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ABSTRACT

The developament of a nuclear fisgion fhel cycle is proposed which
eliminates all the radiocactive fission product waste effluent and the need
for geological-age high level waste storage and provides a long term supply
of fissile fuel for an LWR power reactor aconocmy. The fuel cycle consists
of reprocessing LWR spent fuel (1 to 2 years old) to remove the stable non-
radiocactive (NRFP, e.g. lanthanides, etc.)!and short-lived fission products
(SLFP e.g. half-lives of <1 to 2 years) ani returning, in dilute form, the
lorng—lived fission products, ((ILFPs, c.g.,ﬁo yr half-life Cs, Sr, and 10 yr
Kr, and 16x100 yr I) and the transuranics (7Us, e.g. Pu, Am, Ca and Np) to
be refabricated into fresh fuel elements. / Makeup fertile and fissile fuel
are to be supplied through the use of a Spallator (linear accelerator
spallation-target fuel-producer).The repricessing of LWR fuel elemants {s to
be performed by means of the Chelox process which consists of Airox treat-
ment. (air oxidation and hydrogen reduction]) followed by chelation with an
organic reagent (S-diketonate) and vapor distillation of the organometallic
compounds for separation and partitioning of the fission products. The
stable and short-lived fission products fNRFP and SLFP) are allowed to decay
to background in 1 to 2 years for final disposal to the environment. The
fertile material (FM, e.g. U~238) and transuranics (TUs) are returned to be
reincorporated into LWR fuel slemants. ic even mags-numbered TUs are effi-
ciently converted to odd mass—numbered fiissile fuel (FF) ia the reactor
which then fission to produce power and fission products in the LWR. The
TUs have high thermal neutron crossectijcs and are therefore efficiently
converted in the thermal LWR. The loug-lived fissiom products (LLFPs, e.g.
Cs, Sr, Xr and I) are recycled in the funl cycle to docay and become trans-
muted both in the Spallator and the Lwﬂ to short-lived (SLFP) and stable
(NRFP) products. Decay is the major magde nf transmutation of the LLFPs
bec:use of their small thermal neutron, crossections. Some neutroa transau~
tation does occur and shortems the storsge times for the LLFPs. In this
mauner, long term geological-age storagn of fission product waste is avoided
and the need for a new fast breeder reactor economy is no longer a necessity
by the utility power industry. APEX can be beneficially applied to the
thorium/U-233 cycle as well as the dejscribed uranium/Pu-239 cycle.




4 ~

7
7

APEX NUCLEAR FUEL, CYCLE FOR PRODUCTION OF LWR FUEL AND
ELIMINATION OF RADIOACTIVE WASTE

by

Msyer Steinberg and J.R. Powell
Department of Nuclear Engineering
Broockhaven National Laboratory
Upton, L.I., New York 11973

August 1981

INTRODUCTION

It is vell known that Purex nuclear fuel reprocessing for the civilian
povwer program was primarily derived from the need to produce weapons grade
plutonium. Thus Pu=-239 is solvent extracted with tributyl phosphace (TBP)
from an aqueous nitrate solution of spent fission fuel and the Pu-229 is
then recovered and councentrated for mixing with fresh uranium oxide to aake
up the fuel in a thermal nuclear power reactor. Actually no fuel reprocess-
ing has been performed for the civilian power economy since deferaeant of
reprocessing was instituted by the Non-proliferation Act of 1976. Thus,
most of the reprocessing that has occurred vas for the weapons program. The
effluent high level waste from these production plants contain up to about
2% of the Pu=239 originally present in the spent fuel from the convertor
reactor together with the fission products. The high—level waste from the
fual reprocessing plants have been stored to date, on—site in large engi-
neered storage tauks. Much work is now being conducted to solidify this
high level waste for placement in underground excsvations for geological-age
storage in so-called waste isolation facilities. Because of the Pu~239
coutent, which has a 26,000 year half-life, this waste requires storage for
a quarter of a sillion years (~10 half-lives) to decay to biologically ac-
ceptable background level, along with other long-lived transuranics (Pu, Am,
Ca, Np, etc.). The longest-lived and biologically most hazardous fission
products are Cs-137 and Sr-90, both of which have half-lives of approximate-
ly 30 years, require at least 300 years to decay to background. Actually
the bulk of the present waste consiscs of 80 million gallons storsd at he
veapons materials production plants. The main radioaczive products, in this
aged vaste cousists of Pu, snd Cs and Sr fission products. The civilian
fuel as sentioned above is not being raprocessed presently, but is deing
stored in pools at the power reactor sites. Eventually these elesments will
either have to ba reprocessed or disposed of.

Weapons aaterials require high concentrations (>20%) of high grade~high
ourity fissile material (Pu 239, U~235 or U=233). For the thermsl fission
nuclear burner power reactors, for example, the light water reactors (LwWRs},
one does not need to concentrate fissile U-235 (natural) or Pu-239 (=zade
from uranius 238) or aven U-233 (made from thorium) to these higher levels
for use in the power reactor fuel elements. . The fissile fuel concentration
{n the fuel elements need only be in the order of 22 to 42X to be able to
function in a light water power reactor (LWR).



APEX FUEL CYCLE

We are proposing an alternate new fuel cycle which eliminates the
radioactive fission product waste effluent and thus avoids long-lived geo-
logical-age radioactive waste storage'': ) and supplies fissila fuel for
the L4R power reactor. For all intensive prrposes this fuer cycle does
not have any radioactive waste effluent. Only non-radioactive stable waste
which does not have to be stored in a waste isolation facility but which can
e disposed of in a normal fashion to the enviromment is produced by the

systen.

The fuel cycle consists of chemically reprocessing LWR spent fuel which
has been aged for 1 to 2 years. The reprocessing removes the stable non~-
radiocactive (NRFP,e.zg. the lanthanides, etc.) and short-lived fission prod-
ucts (SLFP) with half-lives of <1 to 2 years and returns in dilute form, the
long—-lived cransuranics (TU's, e.g., Pu, Am, Ca, Np, etc) and long-lived
fission products gLLFP's e.g. mainly the 30 year half-lifa Cs, Sr, and 10
vear Kr and 16x10° yr I, etc.) to be refabricated into fresh LWR fuel ele-
ments. The fissile transuranics (the odd mass-numbered) will fission and
the fertile transuranics (the even mass-numbered) will be converted to fis—
sile transuranics in the thermal nuclear power reactor. The TU's have large
therzal neutron crossections and can either be readilv fissioned or conver:z-
ed from fertile material (FM) to fissile fuel (FF) ia the LWRs. Equilibdrium
concentrations of these materials are achieved in the fuel cycle within a
relatively short period of time. Recycling the transuranics, which actually
act as fuel, adds to the power capacity of the L¥Rs and does not detract
from the neutron economy of the reactor. 3ecause of their mueh lower cross-
sections, the long-lived fission products (LLFfPs) Cs~137 and Sr-90 fission
products are not readily transmuted in the LiRs. ror these waste products
we would be asinly relying on the decav process by storage within the fuel
cycle. Some transmutation will occur in the Spallator and the LW4Rs which
will shorten the recycle storage times for decay of the LLFPs to non-radio-
active stable isotopes (NRFP). It is interesting to note that the main
long-lived radioacrive fission products formed in the fission process are
the 30 yr half-life Cs-137 and Sr-90 isotopes so that no other hazardous
long-lived (nuclides) are expected to be formed on racvcling. Over zhe
ionger period of time the total inventory of Cs and Sr thus reaches
isvoptotic equilibrium values.

12 order to implement the above fuel cycle, it aay be possibie o use
zcnventional Purex reprocessing, however, we are proposiag to iaprove aad
fesign the reprocegsing chemistry to accomplish the goal set forth. A
{undamental consideration is that the purpose of Purex was t5 produce pure
Py for weapons. Purex was therefore operated to allow 2u to spill over into
the waste Iin order to prevent contamination of the Pu aetal with fission
nreducts. In the concept proposed herein the reverse is allowed for the
¢ivilian reactor fuel. Fission products are allowed to contaminate the
fissile Pu but Pu 1s not allowed to contaminate the waste. The purpose of
this new reprocessing svstem is to extract the stable non~radioactive (NRFP)
and shorter-lived fission products (SLFPs with <2 vears hali-life) and to
allow the transuranics and long-lived fission produczs zo remain in zhe
fuel. Furthermore, in order to produce azake-up fissile fuel (FF) Zor



fabricating fresh fuel elements for use in the thermal burner LWR power
reactors, ir is proposed to use the Spallator (linear accelerator
spallation-neutron target reactor) to produce fissile material.
Isotopic enrichment of U-235 from natural uranium is not needed and the
cycle functions in the zame sense as a breeder.

CHELOX REPROCESSING

The new reprocessing chemistry which we call "Chelox"” first involves
the use of the Airox procels(a) followed by extraction with a chelating
agent. The Airox process breaks open the zircaloy cladding of the LWR fuel
element by air oxidation and hydrogen reduction processes and removes the
urapium. This is followed by treatment of the UO; with a chelatiag atent
(3-diketonate) to extract and separate the stabls alkali and :cre earth fis-
sion products from the higher valent uranium and transuranic oxides.{(?

The Airox process cousists of air oxidation of a mechanically punctured LWR
fuel element at ~400°C, thus converting the U0; to U30g which swells and
cracks open the zircaloy cladding. The U30g powder falls out and separates
from the cladding. The U30g is then reduced back to U0; with hydrogen at
about the same temperature. This process has been tested through pileot
plant scale(®) with irradiated L¥R fuel elements. The chemistry of the
Airox process is as follows:

Airox Process
uop + 0 = U30g
Ua0g + 2Hp = 3003 + 2H0

In the Alrox process the volatile fission products (Xe, Xr, I) and some
of the Cs are volatilized and recovered by trapping, filtering and absorp-
tion processes with short-term storage (1 to 2 year) cf the spent LWR fuel.
Prior to reprocessing most of the short-lived (<1 to 2 months) fission prod-
ucts will have been decayed so that, as far as the volatile fission products
are concerned, these will mainly consist of Xr—85 (10 yvear half-life), I-129
(16 aillion yr half life) and Cs-137 and Sr~90 (30 year half-life) and will
be recovered by well~known techniques zentioned above. The volatile I and
Cs fission products will returned to the fuel cycle because they can be
readily solidified in chemical compound formations. The Kr—85 gas can be
captured either in a clathrate form or preferably concentrated as a gas in
storage tanks which can then be condensed into the free space of the zirca-
lov clad LWR fuel elements for return to the spallator and reactor for
transsutation and decay. The reprocessing svstem be designed to totally
recycle the longe--lived fission products. The black UQ, powder is then
chemically treated with a 3-diketonate chelating agent. The zircalov cladd-
ing will also be returned to hot refabricating for reuse in fresh fuel ale-

eNLE.

An alternate aechanical method of decladdiag can be used by chopping
and leaching with the chelating agent. The chop~lesch operation has beeu
highly developed in the Purex system so it is well known. The advantages of
zhop~leach may be that contamination due o escape of dry particulates and
volatiles will HSe less. This would elizminate the need for Airox and couid
be a2 distinct advantage in siaplifying the process.
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The 8-diketonate chelating chemistry has been tried out in the labora-
tory for complexing and separating transuranics but has never been developed
into a fuel processing scheme. The basic physical chemistry of the process
is available in the literature and has been extensively used as an analyti-
cal procedure.(z) At preseat, it is visualized that the U0; powder from
the Airox process will be contacted with the organic B8-diketonate chelating
agent at temperatures in the order of 100-200°C to extract most of the
fission products and some transuranics, leaving the bulk of the uranium and
plutonium undissolved. The metal complexing chelating agents have been
successfully used in extraction of metallic ore bodies and analyzed by gas
phase chema:ography.(z) It is proposed to develop this basic analytical
procedure into a process which can extract and partition the TUs and FPs.
The type of diketonate and the reaction rconditions will be one of the major
objectives of the proposed research and development task. This R and D will
determine the feasibility and the process conditions necessary to obtain the
optimum desired separatiovc and partitioning of the non-radioactive (NRFP)
stable and short-lived isotopes (SLFP) from the long-lived tramsuranics
(TUs) and fission products (LLFPs). Once the organometallic compounds of
the stable and short-lived fission products (SLF?s) are formed these
compounds will be further separated and refined by distillation. Distilla-
tion is pos3aible bacause of the widely differing vapor pressures and vola-
tilicties batween the TUs and FP chelates.

3-diketonate Chelating FProcess

One of the possible Chela:ing Agents (briafly referred to as fod) has
the following structure:

(CH3)3 C‘g"C'g‘CFZ-CF?_‘CFJ

and i3 organically 6,5,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-0octanedione
(briefiy referred to as fod).

Thus, the chelating reaction of spent UOs fuel can be represented as
follows:

COq+ FPs + TUs = UQy + TU(fod) + FP(fod)

Fod is a stable organic liquid which can be readily handled in the
atmosphere. For process purposes, clossd resaction vessgels are prefercved
since elevated temperatures will be necessary. By extraction of the UQs and
distillation of the organo-metallic chelate a separation and partitioning
will be obtained, whereby stable (NRFP) and short-lived products (SLFPs) and
the long=lived fission products (LLFPs) will be distilled our from the tran-
suranics (TUs). The vapor pressures of the lanchanide chelates have values
of over 10 am Hg at 200°C while that of the uranium and plutonium chelates
2re as low as 10~3 am Hg, thus the relative volatility is large (~10*) and a
very large separation factor becomes possible. The fod .reagent aay be
recovered by either extraction with another soclvent or by hydrogen reduc-
tion. If these are not efficienc, the chelated orgaco-aetallic coapound can
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be roasted back to oxide and the fluorine gas will be recovered for remaking
the fod chelating agent. The detailed process chemistry has yet to be
worked out in an R and D program. Even though the fod reagent way be
expensive to make, because we are handling relatively small quantities of
fission products, the cost per unit of power produced in the total fuel
cycle is negligible. Actually fod is made from cheap organic materials,
e.g. acetone, and propionic acid, and fluorine. The conversion of the
fission products to the oxide can be presented by air-oxidation as follows:

SLFP(fod) + O3 = SLFP + O3 + COp + Fp

It is important to note that the organic chelating agent is stable in
the presence of air and water to temperatures of more tham 100°C. However,
the radiation stability of the chelating agent must be determined. Some
decomposition can be tolerated because of rhe relative low cost of the
reagent in the total fuel cycle cost. It should be noted that fluorine
substitution in the organic structure of the chelating agent incr=ases :he
chemical and radiation stability of the compound. It must also be
eaphasized that fod is only one of a number of reagents of the 3-dikeronate
class which can be used, sc that there can be a large degree of flaxibility
in process design with this class of compounds.

The recovered uranium, plutonium, transuranic and long-lived fisgsion
products (Cs and Sr) are mixed together and fabricated back into a fuel
pellet. 1In this fabrication procedure, makeup fertile and if desired,
fissile fuel is added to the mixed oxide and then made into an LWR zircaioy
clad fuel element. If U-235 from an enrichment plant i{s available this can
be used to makeup fissile fuel. However, this would eventually deplete all
the natural U=235 and the nuclear industry would then come to a halt unless
a breeder reactor becomes available. It is preferred to have a Spallator
aakeup the fissile amaterial lnventory for assuring long-ter:m fuel supply for
an LWR power reactor ecocomy. The Chelox process can also be applied to the
breader cycle, however, because of the advantageous LWR economics and safety
considerations, a spallator supplying fuel to a number of LW4Rs is preferred.

THE SPALIATOR FOR FISSILE FUEL PRODUCTION

The Spallator employs a linear accelerator (LINAC) to generate a high
energy proton (1 to 2 GeV) which impinges on a UO; target which produces
spallation neutzons which can be absorbed iz fertile azaterial o produce
cigsile Pu~239.(113) The neutron yield is sufficient so that one 500
MW(e) beam Spallator can supply eight 1000 MW(e) LWRs with fuel throughout
the life of the LWR power reactors. High enerzy and fast fission produce
heat in the target which can be converted to steam to generate the
electrical energy necessary to drive the accelerator. The Spallator is a
self-standing aachine. 1In contrast to the brseder, it neither producers rnor
does it consume power. It only produces fissile fuel for power 5Suraer
reactors. The breeder is a dual purpose nachine, whereas the Spallator is a
single purpose azachine.

The spallator consists of two zmajor parts: a linear accelerator
{LINAC) and a spallation target. Over the past 50 vears the LINAC has been
developed into a highly rellable and efficient research tool. Figure 1



shows the main features of the accelerator. There is little doubt that a
high current (300 ma at 2 GeV proton) continuous wave (CW) production
accelerator can be constructed at a reasonable cost.(3) The target is
essentially a subcritical assemblv resembling a power reactor without
control rods. Figure 2 shows the target reactor design for the Spallator,
and Tabie 1, the design characteristics and the production capacity of the
Spaliator. The basic neutroa yield for a UO; target from spallation, and
Lhigh encrgy and fast fission, has been assumed to be 70 neutrons Fer
Lio¥-proton and is backed up by experiment and model calculations. 6)

“abla 2 gives an estimate of the Spallator cost and Table 3 shows a
womparative cost analysis for 1) a Spallator providing fuel for B LWRs, 2) a
convensional LWR economy without Pu recycle, 3) an LWR economy with Pu
racyele, and 4) 5 breeders with 3 supported LWRs to provide a total
cuuadlized pover generation of 8000 MW(e). The breeder has a doubling time
of approximately 30 years. The Spallator/LWR economy indicates a 20X lower
rotal lifetime capital investment than the breeder/LWR econoay mainly
tecause each breeder costs 702 more than each LWR and the inveatory of
fissile material for the breeder is considerably higher (2 times) than for
the LWRs. It also appears that under todays cost assumptions the Spallator
is even competitive with todays U-235 fed LWRs even with reprocessing.
Besides being more economical, the Spallator allows the utilities to
continue using LWR technology which has become well known, is safe and s
licensable. The fast breeder reactor is a far cry from this position.

A flow sheet of the entire APEX process concept is given in the attach-
ed Figure 3. The Chelox fuel reprocessing scheme is shown in Figure 4.

A possible disadvantage that might be cited against the APEX system is
that radiocactively hot elements weculd have to be handled for loadiag into
the reactor. However, this should not be so difficult since radioactive
elements are handled when they are takem out of a reactor, so why can they
aot be handled when they are put {nto a reactor? Moreover, this would bde
an advantage from a proliferation poiat of view, because it would make di-
version of hot elements much more difficult. It should also be noted chat
the non-radioactive (NRFP) and short-lived fisgion products (SLFP of <i to 2
vears half-life) are stored in tanks fo. _.riods in the order of 20 vears o
decay these isotope to background before iispo ing of them to the environ-
meat or placing them back into the U mines as stable non-radioaczive waste
(NRFP). These may be also uused for new stable isotope sources which are
aot available in nature.

Figures 53 and 5 show preliminary coumputer code calculations Zor recycl-
ing the transuranics and the Cs and Sr in accordance ith the flowsheet
shown in Figure 2. As can be seen, the TUs quickly reach equilibrium on re-
cycling and also add fissile fuel in the normal way that a thermal reactor
converts fertile to fissile fuel which then fissions and produces power.
With internal fuel cycle storage of the Cs and Sr, these are decayed and
reach near asymptotic values in the fuel cycle as given by a computer calcu-
lation shown ia Figure 5. The neutron economy penalty in the L4R is small
because of the small thermal neutron cross sections and limiting he concen-
tration through decay in intermediate process storage vessels. Most of the
conversion of the Cs and Sr {s by means of the decay mechanism and a smaller
poction is by transmutation through neutron absorption in the Spallaror and
LWRs. Any transumation will hasten the approach to an equilibrium concen=-

tration value for the LLFPs.
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The above process concept can also be applied very advantageously to a
thorium/U-233 fuel cycle. The Spallator would produce the U~233 Laventory
from natural thorium. Furtheramore, since the conversion ratio {a the U-233
LR cycle is higher than ia the U/Pu-239 LWR cycle, more LWRs can be
supplied from each Spallator. There is alzo an advantage of zhe Th/U~-233
fuel cycle in that no long-lived transuranics such as Pu-239 are foraed.

The advantages of the APEX fuel cycle with Chelox reprocessing are
several-fold as follous:

1. A non-aqueous fuel reprocessing system is proposad ia contrast <o
thar of the aqueous Purex process with all its difficultias of handling
highly corrosive reageats.

2, %We can afford to leave a small amount of stable fission osroducts in
the low concenctration fissile fuel recycled so that hizh decontamination
factors required of the discard stable waste product 15 =ore easily
obtained. This is in contrast to the conventional Purex waste, which has o
be sharply sepsrated from che plutonium in order to maintaian hizh Pu purizy
(a hold-over from weapons production). As a resulz, residual Pu-239 remaing
12 the effluent waste. Additional decontamination of the wasze by zoing
through a secoud TBP extraction cycle is possible with Purex, bdur eviden:ly,
has not been found worthwhile for the weapons prograa or even for Zurther
cleanup of the waste for the civilian power program.

3. The remperature of the Chelox process is nor very high reaching a
aaxinum in the order of 400°C in the Alrox process and probably not 2ore
than 250°C in the chelate process. As aentioned earlier, a zhop and leach
w4izh the chelating agent aay be a more advantageous al:ernare because of
less particulate contamination and lower temperature reprocessing.

4. In conjuncction with the Alrox process, the Sulk of the L0~ does not
have to be dissolved or chemicaily zeacted with corrosive acids. Ia the
compiexing metal chelate system It also aay be possidie o leach out zhe
szable and short lived Iission praducts sufficiently without .capiecelw
reacting the bulk of the U0, which 2ass-wise constitutes over 0% of the
spent fuel zaterial.

3. The handling of radigac:ively nor recvcled fuel z2ilements zan de 3
deterrant o fissile fuel diversion fnr weapons. Additiornaily, ramota
handling of aon-aqueous concentrated Zissile aaterial Is =2asily accomplisned

versus remote handling of corrosive liguids and gases.
4

5. The antite jprocess scheme supporss a long tz2ra LWaR economv so zhac,
the siectrical utilities do not have to learn a new technology or license 2
new type and aore expensive Ieactor technoiogy, e.g., the liguid zetal fast
Sreeder reactor {LMFBR;.

7. The process system concept can be equally applied ro uraniuz or
thorium in an L#R fuel cycle economy, through the producrtion 3f aither
Pu=239 Zrom uranium or U-233 Srom thorium !n cthe Spallatar. A long Zer:a
supply of fuel is available without the utilitles worrving about developing
1 new :tvpe of reactor such as the liquid aetal fast braedsr reactor [LIF3R).



8. Only stable fission products are discarded as a waste so the public
does not have to be concerned about long—term terrestrial geological-age
storage of waste. There siamply isn't any radioactive waste issuing from
this system for any one to worry about.

Tables 2 and 3 1list additional advantages of the APEX fuel cycle with
Spallator fuel production and Chelox reprocessing. The system solves the
problem of fuel supply and waste management for a long-term LWR power reac-
tor economy. It is recommended that a research and development program be
initiated to (1) develop the reprocessing chemistry of the srganic chelating
process, (2) develop in detail the entire APEX fuel cycle flowsheet design,
and {3) aake a realistic economic assessment. .

Iz is realized that we are recommending a new approacn for the nuclear
industry which may take a2 good deal of development funds and a aumber of
years to reach commercialization, however, it should take much less than the
almost 40 years it took the US to get to the present position of the same
unsolved problems of fuel and waste still facing us. Unless the auclear in-
dustry takes a new approach and solves the problems the public perceives and
recognizes indirectly, we amay not have a nuclear industry to be concerned
about. There i3 still some zeans and time for the country and industry to
take a path divergent from the well-known path. We aay find it tc be a
snort-cut to establishing a firm anuclear industry. The APEX system with
Spallator and Chelox appears technically sound and economically viable.

A f£inal note of paramount concern. =Zstablishment of a firm and expand-
ng LWR econoumy will allow us someday to reduce the stockpiles of nuclear
weapons by burniag up the 2u in LWR burner power reactors. The LWR is the
only device which can implement nuclear disarmament by burning up the
slutonium now existing {a nuclear weapons. A mutual US-USSR SALT III agree-
ment o conver: Weapons Pu to civilian power fuel would be needed much like
the YNuclear Test 3an Treaty. Fabricating LWR reactor fuel containing Pu
4

weapons aacterfal Iits in well with the APEX fuel cycle. This should help
the world beccme a safer and saner place in which fo live.
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TABLE 1
THE SPALLATOR

AcCELERATOR SPALLATION

Propuction CAPacitYy AND DeEsien

REACTOR

CHARACTERISTICS

P-ENERGY

U02/Ir TArGeT, NeuTroN YIELD
Current CH

Beau Power

MACHINE EFFICIENCY

PoweR TO ACCELERATCR

PoweR GENERATED IN TARGET

PLANT FACTOR

Pu239 FissiLe Fuer Probuction RATE
FissiLe Fuer Neepep For 1-1000 MW(E) LWR
No. oF 1000 MW(e) LHWRs SupproRTED

" - 2 GeY

- 70 n/Gev-p

- 300 MA

- 600 MW

- 502

- 1200 MW(E)

- 3600 MW(T) (SELF-SUFFICIENT)
- 75%

2475 Ke/Yr

300 Ke/Yr

- 8
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TABLE 2

THE SPALLATOR
ACCELERATOR SPALLATION REACTOR

CAPITAL INVESTMENT
DoLLARS

$600 x 106

LiNEAR AcCELERATOR = $1000/KW(e) x 60N MW

TArRGeT = 1200 MW(E) x $1000/KM(E)
TotaL Cost

1,200 x 106

$1,800 x 106




JABLE 3
NUCLEAR ENERGY ALTERNATIVE SYSTEMS COMPARISON
BReeper (LMFBR)

LireTinge CAP1TAL INVESTMENT 1980 DoLiLArs
SPALLATOR LWR LWR
1 S/8 Luks Ho RecycLE WitH ReEcYCLE 5 BReeper/% LWR
No- ofF Reactors (1000 MW(e)) 8 8 8 8
CapiTAL CosT LWRs $8.0 x 109 $8.0 x 109 $8.0 x 109 $3.0 x 109
($1000/KM(e))
BREEDERS —_— _ $8-5 x 109*
CaP1TAL COST OF SPALLATOR $1.8 x 109 : _—
Nat- U Feep (30 Yrs) NEGLIGIBLE 48,000 MT 16,000 MT NEGL IGIBLE
EnricHED FuerL - MT U-235 _ 216 MT (3.0%) 72 AT (3371)
TotaL Cost ofF Nat- U Feep $3.8 x 109 $2.6 x 109
AT $40/uB
2, CoST OF ENRICHMENT ——— — $2.6 x 109 $1.4 x 109
" FISSILE MATERIAL INVENTORY®®® 4y M7 ‘ 42 M1 42 M1 66 M1
FissiLE * veNTORY CosT $1.8 x 109 $1.7 v 109 $1.7 x 109 $2.6 x 109
AT $4U M
CosT OF REPROCESSING PLANT®® $0.3 x 109 —_— $0.3 x 109 $0.3 X 109
Cost oF FueL FABricATiON PLANT®* $0.3 x 109 NEGLIGIBLE NEGLIGIBLE $0-3 x 109
CosT oF WASTE STORAGE NEGLIGIBLE $1.2 x 109 NEGLIGIBLE NEGLIGIBLE
$12.2 x 109 $17.3 x 109 $12.7 x 109 $14.7 x 109

ToraL Cosv

€D 70 COST DIFFERENTIAL BETWEEN A 1000 MW(E) LWR ($1 x 109) anp A 1000 MM(E)

* THERE 1S5 A PROJE&T
LMFBR ($1.7 x 1073);
** ESTIMATED TOTAL COST OF REPROCESSING PLANT IS $1-5 x 109 For REPROCESSING FUEL FroM 60 LVRs.
iy Ke (22 1N CORE AND 22 oUT-0F-CORE) FOR 5 BREEDER/3

lor FueL FABRICATION ESTIMATED To0 BE EquaL TO REPROCESSING-
out-of-core) - (1 LHR cone convains 2.7 Ke; 1 LMFB core contains 5.2 Ke)d.

***FissiLE MATERIAL INVENTORY For 1 S/8 LWR
LWRs 66 Kc (33 1n-coRe anp 33 ;

[ T T —
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TABLE 4
ADVANTAGES OF APEX NUCLEAR FUEL CYCLE

@® PRODUCES LONG-TERM SUPPLY OF NUCLEAR FUEL FoR THE LWR POWER REACTOR ECONOMY.
@ PRODUCES INITIAL REACTOR INVENTORY FOR FUEL CYCLE; EITHER FISSILE Pu-239 From
NATURAL UY-238 or FisSILE U-233 FroM NATURAL Tu-2%2.

@ ELIMINATES NEED FOR LONG-TERK GEOLOGICAL-AGE STORAGE OF RADIOACTIVE FISSION

PRODUCT AND TRANSURANIC WASTE-
@ ELIMINATES NEED FOR ENRICHMENT PLANT.
@ MORE ECONOMICAL THAN A FAST BREEDER REACTOR (FBR) POWER AND FUEL CYCLE.

® UTILITIES NEED NO NEW POWER REACTOR TECHNOLOGY.
NO NEW LICENSING

® THE CONVENTIONAL LWR POWER REACTOR TECHNOLOGY IS SUSTAINED-

AND SAFETY PROCEDURES ARE REQUIRED-
@ RELATIVELY LOW TEMPERATURE, NON-AQUEOUS, NON-CORROSIVE, NON-MECHANICAL,

REPROCESSING (CHELOX) OF FUEL IS EMPLOYED.
NO NEED TO DEMONSTRATE A SCIENTIFIC PRINCIPAL

@® APEX USES NEAR TERM TECI'MOLOGY-
(E-G- FUSION)-
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TABLE 5
APEX 1S A SAFER ECONOMICAL AND MORE PROLIFERATION RESISTANT Fup! CYCLE

@ ALL FISSILE MATERIAL IS MAINTAINED LN DILUTE FOrRM (<42).
® INVENTORY IS THE LOWEST OF ANY FUEL CYCLE (LESS THAN BREEDER)-.

® THERMAL REACTORS ARE A KNOWN TECHNOLOGY WITH AN EXCELLENT SAFETY RECORD.

® SPALLATOR TARGET IS A SUBCRITICAL REACTOR-

® SPA_LLATUR PRODUCES FUEL ONLY ON DEMAND ~ IT IS A SINGLE PURPOSE MACHINE.
LMFBR wHiCH 1S A DUAL PURPOSE MACHINE DELIVERS POWER AS WELL AS FUEL.

® THE SPALLATOR Is AN INDEPENDENT MACHINE - DECOUPLED FROM ANY POWER GRID
UNLIKE LMFBR AND ENRICHMENT PLANT WHICH DEPEND ON THE POWER GRID-

@ Fi1SSION PRODUCT CONTAMINATION OF FISSILE MATERIAL IS ALLOWABLE IN CIVILIAN FUEL
Pu FOR WEAPONS REQUIRES HIGH PURITY; CONTAMINATION OF Pu IS NOT ALLOWABLE

CYCLE-
RESULTING IN Pu CONTAMINATION OF FISSION PROPGCT WASTE.

@ FUEL ELEMENTS IN AND OUT OF REACTOR ARE RADIOACTIVE, MAKING THEM MORE DIFFICULT
TO DIVERT FOR PRODUCING WEAPONS MATERIAL ~ ALSO Pu IS 1SOTOPICALLY CONTAMINATED

MAKING LT A POOR WEAPONS GRADE MATERIAL.

@ SPALLATOR 15 A HIGHLY FLEXIBLE MACHINE.
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TAILINGS WASTE Posaible
- —a Industrial
s
) Use
U CRE U MILL
MINKE f’~\
-/
U Ore
ellow
Cake M
TARCET
FABRICATION SPALLATOR
4 Mixed Oxide FF
Eleczrical
Speut Fuel
Storage
(1-2 yrs)
<y | CHELOX REPROCESSING'
—— {3 PLANT
LLFPs and W%cycle
NRFP i
Disposal NRFP for
Possible
Industrial Use
Legend

@'- Storage

FM -~ Pertile Material (U-238)

®F - Fissile Fuel (Pu-239, U-235, TUs)

NRFP ~ Nom—radioactive fission product

SLFP ~ Short—lived fission products (<2 yrs)

LLFP - Long~lived fission products (Cs, Sr, Kr, L, etec.) 2 yr.
TU -~ Transuranics (Pu, Am, Ca, etc.)

FE <~ LWR Fuel Element

APEX NU(LEAR FUEL CYCLE
for UsPu fuel cycle

Includes 1) Spallator for generating Pu filssile fuel, 2) Chelox reprocessiag for
recycling radiocsctive waste, 3) LWRs for generating power and elimipates enrichment and need
for loag-term geological—age storage of long-lived radwaste. System can be modified for
application to the Th/0-233 fuel cycle.

FIGURE 3
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LLFP ~ long-lived fission products (>2 yrs)
TO - transuran’cs
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