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High-Temperature Gas-Cooled Reactors (HTGRs) are now being marketed

commercially by Gulf General Atomic (GGA); to date, six large HTGRs

[770 and 1160 MW(e) units] have been sold with operation of the first of

these units to take place about 1980. An HTGR prototype, the 330-MW(e)

Fort St. Vrain Reactor, is to start power operation in 1974. Three

experimental HTGRs are operating successfully, these being the Dragon

Reactor in England [20 MW(t)j, the AVR in Germany [15 MW(e)], and the

Peach Bottom HTGR in the United States [40 MW(e)]. The general

arrangement of the nuclear steam supply system for a large HTGR is

shown in Fig. 1. As shown, the core region is located within a pre-

stressed concrete reactor vessel (PCRV), with the coolant heat

exchange system located in pods within the PCRV. The steam from the

steam generators is used in turbines to drive electric generators. The

general design features of a large HTGR are given in Table 1.

The HTGR core assembly consists of fueled graphite elements whose

component parts are illustrated in Fig. 2. As indicated, coated fuel

particles are fabricated into fuel rods which are then placed into the

fuel channels of a graphite moderator block. The reference initial

fuel contains fissile UC2 and fertile thoria particles whose kernel

diameters are about 200 u and 500 u, respectively. The fertile kernels

are coated first with a low-density pyrolytic carbon layer, followed

by a high-density pyrolytic carbon layer (so-called BISO coating).

The fissile kernel is coated with a low-density pyrolytic carbon layer

and with a silicon carbide layer which is sandwiched between two
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Sunaaary Descriptions:
Fort St. Vrain and 1100 tWe HTGR's

Fort St. Vrain 1100 MWe

Thermal power, MW(t)

Effective core diameter, ft

Active core height, ft

Number of fuel elements

Numbf of fuel columns

Reflector thickness (avg.), ft

Number of refueling regions

Number of control rods, pairs

Fuel lifetime, years

Fraction of core replaced each year

Fuel cycle ;

Initial loadings:

Thorium, kg

U-235, kg

Average -power density, watts/cc

Average outlet gas temperature, DF

Average inlet gas temperature, "F

Core pressure drop, psi

Maximum fuel temperature, °F

Volume median fuel temperature, "F

Volume median moderator temperature, °F

Maxinum fast fluence (E < .18 mev), nvt

Average fast fluence (E < .18 tnev), nvt

Maximum burnup, NWd/tonne

Average burnup, Ml.M/connc

842

19.5

15.6

1482

247

3.8

37

37

6

1 /6

Uranium/Thorium

19,500

870

6.3

1440 (77O°C)

760 <-'.00oC)

8.4

2300 (1260°C)

1500 (83O°C)

1350 (75O°C)

8 x 1021

5 x 102t

200,000

100,000

2804
27.15
20.8

3800

475

4 . 2

73

73

4

1/4

Urani iru /Tho r i urn

40,700

2,000

8.2

1398 (760"C)

630 (330"C)

7 . 4

23S0 (1300'C)

1440 (780°C)

1300 (700°C)

8 x 10? 1

5 x IO21

ISO,000

92,000





high-density pyrolytic carbon layers (so-called TRISO coating). These

coatings serve as pressure vessels and retain fission products. The

silicon carbide layer around the fissile kernel is utilized to retain

heavy metal fission products such as strontium and cesium in fuel which

goes to very high burnup. The coated microspheres are mixed with matrix

material which contains pitch and graphite filler, to form fuel rods

vrtiich are about 5/8-in.-diara and 3-in. long. The fuel rods are in-

serted into the fuel holes in the hexagonal graphite moderator block

which overall is about 31 in. long and 14 in. between the faces. For

recycle fuel, the fissile particle is a thorium-uranium oxide kernel

with a BISO coating, along with a BISO coated thoria particle. A

summary of the reference fuel particles and their design features are

given in Table 2.

As indicated in the above discussion of fuel, the present HTGR

designs being offered are based on use of the thorium fuel cycle. Use

of that cycle rather than the uranium fuel cycle improves the fuel

utilization characteristics of the reactor because of the higher fuel

conversion ratio, and promises improved economic performance if

commercial fuel recycle is practical. The ability to recycle fuel

economically is particularly important for HTGRs operating on the

thorium fuel cycle, with savings of several tenths of mills/kWhr(e)

for present designs. Thus, an important factor in the acceptance of

the present HTGR design as a power source is the development of fuel

recycle technology. Such development is presently being carried out

under U.S. AEC-supported programs at Oak Ridge National Laboratory,

Gulf General Atomic, and Idaho Chemical Processing Plant. The work t'nnt

has been performed to date indicates that there are no raajor techno-

logical breakthroughs required, although a great deal of development

work still remains to be performed relative to the demonstration of

economic recycle of bred fuel in HTGRs.

In assessing any power producing system, there are rcany factors

that have to be considered and these all interact; these concern the

economic performance, t'm safety features, and the I:-.p:-«:t .M the systeu

on the environment. With regard to these f.ict.>rs, z'.ui "•' "̂  -..ill ••*



ORNL-DWG 73-7206

HTGR Reference Fuel Particle Descriptions

Property

Kernel Composition

Kernel Diameter, um

Type Coat ing

Coating Thickness, ym

Duffer Carbon
Inner Dense Carbon
Si I icon Carbide
Outer Carbon

Total Particle Diameter, v

IMa

Fissile
Particle

UC2

200

TIUSO

85
25
25
35

:r.i 5*»0

Elements

"s Fertile
Particle

ThO 2

500

BISO

85

. 75
820

•

23 Recycle

Fissile
Particle

(k.25 Th,U)02

*>00

DISO

90

80

7'}0

Element

Fert ile
Part iclc

Th0J>

500

BISO

85

15

820

Tor i n i t i a l and makeup loadings,



be discussed relative to light vater reactors (LKRs) in general. Lffls

are commercially established, are being built in large numbers, and

will be considered as acceptable energy producers. How HTORs conipare

with LWRs will thus influence their conrniercial acceptance as a pover

source.

The economic performance of a reactor system is influenced by the

specific reactor type and its features. The low power density of an

HTGR core requires that the reactor volume be large; the use of helium

gas as the coolant requires that the systeia be pressurized in order to

obtain good heat transfer characteristics for the coolant. The high

pressure combined with the large reactor volume has led to use of the

prestressed concrete reactor vessel (PCRV) which permits on-site

construction of a high-integrity, large containment structure. The

high temperature capability of the reactor core, which utilizes caramic

materials, leads to high operating temperatures and overall thermal

efficiencies of about 40%. Further, use of inert helium as the coolant,

along with coated fuel particles having excellent performance leads to a

coolant circuit which has a low contamination level. These features

along with corresponding LWR features are summarized in Table 3.

The use of a PCRV permits containment of an HTGR in a practical

manner, but does not appear to lead to lower containment costs than

those associated with light water reactors. Further, the large HTGR

core size and' the relatively poor heat transfer coefficients and unit

heat capacity associated with helium as the coolant leads to higher

capital costs per thermal megawatt, compared to light water reactors.

At the same time, this is offset by the higher thermal efficiency of

HTGRs. Comparisons of overall capital costs between HTGRs and UvRs

have not been published recently, but earlier comparisons have been

made. The reactor evaluations performed under the U.S. AEC for

evaluating potential nuclear power growth patterns1 indicated that

the capital costs for HTGRs were about $6~8/kW(e) less than for L'.vRs

(1967 cost estimates). The updated (1970) cost benefit analysis

studies2 performed by the U.S. AEC indicaced that zh^ civlnl cost.:*



Table 3

GENERAL DESIGN FEATURES OF HTGRs AND LURs

Core power density, kW/liter

Coolant pressure, psi

Containment

Outlet coolant temperature, °F

Plant thermal efficiency, %

Coolant

Coolant activity

HTGR

<v8

700

PCRV

^1400

~40

He

very low

LWR

50-90

1000-2000

steel vessel

^550u600

^34

H20

low



for HTGRs would be about the same as for LURs until the 1990s, but

eventually the HTGR capital cost would be less by about $12/kW(e).

In 1970, the EEI Reactor Assessment Panel considered the capital costs

for the HTGR to be lover than those for LWRs.3 Since the 1970

evaluations, no similar comparison between HTGR and L'CR. capital costs

have been published. Presumably, such comparisons will be made in

cost benefit studies being performed for the LMFBR environmental

impact assessment, but they are not available at this time.

Relative to the fuel cycle, the HTGR under fuel recycle conditions

has a conversion ratio of about .66, which is about 0.1 higher than

for LWRs. The fuel inventory cost is comparable to that in light water

reactors, as are fuel fabrication and reprocessing costs if present

estimates of recycle facility costs and fuel performance are correct.

Thus, it appears that the fuel cycle costs for the HTGR will be the

same or slightly lower than those for light water reactors, if fuel

recycle technology is developed successfully.

Power costs today are dominated by capital costs, with fuel cycle

costs about 1/3 as much as capital costs. Operating and maintenance

costs are relatively low, and so differences between LWR and HTGR

O&M costs would not be expected to be important. Because of the

cleaner coolant systems and lower radiation bearing wastes, however,

HTGRs may have lower O&M costs. Thus, based on the above, overall

costs of HTGRs appear to be competitive with those of Ll/Rs.

Turning now to market performance, several HTGRs have been sold,

but in most cases where GGA has bid on plants in competition with LWR

vendors the LWR was chosen. This could be due to several factors

which are important now, but may not be in the future. An important

one is that the HTGR is competing with a more established industry;

thus, more R&D costs may be included in HTGR bids than in LWR bids.

Also, the assessment of costs by the utility may lead to penalizing

the less established system because no detailed experience exists to

back up anticipated cost savings. However, it is very difficult

to evaluate what part the above factors have had in relative cost
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assessment. The overall results would indicate that, based on run-of- I

river cooling conditions, HTGRs do not have significant, if any, cost i

advantage over LWRs based on bids to date and associated cost assess- j

meats by utilities. P.
s

At the same time, since it is expensive and difficult to compete f

against established competition, the HTGRs offered to date probably

have been reasonably competitive to LWRs. As indicated above, prior

evaluations of HTGR power costs under conventional conditions, i.e.,

a plant site having adequate cooling water, indicate that the HIGR

should be competitive with LWRs, and should gain, competitive stature

with time. However, the unit HTGR capital cost under such circumstances

will probably not be much lower than that from LWRs. A muck more signif-

icant feature of HTGRs is that they operate with thermal efficiencies I

of about 40% so that cooling water requirements are 20 to 25% less than I

that of the LWR, which increases the availability of plant sites. Also, %

there is increasing need from both the viewpoints of environmental \

factors and of cooling water availability to utilize wet cooling towers 1

for dissipating energy. Use of such towers increases the relative |

competitiveness of HTGRs with LWRs, since the net effect is to increase |

the temperature of heat rejection, which penalizes the HTGR less than I

the LWR (1—2 % increase in thermal efficiency relative to that for LWRs). I

(The basic advantage that the HTGR has relative co LKRs when cooling I

towers are required is due to the higher operating temperature of the \

HTGR, such that an increase in the heat rejection temperature has a J

smaller relative effect on the thermal efficiency.) Further restrictions j

in energy dissipation methods due again to either cooling water 'j,

limitations or environmental conditions may require dry cooling towers; J

use of such towers would again increase the relative competitiveness I

of HTGRs with LWRs (3-4% increase in thermal efficiency relative to |

that for LWRs). |

In addition, the potential exists for higher temperature perfornance |

for HTGRs, such that direct cycle HTGRs employing helium turbine and dry

cooling towers appear attractive for power generation in comparison with

steam cycle operation. Such operation should greatly e::pand rhe
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Table 4

HTGR OPERATING MODES

Steam cycle, run-of-river cooling

Steam cycle, wet cooling towers

Steam cycle, dry cooling towers

Helium turbine cycle, dry cooling towers
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availability of plant sites. Increased freedom in site placement has

a significant economic effect on power costs for the user if such

freedom leads to lower transmission costs. Reducing transmission

requirements by 400 miles, for example, will reduce power costs by

something like 2 mills/kWhr. Further, with the growing need to utilize

our coal resources efficiently, there is much emphasis on coal

gasification. The HTGR is the most promising nuclear power plant as

an energy source for high temperature process heat.

Another factor which can have a significant effect on power costs

is plant availability. HTGRs utilize helium as the coolant, which, is

inert and has a low neutron absorption cross section. This in combi-

nation with good fuel performance leads to low activity in the coolant

circuit which should decrease maintenance down time. This condition,

along with the relatively short time required to initiate refueling

operations, would have a favorable effect on relatively high plant

availability. Probably littla credit will be given for such features

until they are demonstrated, yet a potential advantage appears to

exist, xfhich would directly affect the major component of power cost.

Overall, then, at this stage of development and demonstration,

HTGR power costs presently appear to be assessed such that no large

market breakthrough will take place until anticipated future advantages

are credited more fully.

Safety considerations have had quite a bit of publicity within the

last few years, and it appears that increasing emphasis will be given

to ensuring safe operation. An HTGR operates at low power density,

about 8 kW/liter, and also contains large amounts of graphite, so that

there is a large core heat capacity inherently present. Both of these

factors mitigate the consequences of a loss of cooling accident, since

the high heat capacity of the core materials as well as the low core

power density means that loss of cooling does not lead to severe conditions

nearly as rapidly as in other systems having much higher heat generation

ra'-es and lower heat capacity. Further, the integration of the coolant

circuit in the prestressed concrete reactor vessel (PCRV), a design

feature used in large HTGKs, provides a very safe containnant. Overall,



HTGR SAFETY

Low power density-

High core heat capacity-

High core temperature capability

FCRV circuit

Low activity circuit
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the HTGR appears to be a very safe reactor system, and this may influence

its use significantly.

Additional safety features include stable nuclear characteristics,

inert helium coolant, high temperature stability and strength of core

materials, ceramic containment of the fuel, and engineered safeguards

such as PCRV penetration flow restrictors, PCRV safety valves, a

steam-water dump system, a core auxiliary cooling system, and

secondary containment.

With regard to environmental features, the HTGR has a relatively

low environmental impact at the reactor site because of its inherent

and design features. Liquid radioactive wastes are virtually nonexistent

except for that which might be obtained from washdown of equipment.

Purification systems clean up the helium coolant, which normally has very

low contamination levels. Gaseous radioactive wastes are very small in

amount. Systems for handling radioactive wastes appear adequate such

that releases from the plant to the environment are very low under normal

operating conditions. Solid radioactive wastes other than spent fuel

appear to have low radioactivity levels and can be handled routinely.

The low environmental impact of an HTGR is illustrated by the

Environmental Statement4 issued for the Fort St. Vrain HTGR. The FSVR

is a 330-MW(e) HTGR, and thus has a high enough power level that the

impact statement is relevant to that for a large KTGR. A suraaary of

results obtained is given in Table 6. As seen, the radioactive

releases are very low compared to natural background radiation, and

other impacts are less than those associated with most industrial

plants.

Although the radiation discharge from an HTGR power plant appears

to be very low under normal conditions, that does not represent the

whole HTGR impact. In addition, the fuel recycle system has to be

considered. As indicated earlier, fuel recycle factors that have to be

considered are fuel element shipping, handling and storage; fuel

recovery and purification; fuel element fabrication and waste manage-

ment. The present reference fuel recycle operations involve crushing

irradiated fuel elements and burning the resultnnc ^teriai. Subs.?~::-.?nt

operations involve leaching and recovery of fuel \v»lu-i- hy solvent
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Table 6

FSVR ENVIRONMENTAL IMPACT

Man-rem dose from plant (50 mile radius) - ̂ 9

Han-retn dose frora natural background (50 mile radius) — ^350,000

1000 Ci in gaseous radioactive wastes per year

0.04 Ci in liquid radioactive wastes per year

Very low risk of accidental radiation exposure

Agricultural land •*• industrial land

Cooling towers deposit 1500 tons of salts/year

2 to 4 °F temperature rise in streams

from cooling tower •*• 0.01—0.02 ppia chlorine in stream
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extraction processing similar to those proposed for light water reactor

fuels.

Fabrication of fresh fuel or recycle fuel involves sisiilar processes

and operations. In performing this, as indicated earlier, fuel nticro-

spheres are formed and coated with layers of pyrolytic carbon; these are

then mixed with graphite filler and pitch binder to form fuel rods,

which are placed in graphite blocks and carbonized, producing fuel

elements. Because of the 2 3 2U and associated decay products in recycle

fuel, fuel refabrication operations are performed in contained, shielded

facilities. By proper design and operation of the refabrication plant.,

concentrations of gaseous effluents, of radionuclides in the gases, and

of solid effluents can be readily controlled such that no adverse effects

on the environment are expected (concentration of effluents would be much

less than those associated with EPA standards and 10 CFR 20 limits).

From the viewpoint of radioactive discharge to the environment, the

fuel reprocessing plant can have a significant impact since that is

where fission products are handled and separated from fuel values. The

above is true for both LWR and HTGR processing plants. The primary-

difference between a plant processing HTGR fuels and one processing LWR

fuels is associated with the fuel head-end treatment. The UTGR fuel

recycle process considers burning of the fuel block and leaching the

residues, while the LWR process utilizes chop-leach operations. Once

the fuel is leached, the fuel recovery and waste treatment operations

are generally similar; accepting that LWR fuels will be processed in an

environmentally acceptable manner, then the same appears true for KTGR

fuel leaching and recovery operations.

, The fuel burning operations on HTGR fuels generate a very large

volume of carbon dioxide containing very small volumes of radioactive

gases, the most important which are 8 5Kr, tritium, iodine, and Jt*C.

The first three can be removed by processes which are under engineering

development. However, ll*C02 cannot be separated economically from

and so it is important that planned dispersion of CO? does not lead

to excessive radiation from 1I*C.
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Recent calculations of the ll*C radiation hazard associated with large

HTGR processing plants have been nade.5 The results are given in Table 7

for a German location, and consider that a person lives at the position

of highest 1'*C concentration and eats only food grown at that site.

As shown, the calculated radiation burden is highly dependent upon

processing plant size and height of the dispersal stack. They would be

further decreased by providing a reasonably large exclusion area around

the plant. While the values given indicate that the 1£*C problem is

manageable, they are large enough that further studies are needed to

assure that levels will be limited to acceptable values. With regard

to the latter point, the amount of radiation which is acceptable in

exchange for the benefits of nuclear power still remain to be

established. For orientation, 5% of natural background is about

6 to 7 millirem/year.

Will need to summarize.
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Table 7

MAXIMUM AN21UAL RADIATION LEVEL ASSOCIATED KITH
14C FROM HTGR FUEL PROCESSING PLANT

HTGR Capacity
Equivalent MW(e)

1000

5000

25,000

Stack height,
meters

100

100

100

200

300

ll*C - mresa/yr

0.9

4.4

22.0

4.9

2.0


