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PIEITGR DESIGN AND DEVELOPMENT STATUS 

by R. F. Turner and A. J. Neylan 
General Atomics 

San Diego, California 

Abstract 

The Modular High-Temperature Gas-Cooled Reactor (MHTGR) i s  an advanced 
power p l a n t  concept which has been under design d e f i n i t i o n  s i n c e  1984. The 
design u t i l i z e s  b a s i c  high-temperature gas-cooled r eac to r  f e a t u r e s  of 
ceramic f u e l ,  helium coolant  and a g raph i t e  moderator which have been under 
development f o r  30 years .  The geometric arrangement of t h e  r e a c t o r  ves- 
sels, t h e  core  and t h e  hea t  removal components has been s e l e c t e d  t o  e x p l o i t  
t h e  inherent  c h a r a c t e r i s t i c s  assoc ia ted  with high temperature ma te r i a l s .  
The design u t i l i z e s  pass ive ly  s a f e  f e a t u r e s  which provide a higher  margin 
of s a f e t y  and investment p ro tec t ion  than cu r ren t  generat ion r eac to r s .  The 
design has been evaluated t o  be economically a t t r a c t i v e  r e l a t i v e  t o  modern 
coa l  f i r e d  p l an t s .  The design and development program is  a coopera t ive  
e f f o r t  by t h e  U.S. government, t h e  u t i l i t i e s  and t h e  nuclear  indus t ry .  

1. In t roduc t ion  

The development of e a r l i e r  HTGR p l a n t s  had proceeded on a t r end  
toward very l a r g e  monolithic designs during t h e  1970s and e a r l y  1980s. 
I n  about 1984 t h e r e  was  a recogni t ion  by t h e  U.S. p a r t i c i p a n t s  wi th in  
indus t ry ,  t h e  Department of Energy and t h e  Congress t h a t  t h e  changes i n  
t h e  environment f o r  nuclear  power, including t h e  f i n a n c i a l ,  e l e c t r i c a l  
demand p a t t e r n  and pub l i c  i n t e r e s t s ,  pointed toward a reeva lua t ion  of 
t h e  programs f o r  development of improved r eac to r  designs.  An evalua- 
t i o n  by the  j o i n t  industry/government p a r t i c i p a n t s  l e d  t o  a focus ing  of 
t h e  development of t h e  gas-cooled r eac to r  toward a smal le r  MHTGR power 
p l an t  with emphasis on pass ive  s a f e t y ,  r e l i a b i l i t y  and competi t ive 
economics (Ref. 1) .  

A design team of General Atomics, Bechtel  Nat ional  Inc . ,  Combustion 
Engineering and Stone 6r Webster Engineering Co. is now focused on t h e  
development of t h e  prel iminary design t h a t  w i l l  meet t hese  chal lenging 
demands. Base Technology support  is  being provided by t h e  Oak Ridge 
National Laboratory. The program is under t h e  sponsorship of t h e  U . S .  
DOE and i n  cooperat ion with u t i l i t y  u se r s  represented by Gas-Cooled 
Reactor Associates  ( E R A ) .  This paper provides a s t a t u s  of t h e  MHTGR 
design and development. 



2- S y s t e m  R e q u i r e m e n t s  

The p l a n t  has been designed on t h e  b a s i s  of top  l e v e l  requirements 
by t h e  u t i l i t y / u s e r ,  through GCRA, and by Nuclear Regulatory Commission 
(NRC) regula tory  c r i t e r i a  appl icable  t o  a l l  r eac to r  t y p e s .  The regula-  
t o r y  requirements s p e c i f i c  t o  t h e  MTHGR have been developed a s  d i r e c t ,  
q u a n t i f i a b l e  s ta tements  def in ing  acceptable  consequences or r i s k s  t o  
t h e  pub l i c  f o r  normal opera t ion ,  t r a n s i e n t s ,  design b a s i s  events ,  and 
o the r  very low p r o b a b i l i t y  events.  The requirements f o r  s a f e t y  and 
investment r i s k  have had s t rong  e f f e c t s  on t h e  p l a n t  arrangement and 
t h e  design of components (Ref. 2 ) .  

The Top-Level Regulator C r i t e r i a  provide t h e  p r i n c i p a l  d e f i n i t i o n  
of p l a n t  s a f e t y  (Ref. 3 ) .  The s a f e t y  design philosophy s e l e c t e d  f o r  
t h e  MHTGR has been t o  con t ro l  radionucl ide r e l eases  through t h e i r  
r e t e n t i o n  a t  t h e  source,  wi th in  t h e  coated f u e l  p a r t i c l e s  themselves,  
even under accident  condi t ions.  This concept p laces  minimal r e l i a n c e  
upon a c t i v e  design f e a t u r e s  o r  opera tor  ac t ion .  

The s a f e t y  philosophy was made poss ib l e  p r i n c i p a l l y  by improvements 
i n  t h e  gas-cooled r eac to r  coated p a r t i c l e  f u e l  technology. The re ten-  
t i o n  of rad ionucl ide  wi th in  t h e  coated f u e l  p a r t i c l e s  rep laces  r e l i a n c e  
upon such secondary b a r r i e r s  a s  t he  primary coolant  boundary o r  a 
containment s t r u c t u r e .  

3. D e s i g n  D e s c r i p t i o n  

The t y p i c a l  MHTGR p l a n t  includes an arrangement of four  i d e n t i c a l  
modular r eac to r  u n i t s  loca ted  i n  a s i n g l e  r eac to r  bu i ld ing .  The p l a n t  
is divided i n t o  t w o  major a reas :  a Nuclear I s land  ( N I )  conta in ing  t h e  
four  r eac to r  modules and an energy conversion a rea  (ECA) conta in ing  two 
tu rb ine  generators .  Each of t h e  four  modules produces a thermal output  
of 350 M W ( t ) .  A l l  modules a r e  headered t o  feed two t u r b i n e  genera tors  
of 300 MW(e) each, opera t ing  i n  p a r a l l e l .  

Each r eac to r  module is  housed i n  ad jacent ,  bu t  s epa ra t e ,  re inforced  
concre te  s t r u c t u r e s  loca ted  below grade and under a common roof s t r u c -  
t u r e .  The below-grade loca t ion  provides s i g n i f i c a n t  design b e n e f i t s  by 
reducing t h e  seismic ampl i f ica t ions  t y p i c a l  of above-grade s t r u c t u r e s  
and by providing confinement. 

A l m o s t  a l l  components and systems of each module, which a r e  
required t o  meet regula tory  requirements,  a r e  independent of o t h e r  
modules and a r e  loca l i zed  wi th in  t h e  ind iv idua l  concre te  s t r u c t u r e s .  
These inc lude  p l a n t  p ro tec t ion  and decay hea t  removal systems. 

The o v e r a l l  r eac to r  conf igura t ion  is shown i n  F i g .  1. The r eac to r  
components are contained wi th in  t h r e e  s teel  ves se l s :  a r eac to r  v e s s e l ,  
a steam genera tor  ves se l ,  and a connecting c ros s  ves se l .  The r eac to r  
v e s s e l  is approximately t h e  same s i z e  as t h a t  of a l a r g e  bo i l ing  water 
r eac to r  and conta ins  t h e  core ,  r e f l e c t o r ,  and assoc ia ted  supports .  A 
shutdown hea t  exchanger and a shutdown cooling c i r c u l a t o r  a r e  mounted 
on t h e  bottom of t h e  r eac to r  vesse l .  Top mounted penent ra t ions  house 
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t h e  c o n t r o l  rod d r i v e  mechanisms and the  hoppers containing boron ca r -  
b ide  p e l l e t s  f o r  reserve  shutdown. The penet ra t ions  a r e  a l s o  used a s  
access  f o r  r e fue l ing  and inspec t ion .  

The hea t  t r a n s f e r  during power opera t ion  o r  normal core  decay hea t  
removal opera t ion  is accomplished by helium which is heated a s  it flows 
down through t h e  core.  I t  is co l l ec t ed  i n  a plenum below t h e  core  and 
flows through a coax ia l  hot  duct i n s i d e  t h e  c ros s  v e s s e l  t o  a once- 
through h e l i c a l  bundle steam generator .  

After  flowing downward over t h e  steam generator  tubes ,  t h e  cool  
helium flows upward i n  an annulus between t h e  steam genera tor  v e s s e l  
and a shroud leading  t o  t h e  main c i r c u l a t o r  i n l e t .  

The main c i r c u l a t o r  is a submerged e l e c t r i c  motor dr iven  s i n g l e  
s t a g e  a x i a l  compressor with a c t i v e  magnetic bear ings.  The helium i s  
discharged from t h e  c i r c u l a t o r  and flows through t h e  annulus of t h e  
c ros s  v e s s e l  and hot  duct and then upward t o  t h e  top  plenum over t h e  
core.  

In order to meet availability and maintenance requirements, a sepa- 
rate shutdown cool ing system is provided as a backup t o  t h e  primary 
hea t  t r a n s p o r t  system. The heat  removal systems a l low hands-on p l a n t  
maintenance t o  begin wi th in  24 h r  a f t e r  p l an t  shutdown. 

A r eac to r  cav i ty  cool ing system (RCCS) i s  loca ted  i n  t h e  below 
grade concre te  s t r u c t u r e  ex te rna l  t o  the  reactor v e s s e l  t o  remove p l an t  
r e s i d u a l  hea t .  This system is t o t a l l y  pass ive  and provides t h e  a l t e r -  
na t ive  s a f e t y  r e l a t e d  hea t  s i n k  i f  t he  forced cool ing systems a r e  inop- 
e r a t i v e .  The hea t  is  t r a n s f e r r e d  by means of conduction, convection 
and r a d i a t i o n  from t h e  core t o  t h e  RCCS. This system has no c o n t r o l s ,  
va lves ,  c i r c u l a t i n g  fans ,  o r  o the r  a c t i v e  components. The RCCS is t h e  
only s a f e t y  r e l a t e d  heat  removal system u t i l i z e d  by t h e  MHTGR. 

The r eac to r  core  and t h e  surrounding g raph i t e  neutron r e f l e c t o r s  
a r e  supported on a steel  core support  p l a t e  a t  t h e  lower end of t h e  
reactor vessel .  A ho r i zon ta l  cross-section of the reactor core and 
v e s s e l  i n t e r n a l s  is  shown i n  Figure 2.  

The r eac to r  core  pr imar i ly  conta ins  g raph i t e  f u e l  blocks t h a t  a r e  
hexagonal i n  c ros s  sec t ion .  (Ref. 4). The f u e l  (Fig.  3 )  is  i n  t h e  form 
of coated p a r t i c l e s  of low enriched f i s s i l e  uranium oxycarbide and f e r -  
t i l e  thorium oxide. The f u e l  p a r t i c l e s  a r e  bonded toge ther  i n  f u e l  
rods which are contained i n  sea led  v e r t i c a l  ho les  i n  t h e  f u e l  blocks.  
These f u e l  blocks a r e  s tacked i n  columns t o  make up an annular  shaped 
core.  Unfueled g raph i t e  blocks form t h e  cen te r  of annulus, and su r -  
round t h e  a c t i v e  core  t o  form t h e  r e f l e c t o r .  Key r eac to r  core  design 
parameters are shown i n  Table 1. The annular shape of t h e  core  has 
been s e l e c t e d  t o  enhance t h e  heat  removal c a p a b i l i t i e s  i n  t h e  event of 
a l o s s  of a l l  forced cooling. 
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TABLE 1 
REACTOR SYSTEM DESIGN PARAMETERS 

CORE THERMAL P W R  
CORE P M R  DENSITY 
ANNULAR CORE DIAMETERS: 

OUTER 
I NNER 

CORE HEIGHT 
NUMBER OF COLUMNS I N  ACTIVE CORE 
NUMBER OF FUEL ELEMENTS PER COLUMN 
NUMBER OF CONTROL RODS 
NUMBER OF RESERVE S H U T D W  COLUMNS 

VALUE 

350 MN 
5.9 w / m 3  

3 .5  m 
1.6 m 
7.9 m 

66 
10 
30 
12 

[DIV510.JAN]329 15 23-AUG-88 



The MHTGR utilizes a once-through fuel cycle; that is, it does not 
rely on recycling of spent fuel. Each module is refueled once every 
20 months. The refueling is accomplished with reactor shutdown and 
depressurized, utilizing a refueling machine accessing the fuel ele- 
ments through the appropriate control rod penetrations in the top of 
the reactor vessel. The spent fuel is transported to the spent fuel 
storage pool for temporary storage before shipping to final storage 
of fsite. 

Thermal energy from the four reactor modules is delivered to two 
steam turbine generators to produce 538 MW(e) net, of electric power. 
The turbine plant is similar to a modern fossil-fired plant except that 
the MHTGR plant utilizes a nonreheat steam cycle. A mechanical draft 
cooling tower rejects the condenser heat load to the atmosphere. Key 
plant performance parameters are summarized in Table 2. 

Table 2 
Plant Performance Parameters 

Thermal Power 1400 MW(t) 

Electrical Output 588 MW(e) Gross; 538 MW(e) Net 

Net Efficiency 38.4% 

Steam Conditions 538OC ( 1000°F) / 16.6 MPa 
(2400 psig) 

Core Exit Helium Temperature 

Cold Helium Temperature 259OC (498OF) 

687OC (1268OF) 

4. Design Status 

The MHTGR design is based on 30 years of reactor experience with 
the carbon dioxide-cooled Magnox and Advanced Gas-Cooled Reactor (AGR) 
developed in the United Kingdom; the 15 MW( e) Arbeitsgemeinshaft 
Versuch Reaktor (AVR) development plant and the 300 MW(e) Thorium 
Hochtemperatur Reaktor (THTR) demonstration plant developed in Germany; 
the 40 MW(e) Peach Bottom I developed in this country by General 
Atomics (GA); and the 330 MW(e) Fort St. Vrain (FSV) demonstration 
plant, also a GA project. The FSV, AVR, and THTR facilities have 
provided invaluable confirmation and demonstration of specific and 
generic HTGR design and operating characteristics. A significant 
design achievement was the submittal of a Preliminary Safety 
Information Document to the NRC in October 1986. Detailed presenta- 
tions have been made to the NRC in support of their in-depth review. A 
statement of licensability of the design is expected later in 1988 from 
the NRC. 
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A conceptual p l an t  design was completed i n  Ju ly  1987. A l l  systems 
and major components were configured, s i zed ,  and arranged. The design 
of t h e  systems and system components s e l ec t ed  f o r  t h i s  p l a n t  a r e  wi th in  
t h e  s t a t e -o f - the -a r t .  Only l imi ted  technology development is needed t o  
complete t h e  f i n a l  design. A support ive technology program has been 
planned t o  confirm and v a l i d a t e  the  da t a  f o r  completing t h e  design 
(Ref. 5 ) .  

The cu r ren t  focus is on t h e  prel iminary design. This phase w i l l  be 
completed wi th  t h e  production of a Preliminary Standard Safe ty  Analysis 
Report (PSSAR) and a request  f o r  a Preliminary Design Approval (PDA) 
from t h e  NRC. A F ina l  Design Approval (FDA) from t h e  NRC is expected 
following t h e  completion of t h e  f i n a l  design and t h e  submi t t a l  of a 
F ina l  Standard Safe ty  Analysis Report (FSSAR). 

The FDA w i l l  enable t h e  p o t e n t i a l  e l e c t r i c  u t i l i t y / u s e r  t o  proceed 
with assurance t h a t  t h e  p l an t  w i l l  not be sub jec t  t o  l i c e n s i n g  delays 
and review during construct ion.  The issuance of t h e  FDA and success fu l  
opera t ion  of t h e  f i r s t  p l an t  w i l l  f a c i l i t a t e  t h e  c e r t i f i c a t i o n  of a 
s tandardized MHTGR design by r u l e  making which is t h e  u l t ima te  l i c e n s -  
ing goa l  of t h e  program. 

5 .  Economic Assessnrent 

The t o t a l  c o s t s  f o r  generat ing e l e c t r i c i t y  i n  an MHTGR p l a n t  have 
been evaluated by t h e  Gas-Cooled Reactor Associates  and t h e  Oak Ridge 
National Laboratory (Ref. 6 ) .  The c o s t s  were developed i n  genera l  
conformance with t h e  Department of Energy ( D O E )  Cost Estimate 
Guidelines f o r  Advanced Nuclear Power Technologies (Ref. 7 )  

P lan t  c a p i t a l  c o s t s  f o r  reference MHTGR p l a n t s  were developed 
by General Atomics, Bechtel  National and Combustion Engineering on 
a d e t a i l  account l e v e l  f o r  a f i r s t -of -a -k ind  (FOAK) p l a n t ,  a r e p l i c a  
p l an t  conforming t o  t h e  c e r t i f i e d  design and an equi l ibr ium nth-of-a- 
kind (NOM) plant  conforming t o  the c e r t i f i e d  design. 

Fuel  cyc le  costs  were developed by General Atomics based on 
d e t a i l e d  f u e l  dep le t ion  analyses ,  f u e l  f a b r i c a t i o n  c o s t  es t imates  
and re ference  DOE c o s t s  f o r  uranium, sepa ra t ive  work and spent  f u e l  
d i sposa l .  

The MHTGR equi l ibr ium p lan t  c o s t s  have been evaluated i n  comparison 
wi th  comparably s i zed  coa l  p l an t s .  The re ference  coa l  p l a n t s  were 
s i n g l e  u n i t  400 MWe and 600 MWe designs from t h e  Technical Assessment 
Guide of t h e  Electric Power Research I n s t i t u t e  (Ref. 8 ) .  

From t h e  GCRA/ORNL eva lua t ion ,  t he  comparison of c a p i t a l  c o s t s  f o r  
an equi l ibr ium p lan t  is  summarized i n  Table 3. 

Costs have been developed t o  design, cons t ruc t ,  opera te  and main- 
t a i n  re ference  MHTGR power p l a n t s ,  and a comparison of t h e  c o s t s  has 
been made with those  f o r  competing coa l  p l a n t s  (Ref. 6 ) .  The c o s t s  
were developed i n  general  conformance with t h e  Department of Energy 
(DOE)  cos t  es t imat ing  guide l ines  f o r  advanced nuclear  technologies .  
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Table 3 
Plant Capital Cost Comparison 

Component 
400MWe 600MWe 540MWe 
Coal Coal HaTGR 

Direct and Indirect Capital 1450 1200 1550 

450 590 Contingency and Funds during Construction 530 - 
TOTAL COST 1980 1650 2140 

The results show the MHTGR capital cost to be somewhat higher, but 
competitive with an equivalent size coal plant on a $/kWe basis. 

The inherent characteristics of the MHTGR provide the basis for 
offsetting the traditional scaling law for nuclear power plants costs. 
Plant simplification and reduction in active safety and major invest- 
ment risk protection systems result in reduced cost. The separated 
construction of the nuclear portion and the balance of plant permits 
the use of conventional rather than nuclear standards for the majority 
of field construction. 

Table 4 
Comparison of Busbar Costs 

(Mill/KWh) 

Component 
400MUe 600MWe 540- 
Coal Coal METGR 

Capital 27 22 28 

Fuel Cycle 25 25 11 

9 - 6 - Operation, Maintenance and Decommissioning - 8 

TOTAL BUSBAR COSTS 60 53 48 

A comparison of the reference MHTGR equilibrium plant 30-year 
levelized busbar costs with those for the single unit coal plants is 
given in Table 4 .  The MHTGR fuel cost component is considerably less 
than those for the coal plants. The MHTGR O&M costs and 
decommissioning are slightly greater than the coal plants. The busbar 
costs have been evaluated by LaBar and Bowers as a function of plant 
size. This projection is shown in Fig. 4 .  The net result is an 
estimated MHTGR busbar cost that is 10% to 20% less than those for the 
coal plants. 
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6 .  Conclusions 

A second generation nuclear power system MHTGR has been designed 
to meet utility and regulatory requirements. The MHTGR responds to 
concerns of the public, the government, the utilities, and industry 
about nuclear safety, economic risk, and investment protection. 

Based on technology developed and demonstrated in the United 
States, the United Kingdom and West Germany, this system makes use of 
the refractory-coated nuclear fuel, helium gas as an inert coolant, and 
graphite as a stable core structural material. I 

Public safety and protection of the plant investment is provided by 
inherent and passive features. The high-performance MHTGR provides 
flexibility in power output and siting, competitive energy costs, and 
can serve diverse energy needs both domestically and internationally. 

7. Acknowledgement 

The authors would like to thank the U.S. DOE for approval to publish 
this work which was supported by the San Francisco Operations Office, 
Contract DE-AC03-88SF17367, 

- 12 - 



References 

1. 

2. 

3 .  

4. 

5.  

6. 

7. 

8. 

Dean, R. A., and Johnston, T. A., "Development of the Modular HTGR in 
the USA", paper presented at the ENC-6 Conference, Geneva, Switzerland, 
June 1986 

Neylan, A. D., Dilling, D. and Ng, R. "Design of a Reactor for the Next 
Generation", paper presented at the Intersociety Energy Conversion 
Engineering Conference (IECEC), Denver, August 1, 1988 

Silady, F. A., et al., "Safety and Licensing of MHTGR", paper presented 
at Seminar on Small and Medium Sized Nuclear Reactors, Lausanne, 
Switzerland, August 1987 

Turner, R. F., et al., "Annular Core for Modular HTGR", paper at 
Seminar on Small and Medium Sized Nuclear Reactors, Lausanne, 
Switzerland, August 1987 

Homan, F. J. and Neylan, A., "MHTGR Technology Development Plan", 
paper presented at the IECEC Conference, Denver, August 1988 

Labar, M., and Bowers, H., "Economic Characteristics of a Smaller, 
Simpler Reactor", paper presented at IECEC Conference, Denver, August 
1988 

Hudson, C. R., "Cost Estimate Guidelines for Advanced Nuclear Power 
Technologies," ORNO/TM-l007l/Rl, July 1987 

"Technical Assessment Guide", EPRI P-4463-SR, Volume 1, Electricity 
Supply, December 1986 

- 13 - 


	FERTILE (Th-232)
	FIGURE


