storage of spent HTGR fuel 
have been fully developed and arc being demonstrated in several 
operatin? facilities of prototype or pilot nature with AVR fuel or 
even of commercial character vith spent fuel from the THTR. 
Safety features and existing margins in the design and behavior of 
components are underlined by results from extensive R&D work and 
are continuously proven by ongoing measurement of the low 
radiation levels and release rates at operation. 

Development of technique ai.i components for the final disposal of 
spent HTGR fuel is well under way and comprises test programs on 
spent fuel behavior under repository conditions during and beyond 
the loading phase as well as the development of appropriate 
packagings and handling equipment combined with in-situ 
demonstrations. 

2. Intermediate Storage 

2.1. Technical Concepts 

Two basic technical solutions can be offered for the safe dry 
storage of the spent KTGR pebble bed fuel: canister storage behind 
concret shielding or canister/direct storage in shielded 
containers licensed for transportation too. Both solutions are 
being applied for spent AVR fuel contained in canisters of 950 
fuel element capacity (Fig. 1). 

AVR DRV STORAGE FACILITY 
WITH CANISTER RACKS 
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AVR SPENT FUEL 
CANISTER FOR 
WET STORAGE 
CAPACITY: SO FE 

AVR SPENT FUEL 
CANISTER FOR 
DRY STORAGE 
CAPACITY: 950 FE 

AVR SPENT FUEL 
TRANSPORT/ 
STORAGE CASK 
CAPACITY: 1900 FE 
In 2 CANISTERS 

Fig. 1: AVR sptnt fuel storage at KFA 



m Concepts at first solely centered on the transfer of canistered 
fuel as received from the discharge unit at the reactor into 
storage racks behind concrete shielding of equivalent holes of a 
vault type facility. Both variants seemed to present a logic 
forward solution. Depending on the maximum possible canister 
temperature and because of the temperature limit with corcrote 
structures, the storage facility might receive forced aii cooling 
or rely on natural air flow, a passive system. For containment 
purposes, such storage facilities may incorporate a separate 
barrier (caisson type) or be subdued to control of the entire air 
flow. 

Such designs h«ve been realised with both of the existing HTGR 
plants in the FRG, the experimental power plant AVR and the THTR. 
Principal data for both canister type storage facilities are given 
in Table 2. The dry storage facility for spent AVR fuel at KFA, 
i.e. away from the plant, went operational in 1981 and has 
presented no problems since. Recently its technical capacity was 
raised and utilised to 112 canisters or 106.000 elements ( =. one 
full AVR core). 

The at-reactor canister storage for spent THTR fuel (Figs. 2 and 
3) was licensed in 1982, fully commissioned in 1984 and received 
its first regular spent fuel in July 1988. 

The principle of canister-at-reactor storage was also adopted in 
the HTR-500 planning. 

In recent years the LWR spent fuel storage concept using 
transport-storage cask with the adventageous aspect of increasing 
the storage capacity as needed was taken over in planning away-
from-reactor storage facilities for spent HTGR fuel and is now 
fully integrated in the spent AVR and THTR fuel treatment concept. 
For both cases, similar casks have been designed, but, while not 
differing much in volume and capacity (Fig. 4), the THTR version 
fully represents the LWR cask feature as a containment, while the 

Table ? MAIN DATA OF OPERATING DRY STORAGE FACILITIES FOR 
SPENT HTR PEBBLE BED FUEL IN CANISTERS 

PROPERTY AT REACTOR 
STORAGE FACILITY 

THTR 
AWAY FROM REACTOR 
STORAGE FACILITY 
FOR AVR FUEL 

STORAGE TYPE, 
COLLING 

STORAGE IN HOLED 
CONCRETE BLOCK 
FORCED AIRCOOLING 

STORAGE IN METAL 
RACK IN CONCRETE 
CAVE) COOLING BY 
NATURAL CONVECTION 
(RACK) IN VENTED CAVE 

DIMENSIONS 12 X 12 x 7 • RACK. 2.6x5.7x2.2 • 
CAVEi B x 7 x 6 m 

CONCRETE 
SHIELDING 

1.4 m 1.3 m 

AIR COOLING 10* m»/h 2x10* m»/h (CAVE) 
ELEMENT 
CAPACITY 

454 000 68 400 

MAX. HEAT 
PRODUCTION 
IN FACILITY 

232 kW 7.3 kW 

ELEMENTS PER 
CANISTER 

2100 950 

CANISTER 
MATERIAL 

BOILER STEEL STAINLESS STEEL 

CANISTER 
LEAK RATE 

<10-» <10-« (mbar l/«) 

CANISTER 
POSITIONS 

8 X 9 x 3 • 216 4 x 9 x 2 - 72 

CANISTER 
STACKING 

3 2 

MINIUM DECAY 
TIME OF FUEL 
ENTERING 

10 d 2 yrs 

DECAY HEAT 
PER ELEMENT 
(MAXIMUM) 

S 4 W .1 W 

CANISTER 
CENTER TEMP 

320°C max. -40°C 

CRITICALITY <.91 <.92 
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low leakage rate permanently monitored 

: LWR SPENT FUEL STORAGE CONCEPT 
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Cask for Spent AVR Fuel 
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: HTGR SPENT FUEL ECONOMIC 
STORAGE CONCEPT 
"CASTOR AVR" 
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steel liners 
: KFA DESIGN "COCON" 

Fig. 4: Transport/storage casks for spent HTGR fuel 



]|| AVR version more economic design in that the functions of the cask 
are reduced to a more mechanical protection and radiation 
shielding. In the AVc cask the welded canisters inside - loading 
may be seen in Fig. 5 - take the effective part of fuel 
containment. Two types of the simplified AVR cask are being 

Fig. 5: In-cell loading of canister into AVR T/S cask 

licensed, one with the typical nodular cast iron body, the other 
has a lid and body made of high density concrete with steel 
protection on both sides. Table 3 gives the principle data of the 
transport-storage (T/S) casks for dry storage of spent AVR and 
THTR fuel. 

Table 3 MAIN DATA OF TRANSPORT STORAGE CASKS FOR SPENT HTR-KUBL 

PROPERTY T-S CASK T-S CASK 
FOR SPENT THTR FUEL FOR SPENT AVR FUEL 

CASK TYPE CASTOR-THTR/ 
TN-THTR1 
WITH DOUBLE LID 

CASTOR-AVR 
TN-AVR 
WITH SINGLE LIT 

DIMENSIONS) 
OUTER-HEIGHT 

-DIA 
2800 
1370 

2S30 
1090 

TOTAL WEIGHT, 
LOADED 

24 t 19 t 

MATERIAL NODULAR CAST IRON NODULAR CAST IRON 
CAPACITY! 
CANISTER TYPE 
NUMBER 

THTR 
ONE 

AVR DRY STORAGE 
TWO 

FUEL ELEMENT I 
TYPE 
NUMBER 

THTR-FB 
2100 

ALL TYPES OF AVR-FB 
1900 

BARRIERS 
AGAINST ACTIVITY 
RELEASE 

TWO, PROVIDED BY 
DOUBLE SEAL (METAL 
OR METAL/ELASTOMER 
WITH CASK LIDS 

TWO, PROVIDED BY 
1) CANISTER WELD 
2) FUEL PARTICLE 

COATINGS 
DESIGN PARAMETERS 
SYSTEM, GENERAL 
INTEGRITY/ 
RADIATION 
SHIELDING 

ALL REQUIREMENTS UNDER IAEA REGULATIONS 
FOR TRANSPORTATION OF IRRADIATED, FISSILE 
MATERIAL ARE MET (TYPE B(U) PROPERTIES) 
THIS HOLDS FOR NATIONAL KTA REGULATIONS TOO 

FUEL SPECIFICATION) 
DECAY TIME 

HEAT 
200 d'S MINIMUM 
9S0 W 

4 yrs MINIMUM 

MAX. FUEL TEMP. S160"C S70*C 

FILLER GAS INERT GAS AIR 
CRITICALITY 
xeff <.9 <.8 



T/S casks are being considered as intermediate spent fuel storage 
reference for the modular type HTGR and according design work is 
going on for lay-out and handling equipment. Such casks may be of 
larger cize for economic reason, however. 

Fuel monitoring as applied in spent LWR fuel storage is obviously 
not necessary with HTGR spent fuel storage systems. 

2.2. R+D work relating to intermediate storage 

There has been and still is extensive measuring of the spent HTGR 
fuel properties relevant for intermediate storage in KFA's 
-research program^ 
With Tritium and Kr85 being the only significant permanent 
contributors to radioactivity release from spent HTR fuel at 
storage conditions, an experimental data base has been generated 
and, for statistical reasons is still increased. Release of Kr85 
is of course confined to fractions outside the intact coated 
particle fuel and very low for fuel elememts with defect particle 
fractions of S 10-* or even lower as is with the new HTGR elements 
with TRISO coated low-enriched U0 3 fuel. 
Recently, when analysing gas samples from canisters put to storage 
several years ago, marked portions of UO a were noted carrying some 
С 14, which is always present on the surface of HTGR fuel 
elements. Clearly these COa portions-and any gaseous amounts of 
С 14 with them-strongly connect to the inital moisture content of 
the canister gas and will not be present, if such moisture 
excluded from the system. 

Measurement programs accompany the AVR Dry Storage Facility right 
from the startup. Results are verifying the design parameters and 
any changes in canister gas components and contribute towards the 
data base for further canister type HTGR spent fuel facilities. 

Likewise, a measurement program with two prototype AVR T/S casks 
is rendering equivalent experimental evidence for future planning 
of T/S cask type storage plants as will a planned program with 4 
AVR casks of the two versions being licensed now. 

3. Final Disposal 

3.1. Storage in salt rock 

Many years ago, the government of the FRG decided to dispose of 
nuclear waste in deep geologic formations as the beet possible 
option of thorough separation from the biosphere (Fig. 6). For 
heat generating radioactive waste forms, salt rock was chosen as 
host medium because of its unique visco-plastic properties, which, 
by lithostatic pressure plus temperature influence as the driving 
force, will ensure the natural barrier of the host rock to built 
up within a few years time after embedding the waste packagings. 
Besides full characterisation and additional conditioning of the 
waste where necessary, suitable packagings and the according 
techniques for their disposal in the repository need be developed. 
Because of the complexity of the task on account of e.g. combined 
radiologic and mine related boundary conditions apart from the 
legal requirements, final solutions, optimised for both safety and 
economy, can be achieved by iteration only, however. 

3.2. R+D-requirements 

R+D work towards final disposal of spent HTGR pebble bed fuel must 
cover the following areas: 

- characterisation of the radiological, mechanical and chemical 
properties of a spent fuel element, the nuclear inventory of 
which is given by burnup codes. The measurement supported 
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description must provide information on the distribution and 
physical/chemical form of relevant elements resp. nuclides. This 
information is essential for the formulation of the source tarn 
in ahy safety analysis work. 

- investigation into the mechanical and chemical behavior of the 
HTGR fuel under realistic repository conditions including the 
attack of relevant brine which might reach the fuel after 
emplacement and proper closure of the repository location, i.e. 
the borehole, shift and gallery. 

- development of a safe and economical packing concept, which 
takes into account tho fuel element properties and should assist 
the longterm immobilisation of relevant nuclides and generation 
of all necessary data for the chosen disposal package including 
experimental evidence by model and real size testing under 
repository conditions. 

- development of a suitable emplacement technique in the salt rock 
from a conceptual design up to manufacture and in-situ testing 
of prototype components. 

3.3. Packaging design 

Tne favourable properties of spent HTGR pebble bed fuel offer 
flexibility in the choice of packaging design and emplacement 
technique. 
Our reference concept is the insertion of 400 liter volume 
packagings with a capacity of about 1600 spheres into unlined 
boreholes, 310m in depth (see Fig. 6) from drifts, 800m 
underground. 
Regarding mechanical stability and containment function, two 
package variants are being explored! the first a thin walled 
canister, mechanically stabilised by backfilling thus keeping the 
spheres from breakage under the converging rock, the alternative, 



a heavy built, self supporting container of the same outer 
measures holding the spheres loosely cached and providing a 
separate containment and thus an additional barrier. The 
transport, handling and emplacement technique for botn variants 
will essentially be the same and not HTGR-specific, as it will be 
developed in any case for the disposal of :-.aat generating medium-
active waste in similar packagings 
With the existing HTGR plants, the spent fuel must oe transferred 
from their intermediate storage containers into packages suitable 
for final disposal. Future planning however, will aim for a 
simplified spent fuel treatment concept using the same container 
design for both intermediate and final storage thus eliminating 
any container re-opening Such a concept is expected to lower the 
doce level to man and it would have economic advantages. 

In a fall-back disposal concept, prrbabiy »cre expensive, an HTGR 
version of the Pollux cask, under development for disposal of 
spent LWR fuel, is being considered. The preliminary design offers 
a capacity of 8.400 HTGR *uel spheres giving a total weight of 
about 56 metrix tons. 

The basic design and lay-out of the FRG Pilot Conditioning Plant, 
the construction cf which has already started, will incorporate a 
shielded cell, where spent HTGR fuel elements, e.g. from the THTR 
contained in their specific storage canister, can be transferred 
into either the 4001 disposal package or into a Pollux type cask. 

3.4. R+D-results 

R+D work goes on in all areas mentioned: 

- Burnup codes, applicable to the pobble bed HTGR, aro available; 
their verification, e.g. for Pu isotope abundance, is well under 
way. 
Data about inventories and their di3tribution for the disposal 

171 relevant longterm nuclides are being compiled. 

The mechanical behavior of spent HTGR fuel under repository 
condition is being studied with particular emphasis of coated 
fuel particle integrity (Fig. 7). ResultH show that, inspire of 
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fuel element crushing under converging rock, there appears to be 
little damage to fuel particles. 
These crushing tests will be extended with packs of spent fuel 
elements in the respository relevant temperature rango (SO -
150°C). 

- The leach-resistance of spent HTGR fuel is being investigated at 
up to 300bar and 150°C with full spheres, separated coated 
particles and naked kernels. Present results may be summarised 
as follows: 

- from fuel spheres the as-manufactured and inpile contamination 
of the graphite matrix is slowly released into *.he brine, 
constant release rates of 103Bq/d and element are observed 
after one year. No additional contribution from the coated 
particle fuel is noted (Fig. 8); 

- from separated defect fuel particles, the release rates are by 
magnitudes higher wnile naked UOa-kernels practically fully 
release their inventories within a year, (U, Th) Oa-kernels to 
about 10%; 

no sign of any corrosion effect has yet been found on particle 
coatings. 

- A first model for nuclide mobilisation has been generated and is 
used in longterm safety analysis. 

- Crushing tests with thinwalled (Fig. 9) packages and 180 liter 
volume drums were carried out. They were loaded with graphite 
spheres resp. with fueled spheres containing depleted uranium. 
Package variants did contain 

spheres without any backfill 
packages with quartz sand backfill 

. packages cemented 
packages with salt grout backfill. 
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Fig. 9: Crushing tests with 1501 waste packaging 

variants at room temperature, 300 bar 

The final load was 25MPa; packs of 21 spheres were used tn.r 
model tests at 25, 50, 75 and 200°C (no cement). The peckaqes 
without backfill material exhibited a considerable vo)ui9 
reduction with nearly all spheres cracked, while a backfi' I with 
quartz sand fully stabilized the volume with hardly any sphere 
damage. The same stabilization was reached by cementing, whereas 
the salt grout, especially at higher temperatures, produced a 
sintering effect and led to considerable sphere breakage. The 
results demonstrated that sphere integrity can be retained by 
reasonably simple methods. 

For the emplacement technique basic design data have been agreed 
upon and a conceptual design will be chosen at the end of this 
year. The concept will allow a certain flexibility towards the 
packaging design requirements and several variants will be further 
developed in parallel, before final decisions are being taken. The 
principles of the borehole technique for medium-active waste from 
LWR reprocessing work and spent HTGR fuel will be demonstrated 
with cemented hulls and feed solution residues from the Karlnruhe 
reprocessing pilot plant WAK and with spent AVR fuel elementu in 
their sealed storage canisters in unlined, vertical boreholes off 
the 800m gallery in the ASSE salt mine (Fig. 10). This in-sit:u 
disposal test with a planned duration of 5 years will finish with 
retrieval and examination of the packages and is combined with a 
measurement program, which should render additional information on 
package and borehole properties and reveal aspects for design 
finalisation. A precursory simulation test will start this year 
for e.g. verification of moisture enhanced converge rates at 
relevant temperature. 

The present status of R+D work in the field of final disposal of 
spent HTGR pebble bed fuel may be summarized as follows: 

For the borehole disposal concept conceptual design data are 
available. Regarding a suitable packaging for spent HTGR fuel, 



10 m 

Fig. 10: Retrievable disposal test with spent AVR 
fuel elements In the ASSE salt mine 

evaluation of the mechanical behavior of elements in tests under 
near repository conditions has shown that standard HTGR fuel 
particles can generally survive the crushing of the element under 
rock pressure, but, for safety reasons, a backfill matrix such as 
quartz sand or cement (temperature limit 90°C) should be applied 

with stand light weight disposal canisters to prevent element 
breakage as a whole. No corrosion due to brine has been found on 
particle coatings. A large scale test is under preparation in the 
german salt mine ASSE. Boundaries for the economical disposal of 
spent HTGR fuel following the concept are being explored. 
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175 Fig. 11: HTR spent fuel treatment concept 

4. Conclusions 

Since several years, in the FRG there is a clear concept for HTGR 
spent fuel treatment (Pig. 11)t The fuel is stored for a while in 
dry storage facilities, gets a rather simple condititoning and 
then is given into a dee,? salt dome repository for final disposal. 
The HTGR spherical fuel with coated particles offers many 
advantages for this way. The historical development has led to 
several well established techniques for intermediate storage, 
which give a sound basis for further optimization. The necessary 
experiment a.1 proofs for the final disposal are under way with hot 
cell experiments and with field tests. All results so far confirm 
the choosen concept. 
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Abstract 
The Modular High-Temperature Gaa-Coolad Reactor (MHTGR) la an advanced 
caactor concapt balng davalopad under a cooparatlva program Involving the 
C.S. Government, tha utllitla* and tha nuclaar Industry. This plant design 
utilizes basic High Temperature Gas-Cooled Reactor (HTGR) features of 
caramlc fuel, helium coolant, and a graphite moderator. Tha MHTGR dvslgn 
approach leading to exceptional safety performance also leads to plant 
operation which ±m characterised by extremely low radiological emissions 
even for vary low probability accidents. Coated fuel particles retain 
radionuclides within tha fuel, thus minimizing material contamination and 
personnel exposure. Tha objective of thla paper Is to characterize 
radioactive effluents expected from the normal operation of an MHTGR. In 
addition, other nonradioactive effluents associated with a power generating 
facility are discussed. 

Nuclaar power plants produce radioactive effluents during normal operat'-in 
in gaseous, liquid and solid forma. Principle sources of radioactive waste 
within the MHTGR are identified. The manner in which It is planned to 
treat these wastes Is described. Like other reactors, the MHTGR produces 
nonradioactive effluents associated with heat generation and chemical 
usage. However, due to the MKTGR's higher efficiency, water usage 
requirements and chemical discharges for the MHTGR sre minimized relative 
to other types of nuclear power plants. 

Based upon prior operating HTGR experience and analysis, affluents are 
quantified in terms of radioactivity levels and/or emission volume. 
Results, quantified within the paper, demonstrate that affluents from the 
MHTGR are well below regulatory limits and that tha MHTGR has a minimal 
impact upon tha public and the environment. 

Vork supported by Department of Energy Contract No. DE-AC03-88SF17367. 

1. INTRODUCTION 

Undar sponsorship by tha U.S. DOE and in cooperation with utility/user* 
represented by Gas-Coolad Reactor Associates (GCRA) and the National 
Laboratories, several U.S. corporations (Including Bechtel National, lac, 
Combustion Engineering, General Atomics, snd Stona & Webatar Engineering 
Corporation) have designed an MHTGR plant, which will provide highly 
reliable, economic, and safe nuclear power. This advanced reactor design 
builds upon experience from operating High Tempereture Gas-Cooled Reactors 
(HTGRs) incorporating the following standard HTGR featuresi 

* refractory coated particle fuel capable of retaining radionuclides at 
high tempereturea; 

* graphite moderator which remains stsble to high temperatures and ha* a 
high heat capacityj and 

* helium coolant which la Inert, non-corroalve, and remains as s gas 
under all operating conditions. 

US ope-ating experience with the 330 MW(e) Fort St. Vrain (FSV) and 40 
MW(a) Peach Bottom - 1 reactors demonstrates that these standard HTGR 
feature* provide the capability to produce electricity more efficiently 
with lower personnel radiation exposure levels then LWR power plants (Ref. 
1,2) Likewise, Federsl Republic of Germany (FRG) operating experience with 
the 13 MU(e) Arbeitsgemelnschaft Versucha Reaktor (AVR) and 300 MW(a) 
Thorium Hochtemperaturreaktor (THTR) confirm tha poaltiva attributes of 
Hochtemperaturreaktor (HTR) operation (Ref. 3). MHTGR design selections 
enhance these HTGR features to ensure that the plsnt meets stringent 
user/utility requirements for safety, investment protection, and 
environmental compatibility. Within this paper, MHTGR radioactive snd 
nonradioactive effluents sre quantified and compared with regulatory 
limits. 

2. DESIGN DESCRIPTION 

The reference MHTGR plant design shown in Figure 2-1 features four 350 
MU(t) reactor modules coupled to two steam turbine generators thst produce 
a net electrical output of 540 MW(e). The design draws upon proven 



Fig. 2-1 Four Unit MHTGR Reference 
Design 

technology In operating nuclear and fossil-fired plants. Table 2-1 
summarizes key design parameters for the MHTGR. 

TABLE 2-1 

MHTGR DESIGN PARAMETERS 

MHTGR 
4 X 350 
(Ref. 4) 

Core Thermal Power, MW(t) 1400 

Plant Electric Output, MW(e) 540 

Plant Efficiency, X 38 

Core Power Density, kW/liter 5.9 

Fuel/Moderator Volume Ratio i.0/5.0 

Design Fuel Burnup, MWd/Te 98000 

Refueling Cycle 1/2 core 
per 20 months 

As shown In Figure 2-2, the modular icactor components are contained within 
a steel vessel made up of a reactor vessel, a steam generator vessel and a 
connecting crosaduct vessel. Each reactor module is housed in adjacent, 
but aaparate, reinforced concrete alios located below grade and enclosed by 
a common maintenance hall. Although operating and decay heat loads from 
the reactor are normally removed through the steam generators or shutdown 
cooling heat exchangers utilizing helium gas circulators, a passive, 
air-cooled system is also available to remove decay heat loads v'a natural 
convection of outside air through the cooling panels located in each 
reactor silo cavity. 

Auxiliary structures that houae common systems for fuel handling, helium 
processing and other essential services, complete the Nuclear Island 
portion of the plant. Waste treatment rystems utilize conventional designs 
proven effective In operating LWRs and gas cooled reactors, Including the 
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Fig. 2-2 Nuclear Steam Supply Module 



FSV plant. Remaining plant facilltlts arc similar to those found In • 
modern fossil-fired plant. The turbine generator plant employs a nonreheet 
steaai cycle to provide a plant overall efficiency of 38X (which Is higher 
than LWR or scrubber-equipped coal-fired plant efficiencies.). For the 
reference HHTGR plant design, a mechanical draft cooling tower rejects the 
condenser best load to the atmosphere. 

RADIOACTIVE EFFLUFNTS 

Criteria utilised In developing the MHTCR provide for the protection of the 
public and the environment. r'or routine operation, this includes meeting 
regulations specifying limits for liquid, gaseous, and solid releases of 
radioactive materials to tha environment as embodied In 10CFR20, 10CFR50, and 
10CFR61 (Ref*. 5,6, and 7). 

Routine plant operation results In small quantities of rsdlonuclides being 
released into the environment. FSV operating experience has demonstrated 
tnat gaseous and liquid affluents ara typically ovar an order of magnitude 
lower than the averege of the US nuclear power industry (Ref. 1). 
Preliminary studies Indicate that volumes of low leval solid wastes and spent 
fuel frou the MHTGR are comparable to volumes generated by LWR plents. 

LIQUID EFFLUENTS 

During routine operation, radioactive liquid wastes from the MHTGR are 
segregated into two categories based upon electrical conductivity, 
which is a measure of dissolved impurities. The bulk of the waste, 
which Is low in electrical conductivity (less than 50 mho/cm) and 
varied in radioactivity level, 13 collected in a receiver tank. On a 
batch basis, lew conductivity liquid waste is processed through a 
filter/deminerslizer. Although higher decontamination levels may be 
achieved with evaporators, LWR experience Indicates that 
deminerallzers are easier to operate and are less subject to 
operational upset. Treated liquid from the demineralizer is collected 
in a test tank for monitori ig prior to discharge. The high 
conductivity waste stream is collected in a separate receiver tank and 
consists of highly tritiated waste and wastes from decontaminating 
equipment. 

Expected radioactive liquid effluent releases for the HHTGR ere 
calculated in Ref. 8 Lo be five to eight orders of magnitude lower 
(depending upon the radionuclide) than the maximum permissible 
concentration limits of 10CFR20. These calculations assume a 20 to 1 
dilution of the liquid effluent by s cooling towsr blowdown flow prior 
to dischsrge to tha environment. Although utilization of a cooling 
tower results in lower effluent flows and higher effluent 
concentrations than use of a cooling reservoir, the reference MHTGR 
design Includes cooling towers for siting flexibility. 

In the US, effluent releases from nuclear power plants meet offsite 
doses specified Jn the design objectives of 10CFRS0, Ap? I. Table 3-1 
provides the expected annual releases of dominant radionuclides 
contained In MHTGR liquid raleaaas. Lowar radiation levels in MHTGR 
releases permit equipment design selections which improve plant 
availability (aurh as the increased reliability sssocisted with 
demineralizars) end increese siting flexibility (since a large body of 
water is not required for an MHTGR sits). 

TABLE 3-1 

EXPECTED ANNUAL LIQUID RELEASE FROM THE MHTGR 

Nuclide 

1-131 

Cs-137 

8a-140 

<*) Read aa 4.9 x 10" 6. 

MHTGR Releases 
(Ci/yr) 

«.9(-6)<"> 

2.2(-M 

3.K-7) 

GASEOUS EFFLUENTS 

During routine operation, aourcea of radioactive , *eous releases from 
the MHTGR include: resctor building ventilation, helium purification, 
gaseous radioactive waste system, and neutron activation of air 
circulating through the Reactor Cavity Cooling System (RCCS). 



Utilizing redundant high efficiency particulate/charcoal filtration 
assemblies and redundant waste gas exhaust blowers, the MHTGR Gaseous 
Waste System filters, monitors, and subsequently releases 
nonradioactive or low-level activity gases to the environment as an 
elevated release. In the event of a high activity alarm, the flow 
stream Is diverted to the waste gas vacuum tank for treatment until 
the high-activity source is isolated. Radioactive gases or gases 
potentially above a preset activity limit are accumulated within the 
waste gas vacuum tank, compressed by diaphragm compressors. Surge 
tank-i retain these gases for 30 days to allow for radioactive decay 
prior to release to the environment. Helium and noble gases from the 
waste gas surge tanks are not recycled as the cost savings do not 
appear to justify the additional capital costs for equipment, 
controls, piping, valves, and Huilding space required to recover the 
helium. 

It is demonstrated within R-sf. 8 that the maximum expected 
radionuclide concentration from gaseous effluent releases for all 
MHTGR sources ate a small fraction of 10CFR20 limits. In the US, 
concomitant doses essociated with gaseous effluent releases must also 
meet 10CFRS0, App. I limits. Using conservative site meteorology 
parameters, it has been shown that tb- concomitant doses for MHTGR 
releases are over an order ol magnitude below 10CFR50 App I limits 
(Ref. 8). Table 3-2 provides a tabulation of the gaseous releases of 
dominant dose-contributing radionuclides generated by the MHTGR. 

SOLID WASTE 

Solid radioactive waste materials from the MHTGR include solidified 
wet wastes, spent resin from liquid waste process demineralizers, 
ipent filter cartridges, high-temperature filter units, low-level 
compressible wastes. High Efficiency Particulate Absorber (HEPA) and 
charcoal filtration units, and miscellaneous solid materials which 
become radioactive during plant operation or maintenance. Wet wastes, 
such as high conductivity decontamination solutions, highly tritiated 
liquids, spent resins, and noncompactible wastes such as contaminated 

TABLE 3-2 

EXPECTED ANNUAL GASEOUS EFFLUENT RELEASE FROM THE MHTGR 

MHTGR Releases 
Nuclide (Ci/yr)<*> 

H-3 10 
Kr-85 40 
Kr-88 — (b) 

Xe-133 10 
Xe-135 — (b) 

Ar-Al 20< = > 

(a) Quantities from Ref. 4 have been adjusted ro Include a 30 day 
holdup of gaseous radionuclides from regeneration of the helium 
purification dryer. 

<b> Negligible (i.e. less than 10" 5 Ci). 
<c> Primarily generated by activation of air circulating through | 

the RCCS. [ 

1 
tools, incore devices or small components that have become 
contaminated are stabilized utilizing cement jolldlfication to meet 
stabilisation requirements of 10CFR61 for disposal of radioactive 
wastes. A compactor, which includes a ventilated shroud for dust 
control, provides volume reductions of 50 to 85Z for dry compressible 
wastes such as rags, paper, or clothing. Large noncompactible waste 
items are cut utilizing an industrial robot. 

Spent graphite reflector blocks are also classified as low level solid 
radioactive waste. The used reflector blocks are placed in drums and 
stored in a shielded area prior to shipping. 

The volume of soli! radioactive wasi* expected to be generated from 
the four-unit reference MHTGR plant is estimated as 90 m3/yr. This 
waste volume is primarily comprised of used reflector blocks, but 
includes other material as discussed above. The quantity of 



radioactivity contained in the solid radioactive waste is estimated at 
470 Ci/yr. The great Majority of this activity is from 
decontamination operations and contained in solidified chemical 
solutions utilized in decontamination operetions. 

SPENT FUEL 

Although beneficial for safety and investment protection reasons, 
certain MHTGR design features (such as low power densities in a solid 
moderator), increase the rate at which spent fuel is generated. 
However, if volume reduction techniques are employed, HTHGR spent fuel 
volumes are more comparable to LWR values. Activity release ftom 
spent fuel elements is low since the radionuclides are retained within 
the fuel particlea. 

The MHTGR fuel cycle utilizes a forty-month fuel residence time, 
replacing approximately one-half of the vertical fuel columns every 20 
months. Six spent fuel storage pools provide Interim fuel storage. 
Decay heat is removed from the spent fuel storage pool until the fuel 
element heat generation rate decreases sufficiently to allow shipment 
to permanent storage offslta (storage Is provided on site In the spent 
fuel storage pools for up to 1 year before shipment). 

The provisions of the Civilian Kadioactiv* Haste Management Program 
(Ref. 9) designate the responsibility for shipment and disposal of 
spent fuel to the DOE. Although preliminary analyses indicate that 
fully exposed fuel elements may be shipped offsite after 100 days of 
storage, the MHTGR design provides for additional onsita storage 
facilities to offset potential delays in implementing the Civilian 
Radioactive Waste Management Program. If spent fuel must be placed in 
expanded cnslte storage facilities, the requirements for decay heat 
removal and gamma shielding ere significantly reduced from the 
requirements for the fuel storage pools which must accept spent fuel 
within a few hours after rsactot shutdown. For example, the nominal 
heat load from a spent fuel element one year »fter shutdown is about 
51 of the heat rate for a nominal element 30 hrs after shutdown (Ref. 
10). 

Table 3-3 lists expected MHTGR spent fuel volurr.es. Wastes from a 
fossil-fired plant with the same net electrical output as the MHTGR 
are provided in this table to emphasize that the waste volumes from 
any nuclear reactor are orders of magnitude smaller than the waste 
volumes associated with a coal fired plant. The MHTGR fuel volumes 
are more comparable to volumes from equivalent LWRs if the voiiune is 
reduced utilizing fuel rod pushout, which is simply removing the fuel 
rods from the fuel block (Ref. 10). An important factor in evaluating 
the benefits of this volume reduction approach is the classification 
of waste level for the residual graphite block with the fuel tods 
removed. Preliminary r*eesurements of a FSV spent fuel-element 
graphite sample indicate that after rod pushout, the remaining 
activity within the element's graphite is below 10CFR61 limits for low 
level waste (Ref. 10). Successful hot and cold cell demonstrations of 
HTGR fuel processing techniques confirm that additional methods may be 
utilized to further reduce HTGR fuel volumes (Ref. 11). 

TABLE 3-3 

SPENT FUEL VOLUMES GENERATED BY THE MHTGR AND A COAL-FIRED PLANT 

Volume (m3/GW(e)-yr) 

MHTGR 
(w/o volume reduction) 130 

(with fuel rod pushout* 30 

Fossil-Fired 7.7(+4)(») 

*»> Read as 7.7 x 10**. 

4. NONRADIOACTIVE EFFLUENTS 

Aa with any nuclear power plant, the MHTGR produces effluents not 
immediately related to its heat source and, therefore, nonradioactive in 
nature. Water usage associated with meeting power cycle heat dissipation 
requirements are also important in assessing the environmental impact 
associated with power plant operation. Furthermore, nonradioactive 
effluents may contain industrial toxins snd chemicals whose release must b 
closely controlled. Preliminary results lndicete that the characteristic: 

http://volurr.es


of the MHTGR »r« such that chase nonradioactive effluents will be lower 
than those produced by existing LWR plants and some fossil-fired 
facilities. 

4.1 HEAf REJECTION IN COOLING WATER 

Wast* heat from MHTGR plant components and internal closed cooling water is 
reaovtd by sevaral systems. The Service Water System removes heat from the 
Nuclear Island process systems using two 1001 capacity service water pumps. 
The Circulating Water System removes waste heat from the ccndenser and the 
turbine building component cooling water heat exchangers. In normal 
operation, circulating water is pumped from the cooling tower basin through 
the condenser and heat exchangers and back to the cooling tower. In the 
reference design, the condenser heat load is rejected to the atmosphere by 
means of mechanical draft wet cooling towers. 

The overall efficiency of the MHTGR is 38.41. Overall efficiencies for 
operating HTGR plants, such as the FSV (39X) and THTR (411) plants, 
demonstrate the ability of HTGRs to achieve higher efficiencies than other 
nuclear or some fossil-fired plants. Power plants with higher overall 
efficiencies reject less waste heat to the environment. The four 350 MW(t) 
MHTCR modules will collectively reject approximately 860 MW(t) of waste 
heat to the environment. For purposes of this study, waste heat rejected 
by LWR and fossil-fired plants were calculated assuming overall 
efficiencies of 331 and 35X, respectively. Results show that the MHTGR 
rejects approximately 23Z less waste heat to the environment than LWRs and 
16Z less waste heat than coal-fired plants. Hence, the higher plant 
efficiency for the MHTGR is beneficial for economic and environmental 
reasons. 

4.2 INDUSTRIAL BIOCIDES AMD CHEMICALS 

In the operation of steam electric power plants, chemicals and biocides are 
added to water systems and eventually discharged to the environment. 
Additions of chemicals or biocides are acde for purposes such as control of 
biofouling or corrosion. Similarities in operating characteristics of 

MHTGR and LWR water systems suggest that no significant differences exist 
in the chemical concentration in their effluent streams. Hence, the 
primary difference in the quantities of chemicals and biocides released 
would be due to the difference in the magnitude of the effluent flow ratw 
Since the MHTGR dissipates less heat than LWR or coal-fired plants, the 
MHTGR requires less cooling water for equivalent electric production at the 
same site. Therefore, an MHTGR .rould be expected to release less chemicals 
than an LWR or a fossil-fired plant. 

The nonradioactive effluents produced from components within the reactor 
modulej and related auxiliary structures are limited to collected equipment 
and floor drainage and equipment cleaning wastes generated during start-up 
and following equipment maintenance. Only a small amount of the drainage 
must be treated or disposed of as oily waste. 

Other significant affluents are reduced or completely eliminated in the 
MHTGR design aa summarized below: 

• The once-through MHTGR steam generator eliminates significant steam 
generator blowdown and wet layup wastes (Ref. 12)) 

• Chemical additives in effluents associated with active safety-related 
heat removal or cooling water systems are excluded; 

• Elimination of a need for an active safety related heat sink facility 
precludes associated wastes; 

• Combustion emissions associated with tests to satisfy safety-related 
requirements for emergency electrical generating capabilities are 
eliminated. 

Coal-fired power plants also release significant quantities oi substances 
to the atmosphere from the combu.ition process. The quantities released 
from a specific plant are dependent on the type of coal, installed 
equipment and local regulations. However, to comply with the New Source 
Performance Standards of 40CFR60 (Ref. 13) a plant of similar size to the 
MHTGR could release 10500-16800 tons N0x/yr, 630 tons particulates/yr and 
12600-25200 tons S02/yr. 

http://combu.it


Beyond this, coal-fired plants produce significant quantities of liquid 
waste effluent from such processes as flue gas desulfurization, fly ash 
flushing, and coal yard dust suppression. While some modern coal-fired 
plants, such as Utah's Warner Valley Plant (500 MWe net, twin turbine), 
maximize water recycle and direct non-re-usable water to evaporation ponds 
so that there la zero discharge of liquid waste, they must dedicate 
considerable land area to these liquid disposal facilities (e.g. 
approximately 485 hectares (1,200 acres) in the case of Warner Valley) 
(Ref. 14). 

CONCLUSIONS 

Building upon HTGR operating experience, an MHTGR plant has been designed 
to provide highly reliable, economic, and safe nuclear power. As discussed 
within this paper, HHTGR characteristics, such as low radioactive effluents 
and high thermal efficiency, combine to provide a means of meeting the 
world's energy needa in an environmentally acceptable manner. In addition, 
these MHTGR characteristics allow equipment design selections which further 
enhance the plant's availability and increase Its siting flexibility. 
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