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STATUS OF THE UNITED STATES NATIONAL HTGR PROGRAM

INTRODUCTION

I t has long been recognized in the nuclear
community that the High Temperature Gas-Cooled
Reactor (HTGR) of fers a unique potent ia l for
expanding the role of nuclear technology in meeting
future requirements for energy. The high tempera-
ture capabi l i ty of the HTGR offers increased
efficiency and f l e x i b i l i t y in the production of
high qual i ty steam for indust r ia l processes in
addition to e lectr ic i ty and may provide the optimum
basis for accessing incremental markets in the
industrial and transportation (via synfuels) energy
sectors.

This paper wil l describe the status of the U.S.
HTGR Program and wi l l provide some comments regard-
ing i t s future prospects. In doing so a br ie f
background wi l l be provided, the cooperative effort
among government, energy users, and suppliers wi l l
be described, the present technical status of the
program wi l l be summarized and some conclusions
derived from results to date.

HISTORICAL DEVELOPMENT

ment, user industry and supplier industry.
Cri t ical in this regard is to assure that both
the user and supplier industries have vested
interests in the success of the program.

Formation of GCRA

In response to the requirement for active user
industry involvement, 6 u t i l i t i e s formed Gas-Cooled
Reactor Associates in February 1978. In the
ensuing period, u t i l i t y participation and support
have grown to include 29 u t i l i t i e s representing
approximately ?%% of the U.S. installed electr ical
generation capacity. GCRA u t i l i t i e s have a sub-
stantial investment in and experience with nuclear
power representing approximately 25% of on-line
nuclear capacity and about 40» of the capacity
under construction. Host recently, user support
has grown to include 9 major industrial firms whose
interest is centered primarily upon process steam/
process heat applications. Industrial contractors
currently involves -> the program include General
Atomic Company, General E l e c t r i c Company and
Combustion Engineering. Or..'1' is the lead govern-
ment laboratory associated with the program.
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Based upon pioneering studies at Oak Ridge
National Laboratory (ORNL) in the 1940's and the
European gas cooled reactor program in the 1950's,
the Peacl; Bottom HTGR was committed ir, 1957 under
the j o i n t sponsorship of 53 U.S u t i l i t i e s .
General Atomic Company was the principal supplier
of the reactor system. In 1967 Peach Bottom became
the f i r s t HTGR to produce e lec t r ic i ty . Subsequent-
l y , the Peach Bottom plant was operated by Vie
u t i l i t y , Phi ladelphia E l e c t r i c Company, fcr a
period of 7-1/2 years and achieved a remarkable 88S
nuclear steam supply system avai labi l i ty over that
period. The successful development of Peach Bottom
led naturally to the commitment of Ft. St. Vrain
and in the 1971-74 time frame conrnercisl orders for
ten large HTGR's ranging from 770 - 1200 MWe were
accepted by General Atomic Company. I n i t i a l design
and l icensing e f f o r t s were well under way when
economic conditions in the wake of the 1974 oil
embargo precipitated the cancellation of several of
the orders and the subsequent withdrawal of the
HTGR option.

£
£• Following the withdrawal of tne HTG? commercial
woption in 1974, tne HTGR program entered a period

of reassessment. Over 1974-77, a series of limited
Energy Research and Development Administration
(EROA)/Department of Energy (DOE) studies were
sponsored to consider various applications of the
HTGR and to deter™ne whether sufficient incentives
existed to jus t i fy major federal support. The
results of the ERDA/OOE studies endorsed the
following principals for conducting an HTGR program
in the U.S.:

• The users of the technology should play an
active role in the direction and development of
the technology to assure that the ultimate
product is commercially acceptable and to
ut i l i ze , where possible, normal user-supplier
relationships.

• An equitable basis must be determined for the
assumption of costs and risks by the govern-

Cooperative Program

The evolving program wi l l be a cooperative
endeavor among government, utilities/energy users,
and suppliers to define the direction of the HTGR
Program and to achieve an equitable balance of
-investment, risk, and benefit i f a lead commercial
plant project is i n i t i a t e d . In the current
def ini t ion phase of the program, the role of
government is to provide information and technology
which supports the development of important HTGR
applications and *hich provides ooth to the govern-
ment and to the private stctor a basis for decis-
ions regarding a ?ead project in i t iat ive.

An important element of this program has been
the international cooperation that has evolved,
signif icant ly reducing overall program costs.
Efforts wil l continue to enhance and extend these
cooperative efforts.

Near Terp. "rograr Direction

In FY 1980 an intensive review was conducted
of the HTGR options which were proposed for near
term deployment. Included in the evaluation were
the Steam Cycle/Cogeneration, Gas Turbine, and
Reforming variants of the HTGR. On the basis of
that review, the Steam Cycle/Cogeneration cancept
was identified as Having the highest potential for
a near tern project Ini t iat ive. The Gas Turbine
was determined to be more appropriately developed
as a follow-on option due to its increased develop-
ment risk and marginal incentives relative to the
Steam Cycle. While the Reforming version of the
HTGR was found at t ract ive with respect to i t s
ultimate potential for energy transport, the
information available was insufficient to warrant a
definite conclusion regarding the incentives for
near term deployment. Accordingly, the current
HTGR Program in the U.S. is focused to provide a
Lead Project decision basis for the Steam Cycle/
Cogeneration concept. In parallel, advanced HTGR



concepts such as the Reforming HTGR are being
f u r t h e r developed as a basis f o r understanding
thei r appropriate role and timing for development.

HTGR APPLICATIONS

HTGR Nuclear heat Source

The HTGR Nuclear Heat Source being developed
in the J.S.comprises a helium-cooled, graphite-
moderated advanced converter reactor which operates
on the uranium/thorium fuel cyc le . The HTGR
Nuclear Heat Source typical ly operates in the range
of 6JO-1000°C core out let temperature. Key fea-
tures of the HTGR reactor system in the U.S. are
i t s coated part ic le fue l , prismatic graphite and
ceramic core design, single phase i n e r t helium
coolant, and Prestressed Concrete Reactor Vessel
(PCRV). The design of the HTGR Nuclear Heat
Source is f u r t he r described i n Refs. 1 , 2 and
3 for the Steam Cycle/Cogeneration, Gas Turbine,
and Reforming applications respectively-

In considering the HTGR for e lectr ical gener-
a t ion and process heat app l i ca t ions , inherent
characterist ics of the HTGR Nuclear Heat Source are
of considerab'e importance. Among such character-
i s t i cs are the fol lowing:

1. As noted above, the HTGR f-jel and struc-
tural elements which establish the core geometry
are comprised of ceramic-based materials. Thus,
the inherent temperature l imitat ions of reactors
with metal l ic core elements are eliminated. The
HTGR, the re fo re , is the only current nuclear
concept uncer development with projected process
heat capabi l i t ies above 550°C and thus capable of
competing with foss i l fuels for higher temperature
appl icat ions. Current l«R technologies are l imited
tc about 290°C.

2. The iner t , single-phase, gaseous coolant,
the large heat capacity coupled wi th low power
density i n tne core, the coated p a r t i c l e fue l
design, the substantial temperature margins in the
core structure, and the confinement of the primary
system wi th in the PCRV lead to inherent safety and
operating characterist ics which are expected to
f a c i l i t a t e l icensing and tc ease constraints on
oroximate s i t i i g and thus minimize energy d is t r ibu-
t ion costs.

3. The low primary system contamination
result ing f ror the coated par t ic le fuel design and
from the iner t primary system coolant w i l l be a
signi f icant factor in achieving reduced maintenance
down-time and hence the high ava i lab i l i t y commen-
surate with industr ial process heat applications.

Depending upon the spec i f i c app l i ca t i on ,
the basic HTGR Nuclear Heat Source can be u t i l i zed
in conjunction with various heat transport con-
cepts. In the present U.S. HTGR Program, primary
considerat ion is being accorded to the Steam
Cycle/Cogeneration concept. This concept and other
HTGR applications under consideration are iden t i -
f ied in the following sections.

Steam Cyde/Cogeneration

The Stearr. Cycle'Cogeneration version of tne
HTGR comprises a f l e x i b l e nuclear steam supply
system (f.SSS) (Figure 1) which can be u t i l i zed by
producing various combinations of e l e c t r i c i t y
and/or process stee- for u t i l i t y and industr ial
applications. In f i s system, high-quality steam
is generated at the elevated conditions of approxi-
mately 17 MPa/540°C with the primary helium gas
condi t ions maintained in the low range of H'GR
capabil i ty at less tnan 700°C. The plant features
a modular four loop :rimary coolant system that can
be scaled up or down by varying the number of loops
from two to six whMe maintaining the basic NSSS
configuration. The current design is based on many
of the components a>-d systems demonstrated a t Fort
St. Vrain. In addit ion, several key design changes
have been made as a r esu l t of Fort St . Vrain
experience plus accommodating the func t iona l
requirements of the u t i l i t i e s associated w i th
GCRA.

2 2 « MWItl HTGR SC/C

The currert reference design of the 2Z40
Mw(t) HTĜ -SC/C was established in FY 1979 (Ref.
4,5) as a specialized variant for e lectr ical
generatior. There re-ains a strong u t i l i t y inter-
est in such specialized systems as a result of i ts
potentially acarta:ious siting, licensing, i*4
operational chj'acte'-:sties. Electric generation
costs usirg the HTG?-SC/C system are perceived as
being approximately equal to those of conventior.sl
LWR systers.

In the mo'e recent J.S. HTGR Program, t i e
principal design errhasis is being placed urcn
cogeneration applications of the HTGR-SC/C. Tne
basis for this emphasis is the potential for near
term deployment of a system which could inpact the
current technical ar; economic reliance on fossil
fuels.

While substitution of electricity for other
process heat/process steam energy sources could
favor an increased re'e for nuclear energy, the low
energy-conversion efficiencies associated with
current electrical generation technologies are an
important factor wh'-'ch must be considered- For



current l ight water reactor (LWR) systems, an
efficiency in the range of 30-35% is typical. The
HTGR steam cycle technology demonstrated at Fort
St. Vrain improves that f igure to nearly 40 i .
Modern fossil fuel units typically generate elec-
tr ic i ty with an efficiency in the range of 35-40*.
In substituting electricity for otfitr energy forms,
the present low conversion efficiencies are mani-
fested in the following ways:

• The total energy resources required are sub-
stantially increased.

• The cost advantage of nuclear fuel is generally
overcome by the low conversion efficiency for
electrical generation.

• The environmental burden associated with heat
rejection is substantially increased.

A more promising approach to the direct use
of nuclear-derived heat appears to be found in
large-scale nuclear cogeneration. In such con-
cepts, e lec t r i c i t y is typical ly produced as a
topping cycle employing high-temperature, high-
pressure steam. The reduced-pressure steam is then
utilized for process energy input. In the ideal-
ised case, nearly the total energy output from the
nuclear heat source is productively used either for
electricity generation or for process heat. The
advantages of this approach are relatively obvious:

• The energy losses normally associated with
elect; icity production can be substantially
reduced.

HTGR SCC BALANCE OF PLANT

cH ^^\».! LJ I ,

As d e p i c t e d i n F i g u r e 3 , t h e HTGR o f f e r s a
unique c a p a b i l i t y for nuclear cogenerat ior . I n the
temperature range below about 290*C the HTGR r,as
the a b i l i t y to produce a higher f r a c t i o n of e lec -
t r i c i t y as a topping cycle when compared to current
LWR systems. Current LWR systems are Incapable of
producing steam above approximately 290*C.

TYPICAL COGENERATION CHARACTERISTICS
OF CURRENT NUCLEAR SYSTEMS

• A substant ia l net reduct ion i n to ta l energy
resources may be achieved r e l a t i v e to separate
production of steam and e l e c t r i c i t y .

• A n e t savings may be r e a l i z e d by both t h e
e l e c t r i c a l ra te payer (due to improved genera-
tion efficiency) and the industrial heat user
(due to the low cost of nuclear fuel).

With regard to the latter point, ?e potential
savings to the nation as a whole is impressive.
Using 1980 U.S. energy consumption data (Ref. 6)
ana assuming 35* auerage efficiency for electricity
production, i f 10? of the reject energy could be
recovered via cogeneration, tfle value of that
energy at current oil prices (S30/barrel) would be
in excess OT S8 billion/year.

In the HTGR-SC/C system, the Nuclear Heat
Source (NHS) is substantially identical for various
combinations of steam and electricity production.
As the e lec t r ic i ty to ste*^ rat io fs varied,
principal changes are found in the turbine plant.
Figure 2 depicts a typical turbine plant configur-
ation for the HTGR-SC/C application in which the
relative amounts of electricity and process steam
produced can be varied. In the all-electric mode,
both turbine-generator (TG) sets shown are operated
at fu l l capacity. In the maximum cogeneration
mode, TG No. 2 is shut down and the steam is
directed to the process. By varying the output of
TG No. 2 the ratio of electricity to steam can be
controlled in the intermediate range.

V 1IIMEUTUM **. -SI" C

The HTGR-SC/C concept cescroed jsove -as
evolved as the result of a s-jSstar.tial resign »nd
development effort. The resulting nuclear sttam
supply system (KSSS) desici has furtner teen
subjected to an extensive review S>y tre uti'-'ty
industry. Accordingly, the economic chiracte<"'s-
tics of the NSSS are generally censide'ed to be
well defined. Based upon a recent evaluation,
joint-product cost data have been developed fc- a
reference HTGS-SC/C case. The balance of p'jnt
considered for this case is configured similar to
Figure 2 and has the potential to operate over a
wide range of steam demands.

Relative joint-product cost characteristics
are illustrated in Figure 4. lines 1 , 2, and 3 in
the figure correspond to plant opersticn in the
all-electric mode, at 50? of the maximuir cogenera-



t ion potential , and at 100% of the maximum cogen-
eration potential respectively. Note that each
l ine corresponds to the possible allocations of
cost between e l e c t r i c i t y and steam for a given
plant under the specified operating conditions.
The cost of single-product competing technologies
is indicated for both e l e c t r i c i t y and steam.

The area within the dashed lines represents
the domain of cost allocation in which a j o i n t -
product cost benef i t can be rea l i zed by some
combination of the electr ic rate payer, the steam
user, and the investors in the p l an t . Note,
however, that the probable domain is considerably
la rger since the 1200 MW(t) coal plant is well
beyond the scale normally associated with indus-
t r i a l appl icat ions and is based upon u t i l i t y
f inanc ing . Improvement in coal -der ived energy
costs could be rea l i zed through the use of a
cogeneration cycle; however, a relative advantage
would remain with the HTGR due to low fuel costs.
Relative to the projected cost for o i l - and gas-
derived steam, the incentives for the HTGR are even
more compelling. At the present time, about 84? of
industrial heat in the U.S. is produced through the
use of these two fuels.

HTGR REFORMER (PROCESS HEAT) SYSTEM
1170 MWt
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High Temperature Process Heat

Beyond the near term applications of the
HTGR using steam cycle technology, an incremental
potential may be ident i f ied for advanced HTGR
systems providing direct process heat. An HTGR NHS
configured for such applications is depicted in
Figure 5.

The incremental potential of such a system
may be il lustrated through a typical example which
was explored during FY 1981. 'n this example, the
HTGR f a c i l i t y was configured to provide both
process energy ( in the form of direct heat and
steam) and electrical energy for the Exxon Cata-
l y t i c Coal Gasification (ECCG) process. The
product of the ECCG process Is methane (called
Substitute Natural Gas or SNG).

The ECCG process uses a lkal i metal salts
as catalysts mixed directly with the feed coal to
promote low-temperature gasification. Use of this
catalyst also increases the rate of steam gasifica-
tion, reduces agglomeration of caking coals, and
promotes the achievement of gas compositions
closely approaching gas phase methanation equilib-
rium. The process utilizes a fluidized bed gasif i -
cation system that operates in a we 11-mixed mode
approaching isothermal!'ty, the fluidizing gas being
steam and recycle hydrogen and carbon monoxide.

Figure 6 shows the ECCG process heat require-
ments that have potential for HTGR coupling. Up to
997 MWt of energy at temperatures ranging from
472°F to 1575°F could be coupled to a plant design-
ed to gasify 12,000 tons/day of coal. This process
also consumes electrical power in the amount of 190
MWe. Four process steps show potential for coup-
ling: 1) the gas preheat furnace for the gasifier,
2) the coal/catalytic drier (2nd drying stage), 3)
the raw coal drier (1st stage d r i e r ) , and 4)
off site boilers supplying process steam.

The use of HTGR-derived heat to replace combus-
tion in the ECCG process results in significant
savings to the environment and of coal and product
gas including:

• 2940 tons/day of coal not burned,

• 230 tons/day of product methane not burned,

• 265 tons/day of ash not generated, and,

• 6908 tons/day of carbon dioxide not emitted.

The technical and economic Impl icat ions
of high temperature direct heat applications such
as the above continue to be assessed in the U.S.
HTGR Program. Future emphasis will be placed upon
reducing the relatively high capital costs which
appear to be associated with such systems. Unless
such cost reductions can be realized, the Incremen-
tal capabilities of high temperature direct heat



systems may not be warranted except in specialized
circumstances.

Figure 6

Steam Methane Reforming and the Thermochemical
Pipeline

The HTGR i s unique among n u c l e a r energy
systems in that i t can operate at temperatures high
enough (850°C to 1OOD°C) fo r e f f i c i e n t steam
reforming of methane. The high temperature helium
coolant is used to drive the reformer to produce
hydrogen in the form of syngas and thereby chemi-
cally store the nuclear heat from the HTGR. The
syngas product can be transported long distances to
dispersed process heat users. Using the reverse
(methanation) reaction a closed loop energy system,
or thennochemical pipeline (TCP), can be formed to
deliver nuclear energy to small dispersed indus-
t r i a l process heat users with methanators added at
the user s i tes . Water and methane are returned
from the methanator plants to the HTGR-R plant.
This TCP concept is depicted in Figure 7. Further-
more, for an open loop reforming system the hydro-
gen in the syngas can be used as a feedstock or
as a fuel for a variety of dispersed applications
such as production of coal derived l iquids, am-
monia, and methanol and the processing of steel .
Our studies indicate that implementation of the
HTGR-R in these types of appl icat ions could
both increase the supply of, and substitute for,
f lu id fuels and thus have a major impact on a l l
global energy systems.

The benefits of such a system have been eval-
uated (Ref. 7) and show that the TCP energy system
concept has the potential to compete with nuclear
e lec t r ic i ty and with fossil energy systems such as
substitute natural gas (SNG) and local f luidized
bed coal combustors for one and two shif t process
heat operations. Energy delivery cost projections
show that at distances approximating 30 miles or

greater the TCP may be the lowest cost system for
delivery of energy including direct trans-ission of
nuclear generated steam. This relationship contin-
ues for distances as great as 200 u i les .

The reforming version of the HTGR is a develop-
mental advanced system and major tradeoffs must be
made to select the optimal HTGR-R plar t design.
Principal changes under consideration a--e between
high or low reactor core outlet temperatures and
between direct anfi indirect cycle reactor plant
configurations.

Since reforming a c t i v i t y decreases below
600°C aid the ra te of reforming increases with
elevatec temperature, there is an"incentive to use
a higher core outlet temperature to achieve better
plant performance. However, the higher tempera-
tures usually require more expensive materials and
additional technology development. The selection
of the cirect or indirect steam reforming configur-
ation defends upon economical and safety / l icensing
considerat ions. For the i n d i r e c t cycle (IDC)
configuration, an intermediate heat exchanger (IHX)
is located within the prestressed concrete reactor
vessel (PCRV) and secondary helium is piped to the
reformers and the steam generators located outside
the containment building. The direct cycle (DC)
configuration eliminates the secondary helium loops
with both the reformers and steam Generators
located w i t h i n the PCRV. The two p lant design
configurations and two temperature options of 950*C
and 850;C result in four reactor plant cycles for
comparative evaluation. However, only the 930*C
DC and E50°C IDC configurations are being evaluated
in the cjrrent program. The relat ive performance
of the ether two reactor plant cycles ;?50°C IDC
and B W : n o w i l l be inferred f ro - the results of
the stuc...

The r:eat cycles, key process equipme-t, system
configuration and overall heat balance nave freen
defined for comparison of the major p la r t charac-
ter ist ics and cycle eff iciencies of the t*o reactor
systems Deing studied. System economics, r e l i a -
b i l i t y , :erforni*nce and operabi l i ty /contro l labi l i ty
are design cr i te r ia used to optimize system design
conditions. Parametric studies have been performed

THERMOCHEMICAL PIPELINE CONCEPT

Figure 7



to de f ine the p r i n c i p a l p l a n t parameters. The
balance of p l a n t (BOP) design has evolved i n
several stages r e s u l t i n g in the s e l e c t i o n of a
thermally-driven heat cycle and the incorporation
of contact condenser/evaporator heat exchangers.

A layout of the HTGR d i r e c t cyc 'e r e f o r m *•
plant configuration is shown in Figure 3. T>i
passive system was found to be less cost'.v at1 mo.*
r e l i a b l e than the turbocompressor *> , : cycle
considered as an a l ternat ive for the i i ' system.
The contact condenser /evaporator replaces the
mix-feed-evaporator as the key process equipment
for the reformer BOP plant system. The s impl ic i ty
of the direct contact heat exchanger design w i l l
reduce component costs of the key process heat
exchange equipment and increase system r e l i a b i l i t y .
As the component configuration for the 950*C DC and
850°C IDC process plant are almost i d e n t i c a l , key
plant character ist ics and operational capab i l i t i es
for both cycles can be easi ly compared.

HTGR DIRECT CYCLE REFORMER PLANT CONFIGURATION

To maximize the cycle e f f ic iency of the HTGR-R
p lan t , four plant features have Seen incorporated
into the design and operation to reduce the overal l
plant waste heat re jec t ion .

1 . Steam is condensed in the contact condenser
to conserve the energy and as a source of heat and
water supply f o r the reforming process. The
process system o p e r a t i n g a t h igher pressure i s
designed to allow more waste heat to be recovered
•into the steam-electr ic system.

2 . The 40 psia pressure is also selected for
the LP t u r b i n e to maximize the waste heat t h a t
could be recovered from the process p lant .

3 . The low pressure steam reheat arrangement
improves the heat ra te of the LP turb ine .

4 . The turbine feedwater i s heated with the
waste heat from the process system to maximize
the gross power output of the s t e a m - e l e c t r i c
system.

A summary of the p lan t performance f o r the
reference 950"C DC and 850'C IDC HTGR-R plants is
presented in Table 1 . The overal l plant ef f ic iency
is defined as the sura of the net power output and
pipel ine thermocheir.ical energy divided by the core
power. I t is used as a means to compare the
r e l a t i v e o v e r a l l performance of the HTGR-R f o r
d i f fe ren t plant design conditions. The overal l
plant e f f ic iency is about 66* for the reference
950"C DC plant design and 49? for the 850*C IDC
Plant . The reformer s p l i t referred to in the table
is that percentage of the to ta l energy which is
input to the reformer.

TABLE 1

HTGR REFORMER PLANT PERFORMANCE

Reforming Pressure
Reformer S p l i t

Core Power, H'*'t
Ci rculator Power*,M«e
Reformer System

Pumping**, MWe
Heat Added by Steam

System, HWt
Heat Rejected to Steam

System. HWt
Pipel ine Pumping**,v«re
Plant Heat

Rejection,K«t
Feed Pump Power.MWe
Auxi l iary Loaa,W*'e
Gross Power Output,'"We

Elect r ic Power, MWe
2* Hr/day Net

Thermal Energy, HWt
Avai 'able S hr/day
Available 2» hr/day

Overall Efficiency,%

850°D IDC
25 Bar
Vi%

1170
-99.5

-3 .6

+384

-352
-73.0

-58C
-6.0

-10.0
191.8

C

1635
545

47

95O°C DC
49 B*r
544

117C
-65.6

-0.7

+265

-232
-33.0

-380
-6.7
-G.0

169.7

55

1995
665

57

• Circulator Efficiency: Drive = 92S
Control = 961

** Pumping Efficiency: Drive = 925
Pumping = 84:

The current estimate of the relative delivered
energy costs via the TCP show an advantage for the
950°C direct cycle plant of approximately 25S over
the 850°C Indirect cycle plant. The comparative
costs include estimated capital and fuel costs, as
well as influence of thermal efficiency di f fer-
ences.

Modular Reactor Systems

In the U.S. as in other countries, a renewed
interest has developed in small, or modular HTGR
reactor systems. I f economically v iable , such
systems would offer increased f lex ib i l i ty which



would benefit both e lectr ical generation and
process enery applications. From the electrical
generation viewpoint, distributing the generation
of electricity among several small reactors rather
than one large reactor would allow increased system
rel iabi l i ty for a given system capacity or, con-
versely, a smaller system could be developed with
equivalent rel iabi l i ty . Ir a similar fashion, a
smaller unit size would faci l i tate process energy
applications which typically demand a high degree
of r e l i a b i l i t y and appropriate provisions for
backup energy sources. For both electrical and
process energy applications the smaller unit size
of modular HTGR's should result ir increased siting
f l e x i b i l i t y and reduced licensing d i f f i cu l ty .

The crucial element to be determined is
whether a modular HTGR reactor system can be
devised which is economically viable. Previous
evaluations have clearly led to the selection of
larger systems, however, the following considera-
tions have resulted in tne current interest:

• Larger systems have becone increasingly
complex and expensive as regulatory require-
ments have evolved. Potential simplifications
in smaller systems would tend to offset
economies of scale.

• Site construction would be reduced relative
to shop fabrication with attendant savings.

• Reactor complexes could be developed on a
phased sasis with reduces capital r isk.

To explore these elements, modular HTGR
reactor systems will be evaljated in the U.S. HTGR
Program beginning in FY l?82. The market <:nd
application potential for a s i rg ie , small HTGR
module w i l l be determined as well as that for
multiple modules which can ?e linked together to
provide larger power capacity. The study wi l l
focus on the adaptability of the rrsdular concept to
direct cycle and indirect cyc'e process heat
applications for a reactor outlet temperature up to
950°C. A commercial plant cotior wi l l be derived
that allows comparison with the il70-HW(t) plant
configuration, currently in a more advanced state
of conceptual design.' This jreconceptual work will
lead to a scoping design ari cos* estimate which
along with technical consideration should provide
a basis for a detenuinatior regarding the incen-
tives for modular reactor syste-s.

Gas Turbine

Over the period FY 1979-80, the U.S. HTGR
Program was directed to a substantial assessment of
Gas Turbine (HTGR-GT) technology and a comparison
of its near-term incentives versus the Steam Cycle
alternative.

The focal point for the study was a potential
HTGR-GT commercial plant (Figure 9) having the
following characteristics:

HTGR GAS TURBINE SYSTEM
2000 MWt

Size (MWt/MWe):
Core Outlet Temperature:
Number of Heat Transport

Turbine Loops:
Cooling Options:

2000/800
8S0'C

dry, net -assisted,
binary (ammonia and
steam)

TumMu:>u«in

Figure ?

Principal findings of the study were that:
1) The HTGR-GT is feasible, but with significantly
greater development risk than the KTGR-SC, 2} at
the level of performance corresponding to the
reference design, no incremental economic incentive
can be identified for the H73R-GT to offset tne
increased development costs and risk relative to
the HTGR-SC. This result was true over the range
of cooling options investigated, 3) the relative
economics of the HTGR-GT and HTSR-SC are not
significantly impacted by dry cooling ccnsidsra-
tions, and 4) while reduced cycle complexity ray
ultimately result in a re l iabi l i ty advantage for
the HTGR-3T, the value of that potential advantage
could r.ot be quantified in the context of trie
current evaluation.

Although the FY 1979-80 results did not provide
the basis for a high priority to be assigned to the
Gas Turbine Program as the preferred lead commer-
cial plant, the HTGR-GT continues to engender
considerable interest from participating u t i l i t i es .
This interest stems from the potential for improved
efficiencies at higner core outlet temperatures,
the basic simplicity of the gas turbine cycle
(lower maintenance, higher capacity factors), aid
low water use requirements.

Based upon encouraging results from the Steam
Cyde/Cogeneration application, additional interest
in the HTGR-QT is being derived fror i ts potential
cogeneration characteristics. While prior studies
provide some insight regarding the cogener^tisn
potential of the NTSR-GT, the ful l potential of
the HTGR-GT for such applications has yet to be
explored. This potential may be significant for
the following reasons.

• In cogeneration applications, e l ec t r i c i t y
comprises the higher value (premium) product
and thus i t is highly desirable that the
electricity to steam ratio be maximized. As
illustrated by Figure 3, the HTGS-GT is expect-
ed to offer a substantial advantage in this
regard.



t The projected cost of the K*GR-Gr for elect*
ricsl generation is comparable to tie HTP.-SC/C
anc Lx'R. "u'ther, enhancing the cogeneration
potential of the HTGR-C-T by" raising f e pre-
coc'er temperature woulc be achieved by reduc-
ing the effectiveness, a-.d hence, size i'i cost
of the recuserator ( in the ultimate, the
recperetor night be eliminated). Thus,
enhancement cf the cogeneration potential of
the HT3R-5T may entail a net cost reduction for
the nuclear heat source.

To confirm the above projections, system
studies wil l be undertaken in FY 1982 to ascertain
the parameters of the cycle :>est suites for cogen-
eration and to estimate the technica1 and economic
Benefits of such systems.

HTGR MARKETS

Process Heat

Whi"e subs t i t u t i on of nuclear energy fo r
o i l and gas appears desirable, the expanded use of
nuclear energy Deyond conventional e l e c t r i c a l
production w i l l be subject to constraints nposed

by the expected markets. A thorough understanding
of these markets i s , therefore, a f i r s t prerequi-
s i te to evaluating the prospects for nuclear energy
in unconventional roles. In ref lect ion of that
fact , studies have been conducted to characterize
the markets for industr ial process heat and the
related area of synfuels production.

These studies have been undertaker at three
varying levels of d e t a i l . At the most general
l e v e l , current and projected requirements fo r
process related energy in the United States have
been ident i f ied to define the upper l i r&it of the
overall market potent ial . The characteristics of
the market were then addressed in terms of temper-
a tu re , plant s i ze , load fac to rs , geographical
d is t r ibu t ion , current fuel types and other per t in-
ent variables. At this level the specif ic poten-
t i a l for various HTGR concepts can be estimated.
The most detailed level evaluated involved consid-
era t ion of spec i f i c s i t es and appl icat ions and
provided a basis for consideration of ins t i tu t iona l
issues such as financing arrangements, area specif-
ic energy costs, s i t i ng issues, and s imi lar fac-
tors. A sum-ary of results from the more general
level of detail is presented as Table 2.

Table 2

El.ERGY PROFILE (1977 DATA)

• El.iRGY :.£C'jiF.EMEh"5 AS SJTPlT Or E1ILERS & FURNACES

"EMPESATUPE S'EAK

175-26OCC

TCTA.S 6 .71 1C;

• El.ERGY -,E0U!P.EMEN"5 BY PLANT "HER."-:. DEr-'AND

: . A ' i T TnEP.VAL "OTAL PLANT;

I.3S (V.t) ' •0 . Or ENLC:Y USE

sG-lCC

50O-i:OO
>1000

TCTA.S

27,000
2,000
1,100
1,100

78
23

335,800
ENERGY USE AS % OF TOTAL:

• ENERGY REQUIREMENTS AS FUEL INPUT

-UELS £J

ic:
100

DIRECT

11
0.16
0.17
0.60
0.61
1.27
2.22

r.EAT
1

3
3
12
12
26
44

5.03 iGG

l-S-.IFT

28"
li

302

No.

,500
,300
900
400
100
0
0

,200

PLANTS
V

31
34
13
13
9
0
0

100
14

TuTAL

2.

I,
2.

43
91
14
77
27
22

2'r
25
i:
r

1 •

lj

11.74

i-SHIFT
NO.

1.45L
2,5c:
50C
20C
500
84
16

5,250

PLANTS
-

i

c
4?
2C
14

ICC
58

3AS
PETROLEUM
:OAL

TOTAL

* Exajoules

8.12
6.22
3.06

17.40

Joules

47
36
17

ICO

t INDUSTRIAL PROCESS HEAT PROJECTIONS (EJ)

1978 2000 2C20

Direct Process Heat 4.0 5.3 6.4
Indirect Process Heat 6.9 9.9 12.1
Metallurgical Coal 2.1 2.1 2.1
Refinery, Gas Plant,

Field Use 4.9 4.3 3.1

TOTAL 17.9 21.6 23.7



As a result of studies to date, a substantial
and unique potential has been ident i f ied for
u t i l i z a t i o n of the HTGR in meeting incremental
market requirements.

Synfuels

In addit ion to the industr ia l process heat
market, synfuels development comprises an area of
particular interest in the consideration of nuclear
energy applications. The following reasons may be
cited for this interest:

• The size, probable si t ing, temperature require-
ments, and timing are compatible with the
development of a high-temperature nuclear heat
source such as the HTGR.

• Major environmental advantages may accrue due
to reduced mining, transportation, and burning
of coal for a given product output.

To evaluate the potential for synfuels, a
study was commissioned by Gas-Cooled Reactor
Associates (Ref. 8) to project the evolution of
the market through 2020. A summary is provided in
Table 3. Note that in 1980 there were no commer-
cial-scale synfuel plants in the L'.S. An indeper-
dent study conducted in the same period substan-
t i a l l y confirmed these results (Ref. 9). However,
changes in the levels of support and incentives to
be provided by the U.S. Government are expected to
impact these results.

Table 3

U.S. Synfuels Forecast

200C

Gases
Liquids

Total

No. of
Plants

10
34

44

Total
Capacity

(103

BDOE*)

2162

2020

Proc.
Heat

Capacity
(GWt)

46

Total
Capacity

No. of (103
Plants BOOT*)

Gases
Liquids

Total

41
160

201

1799
7990

9789

Proc
Heat

Capacity
(GWt)

20
192

212

* Barrels/day oil equivalent

HTGR TECHNOLOG" DEVELOPMENT

As an i n t e g r a l element of the o v e r a l l HTGP.
Program, the Technology Development Program i n the
U.ST i s directed to the support of important HTGR
appl icat ions. The present s t ructure of the Tech-
nology Development Program incorporates f i ve major
elements which are i d e n t i f i e d below.

Fuel Techno!ogy - This element consists of a c t i v -
i t i e s to develop and qua l i f y fue l for app l ica t ion
in HTGR f a c i l i t i e s . Included are development of
fuel processes, fuel mater ia ls, fuel cycles, and
f i s s i o n product/coolant chemistry. Major emphasis
i s upon development of fuel fo r the low enriched
Uranium/Thorium fue l cycle which w i l l be appl icable
to both near term and advanced systems.

Materials Technology - This element consists of
activit ies to characterize and qualify materials
for application in HTGR fac i l i t i es . Included for
development are graphite, ceramic, and metallic
materials. While primary emphasis is currently on
Steam Cycle Cogeneration applications, materials
development for advanced systems is also included.

Plant Technology - This element consists of activ-
i t ies which are oriented to development of ana-
lyt ical methods and cr i ter ia which are applicable
to such areas as design, analysis, l icensing,
safety and re l iab i l i ty evaluations and risk asses-
sment- In general, the methods developed under
this element are broa^y applicable for multiple
HTGR applications.

Design Ver i f icat ion and Support - This element
consists of testing activit ies which are i n i t i a l l y
required to support the evaluation of HTGR designs
and which are subsequently required for design
verif ication and support of the licensing process-
I t includes the planning, analysis, design and
construction cf test specimens, models, fixtures
and test rigs and the validation and interpreta-
tion of test results.

Technology Transfer - Technology Transfer pertains
to those activi t ies which are directed to acquisi-
tion and ut i l izat ion of information resulting from
resources and fac i l i t i es , both domestic and inter-
national, which are external to the HTGR Program.
Specifically included are a: t iv i t ies in support of
international cooperative agreements and assimila-
t ion of data from operation of Fort St. Vrain.

Reflecting the current design and programmatic
emphasis on the Steam Cycle/Cogeneration version of
the HTGR, a similar focus exists in the Technology
Development Program. A high fraction of Technology
Development Program results, however, are expected
to apply to advanced systems as we l l . At the
present time approximately 155 of the Technology
Development Program is uniquely supportive of
advanced systexs.

FORT ST. VRAIN STATUS

The successful development of the Peach Bottom
reactor led naturally to the commitment of Fort St.
Vrain, the f i r s t large HTGR to be operated commer-
c i a l l y . Fort St. Vrain, a 330 MWe Steam Cycle



riTGR ceveloped by General Atomic Company, f i r s t
achieved cr i t ical i ty in January 1974 and has since
been tested at power levels to about 90% and
operated continuously at about 70S. In i ts seven
years of operation, i t has produced in excess
of 2.6 bi l l ion kilowatt-hours of electricity for
the Public Service Company of Colorado system.

The well-publicized d i f f i cu l t i es of Fort
St. Vrain have had the unfortunate effect of
overshadowing some very significant achievements
which hae been demonstrated through that faci l i ty.
Tor the most part, the troubles at Fort St. Vrain
have ceen related to design aid mechanical d i f f i -
culties which are not related f> basic HTGR design
concepts and which have no adverse implications
with regard to future HTGR development. Signifi-
cant examples in this regard have been re-current
problens with circulator seals and service systems,
and the extended shutdown for cable routing mod-
if ications.

The single notable exception has been the
temperature fluxuation phenomenon which has been
observed in the iPtermediate power range near the
currently authorized power l imit of 70S. Based
upon extensive analysis and model test ing, a
modification to the core was devised by the sup-
plier and installed by the u t i l i t y . The modifica-
tion has eliminated the Fort St. Vrain temperature
fluxuation problem and the authorization for
testing above 70J power has been granted by the
Nuclear Regulatory Commissioii. I t is expected that
the phenomenon can be avoided in subsequent core
designs.

Despite the diff icult ies encountered at Fort
St. V^ain, the operating u t i l i t y has reported
considerable satisfaction with the inherent operat-
ing characteristics of the HTGR. Due to the large
heat capacity of the core coupled with its rela-
tively low power density, the plant has been found
to accept transients and loss of equipment in a
graceful manner. Operational upsets, including
perioos of no forced circulation cooling of the
reactor have been experienced with no apparent
damage to the fuel or to the plant. Particularly
cited Dy the u t i l i t y is the time available to
ev?luats and to respond to unexpected operational
occurrences.

Another impressive aspect of Fort St. Vrain
operation to date has been the minima" exposure of
operating personnel to radiation. In the five
years of Fort St. Vrain operation, one refueling
operation has been accomplished, including exten-
sive examination of fuel and reflector elements.
Additionally, the plant has undergone considerable
maintenance, including removal of four circulators
following prolonged power operation. Maximum
integrated exposures reported, however, are in the
range of 100-220 mill i reins, with only 6-8 people in
the plant having received exposures in this range.

In summary, Fort St. Vrain remains a major
element of the HTGR Program. While diff icult ies
have been encountered, on balance the Fort St.
Vrain experience has provided positive verification
of the HTGR technology. In the coming months, we
look forward to achieving fu l l power operation at
Fort St. Vrain and to continuing favorable exper-
ience in operation and maintenance.

SUMMARY

In summary, the HTGR cont inues t o appear as an
increasingly attractive option for application to
U.S. energy markets. To examine that potential, a
program is being pursued to examine the various
HTGR applications and to provide information to
decision-makers in both the public and private
sectors. To date, this effort has identified a
substantial technical and economic potential for
Steam Cycle/Cogeneration applications. Advanced
HTGR systems are currently being evaluated to
determine their appropriate role and timing.

The encouraging results which have been ob-
tained lead to heightened anticipation that a role
for the HTGR w i l l be found in the U.S. energy
market and that an init iat ive culminating in a lead
project wi l l be evolved in the forseeable future.

The U.S. Program can continue to benefit
from international cooperative act iv i t ies to
develop the needed technologies. Expansion of
these cooperative act iv i t ies w i l l be actively
pursued.
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