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bility of reducing the requirements for long-term geolog-
ical repositories for the storage of high-level radioactive
Fuel cycle analyses are performed to evaluate thavaste(HLW) from SNF, by neutron fission of the plu-
impacts of further transmutation of spent nuclear fuel ortonium and higher actinides remaining in the spent fuel
high-level and low-level waste mass flows into repositodischarged from fission power reactors. Repeated re-
ries, on the composition and toxicity of the high-levelcycling of the transuranics from SNF in special purpose
waste, on the capacity of high-level waste repositoriesfast spectrum reactors could reduce the toxicity of the
and on the proliferation resistance of the high-level wastespent nuclear fuel by a factor 6f100, limited by safety
Storage intact of light water reactor (LWR) spent nu-and criticality constraint$.These constraints could be
clear fuel, a single recycle in a LWR of the plutoniumrelaxed if the reactoréfast or thermal spectruyrcould
as mixed-oxide fuel, and the repeated recycle of thée operated subcritical, which would require a neutron
transuranics in critical and subcritical fast reactors are source. There is a general consensus that significantly
compared with the focus on the waste management peligher rates of net actinide destruction can be achieved
formance of these systems. Other considerations such by repeated recycling of the transuranics from SNF in
cost and technological challenges were beyond the scopeibcritical reactors driven by an external neutron source.
of this study. The overall conclusion of the studies is thafin accelerator-spallation neutron source has been exten-
repeated recycling of the transuranics from spent nusively studied for this applicatiofe.g., Refs. 1 through
clear fuel would significantly increase the capacity of7), and deuterium-tritiun{D-T) fusion neutron sources
high-level waste repositories per unit of nuclear energyhave recently received increased attention for this pur-
produced, significantly increase the nuclear energy propose(e.g., Refs. 8 through 13
duction per unit mass of uranium ore mined, signifi-  An HLW repository at Yucca Mountain, Nevada, is
cantly reduce the radiotoxicity of the waste streams pecurrently being developed by the U.S. Department of
unit of nuclear energy produced, and significantly en-Energy (DOE), Office of Civilian Radioactive Waste
hance the proliferation resistance of the material storedManagement, which is charged with disposing of all SNF
in high-level waste repositories. from commercial nuclear reactors and HLW resulting
from atomic energy defense activiti&€s.The once-
through fuel cycldOTC) is the baseline scenario for the
proposed repository. In this scenario, the SNF dis-
charged from light water reactafis\WWRs) would be placed
in specially designed containers and stored intact in a
I. INTRODUCTION repository after a cooling period.
The “Integrated Data Base Repott'gives a sum-

There is a substantial worldwide research and deveMary of the U.S. SNF inventories and projections. The
opment activity devoted to the transmutation of spengurrent inventory of discharged SNF has an average
nuclear fuel(SNF) (e.g., Refs. 1 through)4The objec- burnup of ~33 GWd/MTU, which has been consis-

tive of this activity is to technically evaluate the possi-tently increasing over recent years and is projected to
increase further in the future. The current installed ca-

pacity of LWRs is~100 GWelectrig, approximately

*E-mail: ehoffman@ra.anl.gov two-thirds of which are pressurized water reactors
tCurrent address: Argonne National Laboratory, Building 208(PWRS and the remaining one-third are boiling water
Room C130, 9700 S. Cass Avenue, Argonne, lllinois 60439reactors. Over time, the LWRs have operated at increasing
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efficiencies and with higher initial enrichments, and have  The transmutation portion of the nuclear fuel cycle
thus produced SNF with increasing discharge burnugds for waste management purposes and is akin in
This trend will likely continue, resulting in a continued function to a hazardous waste incinerator. As with the
evolution of the composition of the discharged SNF.  hazardous waste incinerator, the primary goal of trans-

The inventory of discharged SNF is estimated to benutation is to significantly reduce the hazard, real or
over 47000 metric tonnes of initial uraniu@TU) by  perceived, of the feed material. An important secondary
the end of 2002. Ongoing operation at the current nugoal is to utilize the resulting energy to offset some of
clear power production level will produce over 2000 MTU the cost of the incinerator.
of additional SNF each year. The proposed repository at Transmutation is generically the conversion of prob-
Yucca Mountain has a statutory limit of 70000 metriclematic isotopes to less problematic isotopes. The rea-
tons of heavy metalMTHM ), which includes 63000 sons isotopes are considered problematic are varied, but
MTU of commercial SNF. At current levels of produc- generally all transuranic isotopes, along with certain
tion, the discharged SNF will exceed this limit aroundlong-lived fission product{FP) isotopes, may be con-
2010. Either legislation will be required to increase thesidered problematic. Fissioning of the transuranic iso-
legal capacity, or a second repository will be requiredtopes essentially converts them into FP, most of which
Even the most pessimistic predictions about the future adire short lived. Further transmutation of long-lived FP
nuclear power in the United States project this statutorysotopes would convert them to other less problematic
limit being exceeded by a large amount early in the cenisotopes.
tury. Even if statutory limits are removed, Yucca Moun- Radioactive waste management involves both the
tain has a finite capacity, and the limit will be exceededHLW streams that will be disposed in geologic reposito-
in the not too distant future. ries, as well as the low-level wasteLW ) streams that

At current levels of nuclear power production, a neware disposed in near-surface burial facilities. Transmuta-
repository with the statutory capacity of Yucca Mountaintion systems would change the composition and quanti-
would be required every 34 yr. If the United States werdies of materials that are disposed in both types of disposal
to exit the commercial nuclear power business, the SNBystems. In addition, any transmutation system would
could be stored above ground for extended periods dhclude a substantial chemical separation system to sup-
time and eventually be placed in one or two repositoriesport the recycle of the materials being transmuted. Thus,
On the other hand, a steady or growing level of nucleawith transmutation, the final waste fofs) could be tai-
power production will ultimately require a large numberlored to more effectively immobilize the radioactive
of HLW repositories and eventually deplete the currentlywaste. By incorporating recycle, incineration, and immo-
very cheap supply of fissilé*>U and future supplies of bilization, the waste management system for the nuclear
239py from excess nuclear weapons. Transmutation is fael cycle would be very different and presumably supe-
potential solution to both of these problems that derior as a result of separation and transmutation.
serves consideration. In order to evaluate a transmutation system, mea-

The waste management solution in other industriesures of the performance must be defined. All compo-
that produce large quantities of hazardous waste maternients of any nuclear fuel cycle are required to satisfy all
als is typically a combination of solutions including regulatory requirements. The difficulty of satisfying these
recycle, incineration, and immobilization. Solely immo- regulatory requirements will directly affect the cost of
bilization is relied upon in the OTC scenario. Expandedhe system and hence its relative attractiveness. Fig-
nuclear fuel cycles could reduce the quantity of hazardures of merit(FOMs) have been developed to enable a
ous wastes by recycling and reduce the hazard and uguantitative comparison of different transmutation sys-
certainty by “incinerating” the hazardous and problemati¢ems with the OTC.
components of the waste. Additionally, the chemical sep- There are many technical and nontechnical issues
aration of the waste streams would allow for a moreassociated with the disposal of radioactive waste. In or-
effective immobilization of the residual waste. Unlike der to cover a wide range of issues and provide a broad
nonradiological hazardous wastes, radiological wasteset of indicators, the FOMs were chosen to address is-
are only hazardous for a finite amount of time. Theresues related to separations, HLW disposal, LLW dis-
fore, immobilization can be effective in eliminating someposal, repository performance, shipping, proliferation,
or all of the hazardous material, particularly short-livedpublic perception, and cost. In this study, the parameters
components. Nonradiological hazardous wastes will everevaluated relate to the technical issteg., mass flow,
tually reenter the environment, and immobilization at-energy production, toxicity, repository requirements, and
tempts to ensure that the rate is sufficiently slow torisk of proliferation from HLW). This analysis and its
preclude harm. In the case of radiological waste, reduczonclusions focus on the waste management perfor-
ing the concentration of the long-lived isotopes in themance of these systems. The issues of cost, public per-
waste increases the likelihood that the rate at which thesgeption, implementation, etc., are not evaluated, and
wastes are reintroduced into the environment is suffino conclusions are drawn about these very important
ciently slow to be acceptable. considerations.
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The waste management FOMs that are evaluated ith. FUEL CYCLES
this study focus on four area&@) size,(b) waste toxic-
ity, (c) repository performance, artd) proliferation re- The focus of this study is on the waste management
sistance of the HLW. The overall size and time frame Ofperformance of the transmutation system. In order to
the varied systems are quantified in terms of mass flovévaluate the different transmutation systems, the entire
and energy production. Toxicity is a simple measure comnyclear fuel cycle must be analyzed. Nuclear fuel cycles
monly used to evaluate the radiological impact of transhased on an initial irradiation of low-enriched uranium
mutation systems, but toxicity does not necessarilyn commercial LWRs were evaluated. Figure 1 shows
determine which waste streams will be more difficult tothe material flow for the fuel cycles considered in this
effectively isolate. Therefore, FOMs were evaluated thapaper. In most cases, a wide variety of technologies exist
attempt to quantify the impact on repository perfor-that can perform each step in this diagram. For example,
mance. The repository performance FOMs are related the transmutation systems can be based on critical or
the heat load and dose to the public from dissolution o&ubcritical reactors utilizing a variety of coolants and
the waste at distant future times. In addition, concernsyel designs and with different neutron spectra. The flow
have been raised about proliferation of materials frompf nuclear materials, uranium, and its nuclear reaction
waste placed in repositories, and a number of parametepsoducts are shown with a number of decision points
are evaluated to assess the impact transmutation will haygout how to treat major components of this material
on the potential for proliferation of waste materials.  indicated.

Based on these FOMs, the radioactive waste dis- The materials are divided into several major groups.
posal characteristics of the following different fuel cy- All begin with the uranium ore, which for the purposes
cles were compared: of this analysis is the natural uraniufNU) in equilib-

) , ) rium with its radioactive daughter products, and all non-

1. the reference OTC with SNF stored intact in anr5gioactive components of the ore are neglected. If the

HLW repository analysis is expanded to include nonradioactive compo-
2. asingle recycle in an LWR of the plutonium from nc—;nts, the g_rade_ of the ore wi_II become s!gnifi_cant. Mill
the SNF as a mixed-oxiddMOX ) tails are deflngd in ’[hl'S a.malys[s asthe radloact_lve d_augh-
ter products in equilibrium with the NU that is mined

3. a repeated recycle of all transuranics fromfrom the earth. The NU is separated into the enriched

the SNF in liquid-metal-cooled, metal fuel fast uranium(EU) and depleted uraniurtDU). The EU is

reactors. used to produce the commercial LWR fuel. The DU is
_ _ mostly LLW with a small fraction used in some fuel
Three different fast reactors were considered: cycles. The SNF is the irradiated EU and its daughter

1. asodium-cooled critical reactor with fuel contain-
ing transuranics and fertilé*®U [Integral Fast
Reactor(IFR)]

2. alithium lead-cooled subcritical reactor with fuel Ore[———NU——EU
containing only transuranics driven by a fusion |Ea“h > Milling |==#| Enrich LWR
neutron sourc¢Fusion Transmutation of Waste Tails DU

Reactor( FTWR)]

3. asodium-cooled, subcritical reactor with fuel con- o
taining only transuranics driven by an accelerator l\fg‘;g Pu
spallation neutron sourdéccelerator Transmu- @‘W{ LWR |“| MOX |<—| PUREX
tation of Waste ReactqATWR)].

MA & F
The fuel cycles that are evaluated are described in LLW
more detail in Sec. I, and the methodology used to eval- IEU
uate the equilibrium fuel cycles is given in Sec. Ill. A TRU & FP
comparison of the mass and energy parameters is give Pyro A | UREX

in Sec. IV. The toxicity for both the HLW and for all
waste stream@HLW and LLW) is discussed in Sec. V. A
comparison of the impact on the design of the HLW

TRU¥

Fuel i~ Transmutation Reactor
Manu (Critical or Sub-critical)

repository is provided in Sec. VI, and the proliferation

attributes of the HLW are discussed in Sec. VII. More DUT

detailed information on the three fast reactors is pro-

vided in Appendixes A, B, and C. Fig. 1. Fuel cycle material flow diagram.
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transmutation products that are discharged from commer- The OTC scenario begins with the uranium ore be-
cial LWRs. The SNF can be chemically separated into &ng mined and separatéassumed perfectlynto an LLW
number of streams, and for this study the material streanmrstream containing the mill tails and the NU. The NU is
included the residual irradiated enriched uranigilJ), then processe¢ho losses assumgdo produce an EU
plutonium, minor actinidesMA), and FP. The Pu and stream for irradiation in the LWR and an LLW stream of
MA are not separated from each other in some fuel cybU (0.2% 23%U).
cles in which all transuranic element§RU) are han- In order to begin transmuting the backlog of SNF as
dled together as a group. The FP streams are essentiatjyickly as possible, utilizing existing commercial reac-
all waste materials that are not or cannot be recoverers in the transmutation mission would seem to be a
and will include small amounts of other materials sucHogical part of the nuclear fuel cycle. MOX fuel is used
as TRU. Any material not sent for further processing willin many countries, and the United States is currently
be sent to an HLW repository or an LLW facility. developing a program to partially destroy, degrade, and
The treatment of the FP is simplified in this analy- secure surplus weapons-grade plutonidkiGPu by ir-
sis. The FP are treated as a single stream that will beadiation in MOX fuel in commercial LWRs. By re-
placed in an HLW repository. In fact, there will be mul- cycling the Pu in the SNF in existing LWRs, the bulk of
tiple streams containing FP. Since the focus is on théhe TRU would be reused, producing more energy, which
aggregate effects of transmutation and specifically omvould offset the production of additional Pu because
the HLW repository, this treatment results in the maxi-less EU fuel would be used in the production of a given
mum quantity of FP being placed in the repository andquantity of energy. Plutonium recycle would have other
neglects FP that are sent to the LLW or released to theffects, such as the production of more MA, and would
environment. In addition, activated components, whickconstitute a significantly different feed stream to any
have the potential to be classified as HLW, are not insubsequent transmutation system.
cluded in this analysis. This is an area that clearly will  The first variant of the OTC scenario that was ana-
require consideration before any final conclusion caryzed was a single recycle of Pu from the LWR SNF
be drawn. back to the LWRs as MOX fuel as shown in the second
The SNF from commercial LWRs is the basis for all horizontal line of Fig. 1. The spent MOX fuel would
subsequent fuel cycles. Since commercial LWRs will prothen be disposed in an HLW repository. In this MOX fuel
duce an evolving composition of SNF, it was necessargycle scenario, the representative SNF is separated into
to make assumptions about the composition of the SNEhree streams using a chemical process such as plutonium-
that will feed the transmutation systems. Two differenturanium extractiofPUREX). The three streams are
options are typically evaluated. The first uses the SNF
representative of the average SNF that has been dis- 1. Theresidual IEU is recovered and sentto an LLW
charged and is currently in temporary storage. This is &acility.
relatively low burnup SNF with a fairly long cooling
time. The second uses SNF that estimates the eventual 2. The FP and MA are recovered and sent to an
average properties of the SNF discharged from commeHLW repository.
cial LWRs after their performance has evolved to some
future optimum operation. This is a higher burnup SNF 3. The Puis recovered and blended with DU to pro-
with a minimum cooling time. These constitute two sig-duce the MOX fuel.
nificantly different SNF feed streams. The waste placed
in Yucca Mountain will be of this first type, and it might The separations for this fuel cycle are assumed to be
be expected that the oldest SNF at shutdown reactogerfect.
would be processed first. Eventually, the large backlog In order for transmutation to have a dramatic impact
of discharged SNF would be processed, and over timen the waste management from the nuclear fuel cycle,
the feed stream would evolve from the first type to theall TRU would need to be nearly completely destroyed.
secondA SNF composition representative of the currentOnly a partial reduction of the TRU inventory results
inventory of SNF in temporary storage was chosen fofrom recycling Pu as MOX fuel in an LWR. Complete
the analysis of this papeThis decision has a relatively transmutation systems that repeatedly recycle all TRU to
small impact in fast neutron spectra but would be morailtimately fission all but the small fraction of TRWhich
significant in the single MOX recycle case. leaks into the waste streajnare required. These sys-
The OTC scenario, as indicated in the first horizon-tems can be either “nonfertile” systems that contain es-
tal line in Fig. 1, involves the irradiation of slightly en- sentially zero?®®U or “fertile” systems containing3eU
riched uranium oxide fuel in LWRs and the disposal ofbut designed for conversion ratios substantially less than
the intact SNF in an HLW repository after discharge fromunity. The actinide composition for these systems, whether
the LWRs. In the other, “"MOX” or “transmutation” fuel fast or thermal, will be very different from existing re-
cycles, this SNF will provide the feed stream for theactors because of the much higher concentration of TRU.
MOX or transmutation fuel cycles. A much higher fraction of the TRU will be MA, and
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there will be a much lower concentration of the conventime-dependent nuclide cross sections are used in a
tional fissile isotopes such #8°U, 23°Pu, and?*!Pu. point-depletion to determine the burnup-dependent fuel
Although transmutation systems may be based onomposition used for the next spectrum calculation. The
thermal or fast neutron spectrum reactors, the probabiB3-group ENDFB-V library was used, and the cross sec-
ity of fission (hence actinide destructipmper neutron tions of all isotopeg128 heavy isotopes and 879 FP
absorbed is generally larger in a fast spectfiliquid- ~ were updated after each transport calculation.
metal-cooled, metal-fueled fast reactor systems were The composition of this SNF depends upon many
chosen for comparison with the FTWR that we haveparameters including fuel design, power density, fuel en-
developed?'3 Fuel cycles were analyzed based on theichment, and burnup. The representative SNF used in
three transmutation systeniBTWR, ATWR, and IFR  this study was PWR fuel irradiated at a power density of
that would completely transmute the TRU in the SNF39.8 MW/ MTU to 33 GWd/MTU. The reference SNF
discharged from the LWRs by repeated reprocessing armbmposition used in this analysis is representative of the
recycling. The FTWR, ATWR, and IFR use metallic current inventory of discharged SNF evaluated for the
actinide/zirconium fuel and liquid-metal coolants and Yucca Mountain Projeéf (YMP).
operate with fast neutron spectiidhe FTWR and ATWR The PWR fuel was a standard X717 fuel design
are subcritical reactors using nonfertile fuel, and thewith 264 fuel pins and 25 guide tubes. The fuel pins have
IFR is a critical reactor using a fertile fuel with a low an outer diameter of 0.950 cm, a clad thickness of
conversion rate in a critical reactoiThe IFR fuel cycle 0.057 cm, a fuel radius of 0.410 cm, and a pitch of
utilizes a small fraction of the DU to produce the fertile 1.260 cm(Refs. 15 and 20 The fuel is uranium dioxide
fuel. with the enrichment3.15% and postdischarge cooling
These FTWR, ATWR, and IFR fuel cycles all usetime (25 yr) adjusted to produce SNF with a composition
the same processiyigeparation technolody. Figure 1  consistent with the YMP SNF inventory. The TRU feed,
shows the chemical separation systems for the transmafter processing, is shown in Table | under the column
tation systems. LWR SNF is used as the feed material ttRepresentative SNF.”
make up the fissioned TRU. The performance of the SNF
processing was taken from Ref. 17. The SNF is first
processed in an aqueous uranium extradtiéREX) pro-

cess that is assumed to recover 99.995% of the IEU, TABLE |
which is sent to an LLW facility. All residual materials Compositions of Transuranic Feed
are assumed to be sent to a pyrochemical processing from Spent Nuclear Fuel*
facility (Pyro A) for purification of the FP from the TRU,
which includes the 0.005% IEU. The Pyro A process YMP Representative| ALWR
recovers 99.9% of the actinidéscluding uraniun, re- Inventory? SNF SNF®
moves 95% of the rare earth FP, and removes 100% of sotope (%) (%) (%)
all other FP. The separated FP along with the 0.1% df ..
actinides leaking from the Pyro A process are sent to an 2368 8'883 8'88;' 8'883
HLW repository. The discharged fuel from the transmu{  23g; 0.419 0.423 0.325
tation reactors is sent to a separate pyrochemical procegs- 237\ 5601 4.313 6.641
ing facility (Pyro B) designed to process the metal fuel. 238
Pyro B is assumed to operate with the same performang¢e 239P” 1.725 1.236 2.749
parameters as Pyro A 240Pu 52.172 53.901 48.652
’ Pu 21.085 21.231 22.980
241py 3.540 3.870 6.926
242py 4.623 4.677 5.033
I1l. EQUILIBRIUM CYCLE CALCULATION METHODOLOGY 241Am 9.431 9.184 4.654
2422:1"3Am 0.019 0.007 0.019
Two thermal light-water—cooled systems and three Am 1.199 1.021 L.4r2
fast liquid-metal—cooled systems were analyzed for this =~ 2**Cm 0.003 0.002 0.005
paper. The techniques used to predict the equilibrium 2140’“ 0.156 0.116 0.496
mass flow and isotopic composition of the systems arg 24%”7 0.019 0.013 0.038
described in this section. m 0.002 0.001 0.006

The depletlon of the LWR fuel, both the EU and *Note: 0.005% of uranium and 99.9% of transuranics from
MOX fuels, was simulated using the SAS2H Module of spent nuclear fuel; YMP Inventory Yucca Mountain Project
the SCALE 4.4 code packag&The SAS2H Module  4yerage SNF; Representative SNISNF used in this analy-
performs one-dimensional neutron transport analyses ofjs; ALWR SNF= advanced light-water reactor SNF.

the reactor fuel assembly using the larger unit-¢afi-  aReference 19.

sembly within an infinite lattice. In the SAS2H Module, PReference 4.
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The representative SNF composition is comparedn equilibrium with all radioactive daughter products.
with the YMP composition, shown in Table | under the The equilibrium concentration of all radioactive daugh-
column YMP SNF. The YMP SNF inventory is a com- ters for the decay chains of the two primordial uranium
posite of many reactor designs, fuel enrichments, anisotopes238U and?3°U, were calculated. The half-lives
discharge burnups. The representative SNF used in th&d branching ratios for the uranium decay chains were
analysis represents the major actinides isotopes reasaiaken from the Table of Nuclides.
ably well. The representative SNF contains 1838\p The FTWR, ATWR, and IFR fuel cycles will repeat-
and?38Pu and more&3°Pu than the YMP SNF, which has edly recycle the TRU. As a result the fuel composition
an effect on the performance of the reactors. The differwill evolve over time. The analysis of the FTWR, ATWR,
ences in TRU feed are not sufficient to significantly im-and IFR fuel cycles focused on the equilibrium fuel
pact the conclusions of this study. cycle (EqFC). The initial fuel cycles would be expected

The initial composition and the reference MOX LWR to be designed to perform similarly to the EqFC, and
fuel cycle parameters were taken from the Working Partyany differences would have little impact on the over-
on Physics of Plutonium Recycle Benchmark stétly, all performance of the transmutation systems. The
and the latter are given in Table II. The MOX fuel con- FTWR, ATWR, and IFR EqFCs were analyzed using the
taining 5.6% Pu is irradiated at a power density of 38.3REBUS-3 fuel cycle analysis codé,n which the per-
MW/MTHM to the discharge burnup of 50 GWd formance of the external cycle is explicitly modeled.
MTHM. The calculated concentration of the major acti-  The FTWR is a subcritical reactor driven by a fusion
nide isotopes present in the spent MOX fuel were withimeutron sourcéAppendix A). The power level in the
the ranges calculated by the different contributors to theeactor was maintained at a constant value of 3000
benchmark study, with only a few isotopes differing sig-MW(therma). The fusion neutron source strengtower
nificantly from the average concentrations. The total uralevel) was adjusted to compensate for fuel depletion ef-
nium content and TRU content differed slightly from thefect on reactivity. The end of cycldEOC) was reached
average, which suggests that the SAS2H model used imhen the fusion neutron source strength reached 150 MW
this analysis will accurately predict the mass flows forof fusion power. The design limit for the maximum neu-
the MOX fuel cycle. The required Pu loading in the MOX tron multiplication factor was 0.95, which did not prove
fuel is sensitive to the discharge burnup and storage tim@ be limiting for the five-batch fuel cycle. A dispersion
for the SNF and to the discharge burnup of the MOXfueled TRU-10Zy Zr fuel design was used with a maxi-
fuel. In this scenario, we use the parameters specified imum loading of 45 wt% of actinides.

Ref. 21, which utilize a Pu composition consistent with The ATWR is an 840-MWtherma) subcritical reac-
the representative SNF. tor driven by a spallation neutron sour@&ppendix B.

The production of 1 MTU was estimated to requireThe calculations were performed using criti¢algen-
5.77 MT of NU. The radioactive component of the valug neutronics calculations. Sensitivity studies dem-
uranium ore used in this analysis was calculated frononstrated that the transmutation parameters agree well
the natural isotopic abundance of the uranium isotopewith the more detailed source-driven calculatiérighe

TABLE I
Fuel Cycle Parameters
Design

OoTC MOX FTWR ATWR IFR
Reactor power leve[MW) 3000 3000 3000 840 840
Cycle length(effective full-power days 276 435 564 140 310
Fuel batches 3 3 5 /8 7
BOC neutron multiplication factor 0.925 0.970 1.021
EOC neutron multiplication factor 1.000 1.000 0.83¢ 0.92f 1.0Q00
BOC heavy metal loadingMT) 75 75 24.32 2.44 13.89
BOC TRU loading(MT) 0.35 3.88 23.27 2.39 3.78
Reactor heavy metal discharge burr@f 3.3 5.3 29.0 31.0 12.7
Charge TRU enrichmer®b) 0 5.60 96.3 98.4 28.0
Reactor discharge TRU burnufo) N/A2 25.4 29.0 31.0 18.0

aN/A = not applicable.
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fuel volume fraction was adjusted using the REBUS-3ricity is sold. The FTWR and ATWR will both require
enrichment search techniques to yield a target beginningrdditional electricity(relative to LWRs and the IFRfor
of-cycle (BOC) eigenvalue of 0.97. the systems required to operate the neutron source. The
The IFR is an 840-MWtherma) critical reactoAp-  higher operating temperatures in the liquid-metal—cooled
pendix Q. The TRU-to-DU ratio in the charged fuel was FTWR, ATWR, and IFR should improve conversion ef-
determined using the REBUS-3 enrichment search tecHiciency relative to water-cooled reactors. The capacity
niques to yield the target EOC eigenvalue of 1.0. factors initially would be greater for LWRs than for IFRs,
The same techniques were used to produce the multivhich in turn would be greater than for FTWRs or
group cross sections and perform the neutronics calclATWRs. Rather than introduce assumptions about these
lation for the FTWR, ATWR, and IFR. The neutronics uncertain parameters, the analysis is based on effective
calculations were two-dimensional discrete ording&8  full-power operation and thermal energy generation.
transport calculations using the DANT codewith Table Ill summarizes a number of parameters re-
material-dependent multigroup cross-section libraries. Thiated to energy production and mass flow. These param-
transport calculations were source-driven calculations foeters express the performance in different manners, but
the FTWR and eigenvalue calculations for the ATWRare related to a few primary variables. These parameters
and the IFR. Material-dependent multigroup librariesare the TRU content and discharge burnup of the LWR
based on the ENDB-V.2 nuclear data library processed SNF, the chemical separation efficiency, the fractional
using the MCC-2Ref. 25 and SDX(Ref. 26 codes for  discharge burnup of the recycled TRU in a single pass
a 34-group energy structure were created for each of thiarough the reactor, and conversion rate.
reactors. The reactors were modeled usizpgeometry The reactor energy production is the energy gener-
models. ated in the specific reactor normalized to the initial fuel
The tritium production cross sections for the FTWRIoading in the LWR. The system energy production is the
calculations were taken from the JEF-2.2 cross-sectiomtegral energy production resulting from 1 MTU initial
set?? The tritium production material-dependent groupirradiation in the LWR during all phases of the fuel cy-
cross sections were collapsed using the spectrum calcale. This quantity is used to normalize the HLW quanti-
lated by MCC-2 for the region in which the lithium was ties to determine the rate of discharge. Even though the
located. FTWR and ATWR fission essentially the same mass of
TRU, differences in neutron spectra and fuel cycles re-
sult in different equilibrium fuel compositions and fis-
sion rates for the various isotopes. As a result, the ATWR
produces slightly more fission energy per gram than the
The energy production and mass flows in the dif-FTWR, which produces small differences in a number of
ferent fuel cycles are quantified in this section. The caparameters normalized to system energy production. The
pacity factor and thermal-to-net electrical conversiorrepeated recycle of the TRU in the fertile-fuel IFR in-
efficiency will have a significant effect on the perfor- creases energy production by roughly two and one-half
mance and net cost of the transmutation system, if ele¢imes the increase in the FTWR or ATWR because of the

IV. ENERGY PRODUCTION AND MASS FLOW

TABLE Il
Energy Production and Mass Flow
Fuel Cycle

oTC MOX FTWR ATWR IFR
Reactor energy productidi&W(therma) -yr/MTU | 0.0903 0.0250 0.029¢ 0.031p 0.074
System energy productidicW(therma) -yr/MTU ]| 0.0903 0.1153 0.1202 0.121P 0.164
System TRU concentratiofy/MTU ) 11005 8264 38 37 62
System TRU discharge rakg/GWI(therma) - yr] 121805 71666 316 303 374
System TRU burnu$%) N/A2 24.9 99.65 99.67 99.44
SNF feed rat¢MTU/GW(therma) - yr] 11.1 40.1 33.5 31.7 13.3
TRU energy generatiotMWd/g) N/A 3.33 0.96 0.99 2.46
Support ratid GW(therma) LWR /GW(therma)] N/A 3.64 3.05 2.88 1.21
First core SNF requiremengMTU/GW(therma)] N/A 118 705 259 409

aN/A = not applicable.
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fast fission 0f?%8U and the subsequent fission of trans-  The IFR and the MOX LWR are operating at con-
uranics produced by neutron capture®fUJ. The energy version rates of 0.6 and 0.7, respectively. For this discus-
produced by the repeated recycle of the TRU in the IFRsion, the conversion rate is defined as the change in mass
will be nearly as large as the energy produced in thef uranium from fission and capture to the total change
LWR when the SNF was created. in the mass of the actinides. This gives a small difference
Table Il also includes the system TRU concentraselative to including only capture and conversion to TRU
tion and the system TRU discharge rate. The system TRéInd is more appropriate for energy and mass balance for
concentration is the mass of TRU in the HLW resultingtransmutation systems. Reduction of the conversion rate
from 1 MTU initial irradiation in the LWR during all to 0.5 is probably achievable. At a conversion rate of 0.5,
phases of the fuel cycle. The system TRU discharge ratine energy generated would be 2 MY¢gdor transuranic
is the system TRU concentration normalized by the sysreduction. This corresponds to 0.5 g of TRU reduction
tem energy production. The TRU concentration in theper MWd of thermal energy produced or half the rate of
waste from a transmutation fuel cycle is a function of thethe nonfertile FTWR and ATWR.
separation efficiency and the discharge TRU burnup in ~ The inventory of discharged SNF is estimated to be
each pass through the transmutation reactor. The singtever 47000 MTU by the end of 2002. Over 14000
recycle of Pu in MOX fuel would reduce the TRU con- GW(therma)-yr of operation will be required to destroy
centration by nearly 3 kgMTU, but 8 kg/MTU would  the TRU inventory in the accumulated inventory of dis-
remain. At the separation efficiencies assumed in thisharged SNF. The current discharge rate for SNF is over
analysis, only a small fraction of the TRU would ulti- 2000 MTU/yr. This would require over 60 G\therma)
mately end up in an HLW repository. The IFR EgFC of transmutation reactor capacity to stop the growth in
HLW has a higher concentration of TRU than the ATWRthe discharge SNF inventory. Operations using fertile
or FTWR EgFCs because the IFR operates at about hdifiel with a conversion rate of 0.5 would double these
the discharge TRU burnup of the FTWR and ATWR.requirements.
This results in a higher fraction of the TRU being re- A common way to express the efficiency of a trans-
cycled after each pass through the IFR, resulting in moreutation system is the ratio of the LWR thermal power
TRU leaking into the waste stream. When the increasedapacity to the required transmutation reactor thermal
energy production of the IFR EqFC is taken into ac-power capacity to transmute all TRU from LWR SNF.
count, the system TRU discharge rates from the IFRThis “supportratio,” included in Table Ill, would need to
FTWR, and ATWR EqFC are very similar. be adjusted for the relative capacity factors. The ATWR
Table Il also includes the system TRU burnup, whichand FTWR will support LWRs producing three times the
is defined as the reduction in TRU concentration relative=TWR or ATWR thermal power. The IFR would support
to the TRU concentration in the SNF feed. The singld WRs producing 1.2 times its thermal power. Reducing
recycle of Puin MOX fuel results in a system TRU burnupthe conversion rate to 0.5 would increase the IFR sup-
of 25%. If separations were perfect, repeated recycle giort ratio to 1.5, which is still half that of the nonfertile
the TRU would result in a 100% system TRU burnup,ATWR and FTWR. The transmutation reactors would be
regardless of reactor design. This parameter is sensitivevery large fraction of the nuclear generating capacity,
to the separations efficiencies for the EqFCs, but the-25% for FTWR and ATWR systems and40 to 45%
system TRU burnup of the fertile fuel will always lag for the IFR system.
because of a lower TRU discharge burnup after each Table Ill also includes the feed rate, which is the rate
pass through the reactor. SNF from the LWR is processed by the transmutation
Table Il also includes the TRU energy generation,systems and is primarily a function of the TRU concen-
which is the energy generated per unit reduction in TRUration in the SNF, the conversion rate, and system TRU
mass. The average fission energy for actinides-ls  burnup. There is only a small difference between the
MWd/g. This limits the maximum rate of TRU reduc- nonfertile FTWR and ATWR systems. The FTWR and
tion, which is the inverse of the energy generated, tATWR EqFCs would process the LWR SNF at a rate of
~1 g for each MWd of thermal energy, regardless of34 MTU/GW(therma)-yr and 32 MTU GW(therma) - yr,
reactor design. Utilization of a fertile fuel will increase respectively. The fertile IFR would process SNF at the
the energy generated and reduce the rate of TRU redumuch lower rate of 13.3 MTUGW(therma) - yr. Utiliz-
tion. The nonfertile ATWR and FTWR both operate ating existing technology to recycle Pu once in MOX fuel
the maximum rate, with a small difference resultingwould result in the highest processing rate, 40 MTU
primarily from differences in the fission rates of the GW(therma)-yr, allowing the SNF that has been accu-
various isotopes and a few other reactions that contribmulating to move into the transmutation system most
ute to the thermal energy balance. Transuranic reducapidly, but a significant quantity of MA and spent MOX
tion in the IFR or in an LWR using MOX fuel will fuel would accumulate and would need to be sent to
produce 2.46 MWdg or 3.33 MWd/g, respectively, another transmutation system. For essentially total acti-
which reduces the TRU inventory at significantly belownide destruction, the nonfertile FTWR and ATWR would
the maximum rate. process the SNF at the highest possible rates, but their
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operation would probably require the longest leadconcentration. The toxicity was calculated using the val-
times for deployment and achievement of high-capacityies from the SCALE 4.4 code packagewhich con-
operation. siders only the radiotoxicity without considering any
Table Il also includes an estimate of the SNF thatchemical toxicity effects. The toxicity is one of the sim-
would need to be processed to produce the fuel for thplest measures of the radiological benefit of transmuta-
first core. The first core loading represents a significantion and is used frequently to measure the effectiveness
logistics problem because the initial startup of the transef transmutation systems. Toxicity is a measure based
mutation systems would require a large quantity of SNFsolely on the isotopic composition of a material at any
to be processed to produce fuel for at least the first fullgiven time. It is primarily a measure of the radioactivity
core loading and first reload. After recycled material fromof a material and is not a good measure of the risk posed
the previously irradiated fuel is available, a much smalleby a material placed in a geologic repository. In general,
quantity of SNF will be required for makeup of the fis- the short-lived isotopes are the most toxic but easiest to
sioned TRU. The equilibrium TRU loading can be usedcontain for sufficient time, while the long-lived isotopes
to estimate the quantity of SNF that will need to be pro-are the least toxic but most difficult to contain for suffi-
cessed for the first core loading. The actual value woulaient time.
be somewhat less than the equilibrium loading because The toxicity of the various waste streams will be
the SNF TRU has a higher concentration of fissile isovery time dependent, with changes in toxicity that will
topes than the recycled transmutation reactor fuel, andary over many orders of magnitude. Isotopes with short
there will not be any FP present from the fuel that was irhalf-lives that decay to stable isotopes rapidly decline in
the reactor during previous cycles. The FTWR has amoxicity. Isotopes with very long-half lives have rela-
equilibrium BOC TRU loading of 7.8 MAGW(therma),  tively low toxicities in the pure form. If the very long-
requiring 705 MTU GW(therma) of SNF for the initial lived isotopes have long decay chains, the toxicity will
core loading. The equilibrium ATWR operates with aslowly increase and eventually be dominated by the ra-
much lower TRU loading of 2.9 M/IGW(therma), re-  dioactive daughter. For example, a samplé3t has a
quiring 259 MTU/ GW(therma) of SNF for the initial toxicity two orders of magnitude less than it does at equi-
core loading. The equilibrium IFR operates at an interdibrium with its radioactive daughters.
mediate TRU loading of 4.5 M/IGW(therma), requir- Figure 2 shows the toxicity of the representative SNF
ing 409 MTU/GWI(therma) for the initial core loading. from the LWRs used in this evaluation. The radioactive
The MOX fuel can be interspersed with EU fuel, and thedecay will result in a continual evolution of the compo-
entire first core of MOX fuel is not required if existing sition of the SNF. In order to determine the materials that
reactors are utilized. need to be transmuted today to affect the toxicity at some
If the MOX fuel is assumed to be loaded into exist-point in the future, the time-dependent toxicity attrib-
ing reactors that would have otherwise produced SNRjted to each isotope or group is the toxicity of all iso-
the use of MOX fuel offsets the production of new sourcegopes present as a result of decay from the original isotope
of Pu. One MTU of SNF produces enough Pu foror group.
~0.2 MT of MOX fuel. In other words, reprocessing For example, the individual isotogé!Pu is shown
1 MTU of SNF offsets the production of 0.2 MTU of separately in Fig. 2. Thé*'Pu has a half-life of 14 yr,
SNF. If the MOX fuel reduces the TRU inventory by and there is only a very small concentration of parent
25% and the EU loading is reduced by 17%, the effecisotopes for?*'Pu in the SNF. Therefore, the actual
tive TRU reduction from a single MOX recycle1s38%. mass of2*'Pu will decay away nearly completely in
Under these conditions, MOX recycle would reduce TRU200 yr. The?**Pu will decay to?*’Am, 430-yr half-life,
inventories without increasing nuclear energy productionand then to?3’Np, which has a two million year half-
The use of fertile fuel increases the required capadife. The 2Pu toxicity curve shows that initially it con-
ity of the transmutation system and the quantity of TRUstitutes a very small fraction of the toxicity, but at a few
in the waste streams. The use of MOX fuels makes modaundred years, its daughter products will constitute a
est reductions in the TRU inventory and could offsetvery large fraction of the toxicity. After thé*Am de-
new production of TRU. Nonfertile fuels transmute TRU cays away in a few thousand years, #é&Pu contribu-
at nearly the same rate regardless of the system. Diffetion to toxicity is again small, but eventually the
ences in discharge burnup, electrical efficiencies, capacadioactive daughters of*’Np controlled by the 150
ity factor, and ultimately cost will be distinguishing factors thousand-year half-life 03U will build to secular equi-
between these systems. librium with 22’Np, and the 14-yr half-life isotop&'Pu
will contribute a small but significant fraction of the
toxicity of the SNF at one million years as shown in
V. TOXICITY Fig. 2. Therefore, the origina&*'Pu present in the SNF
must be fissioned in order to destroy the toxicity of the
The toxicity is defined as the quantity of water re- 23’Np and its daughters present at one million years
quired to dilute the waste to the maximum permissibleghat were initially24'Pu.
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Fig. 2. Toxicity of representative SNFANote: All groups are for parent isotopes at discharge and include all daughter products
that accumulate over time.

Figure 2 shows that the short-term toxicity is domi-tion. The unirradiated EU will increase in toxicity by
nated by FP that decay away in a few hundred yearsnore than two orders of magnitude as its radioactive
After the FP have decayed away, the toxicity is domi-daughters build up, reaching a maximum-ét00 000 yr,
nated by the TRU for~100000 yr. Beyond 100000 yr, and then decline from the peak toxicity as #éU con-
the residual IEU will be the largest contributor to toxic- centration falls from its enriched levels. The toxicity of
ity. By one million years, only a few TRU isotopes havethe HLW from the OTC and from the single recycle of
half-lives sufficiently long to remain in any significant Pu in MOX fuel is reduced to the level of the unirradi-
quantities, and all other TRU isotopes will have decayedted EU toxicity after~100 000 yr. The single recycle of

away, many of them back t6*®U and ?3°U. The long-

Pu in MOX fuel has no significant effect on toxicity up

lived FP represent an extremely small fraction of theo ~1000 yr and causes only a small reduction at later
times. Recycling the TRU repeatedly in the FTWR,
The time-dependent toxicity of the unirradiated EUATWR, and IFR EqFCs reduces the toxicity of the HLW
from which the LWR fuel is fabricated will be used as abelow that of the unirradiated EU 6000 to 8000 yr.
benchmark of the HLW toxicity. The uranium ore mined Beyond 100000 yr, the separation of the IEU from the
for fuel fabrication will be used as a benchmark for theSNF has a significant effect on the HLW toxicity be-
toxicity of all waste streams. The uranium ore is at equicause the recovered uranium is sent to an LLW facility.

toxicity.

librium and would not vary over the one million year

In the short-term, the FTWR, ATWR, and IFR trans-

time frame if left in the ground. However, the uranium mutation systems increase the FP concentrations in the
ore is split into the mill tails and NU. The NU is further HLW, which increases the toxicity for a few hundred
divided into the EU and DU streams. Initially, nearly all years. The toxicity in the several hundred to 100 000-yr
of the toxicity is in the mill tails, which remains true for timeframe is dominated by the medium-lived TRU iso-
nearly 100 000 yr. Slowly the daughter products will buildtopes and their daughters. By reducing the TRU concen-
to equilibrium levels, and the toxicity will be determined tration dramatically, the transmutation systems reduce
by the?38U concentration, the bulk of which is in the DU the toxicity by approximately two orders of magnitude
relative to the untreated OTC SNF at 1000 yr. The MOX
Figure 3 shows the toxicity concentration in the HLW fuel cycle destroys a large fraction of the long-lived Pu
from the OTC SNF, from the single recycle of the Puisotopes and increases many of the medium-lived MA
from the SNF in MOX fuel, and from repeatedly re- isotopes, which tend to cancel each other in this time
cycling TRU from the SNF in an FTWR, ATWR, or IFR frame.

stream.

EgFCs. The unirradiated EU is shown to illustrate the

The HLW from the IFR EqFC has a long-term tox-

effect of irradiation and the separation and transmutaicity that is nearly double that of the HLW from the
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Fig. 3. Toxicity of waste sent to repository per unit mass of LWR SNF.

FTWR and ATWR EqFCs because the lower system TRWr IFR EqFCs approach the toxicity of uranium ore after
burnup of the IFR EqFC results in a larger number of~500 yr. For the FTWR, ATWR, and IFR EgFCs, once
imperfect separations and hence a larger concentratidhe FP have decayed, nearly all the toxicity will be in
of TRU in the HLW. The increased fissions in the IFR LLW facilities. The medium-lived TRU from the OTC
EgFC increase the short-term toxicity far more than irand MOX fuel cycle produce a longer tail that increases
the FTWR and ATWR EgFCs. the toxicity for tens of thousands of years. The toxicity
The previous discussion was about the toxicity senof all waste streams from the OTC and MOX fuel cycle
to a repository as the result of 1 MTU irradiated in andiffer only slightly and approach the toxicity of uranium
LWR and then processed and irradiated according to there after~100000 yr.
given fuel cycle. However, in the process, additional en-  Complete transmutation of the TRU reduces the tox-
ergy will be produced. A more relevant comparison mightcity beyond a few hundred years in the HLW that will
be the rate toxicity would be sent to the HLW repositorybe sent to the repository. All fuel cycles analyzed only
as a function of system energy production for each fuefission, a very small fraction of the original NU; the
cycle. Figure 4 shows the HLW toxicity normalized to maximum is just over 1% in the IFR EqFC. Therefore,
the total thermal energy generation. The differences ithe long-term toxicity beyond 100000 yr is essentially
toxicity between the HLW from the IFR and the ATWR unchanged. The FTWR, ATWR, or IFR transmutation
and FTWR EqFCs are reduced because of the much largeystems shift a large fraction of the long-term toxicity
energy production of the IFR. The rate of production offrom the HLW repository to the LLW facility by sepa-
the short-term toxicity in the HLW is nearly the same forrating the residual uranium in the LWR SNF.
the FTWR, ATWR, and IFR EgFCs. Yet, the rate of pro-
duction of the long-term toxicity in the HLW from the
IFR EqFC is still significantly higher than that from the
ATWR and FTWR EgFCs. The IFR HLW will have sig-
nificantly higher levels of?38U because of the fertile
fuel and a greater concentration of TRU because of the The repeated recycling of TRU inthe FTWR, ATWR,
lower system TRU burnup. The single MOX recycleor IFR EqQFC would have a dramatic impact on the de-
shows a significant improvement over the OTC in termssign requirements for an HLW repository, relative to the
of toxicity per unit thermal energy production. requirements for a repository designed for intact LWR
Figure 5 shows the toxicity of all waste streams,SNF. Transmutation would change the isotopic compo-
including both the HLW and LLW streams. For compar-sition of the waste by converting actinides to FP, most of
ison, the toxicity of the uranium ore is also shown. Thewhich are relatively short lived. The only waste sent to
toxicities of all waste streams from the FTWR, ATWR, the HLW repository as a result of the repeated recycle of

VI. REPOSITORY IMPACTS
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Fig. 4. Toxicity of waste sent to repository per unit thermal energy.

all transuranics in a transmutation system would be théor repeated recycling in a transmutation reactor, it would
FP and the small fraction of TRU that would inherentlybe logical to prepare the waste in a vitrified or other
leak into the HLW stream. This would change the radioform for improved performance relative to intact storage
active source term, the heat source, heat profile, and vobf SNF; however, we do not consider this in our analy-
ume of the waste sent to the repository. We note that witkis. In addition, the volume of waste would be a function
the availability of separation and processing capabilityof the final waste form and would be comprised mostly
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Fig. 5. Toxicity of all waste streams from 1 ton of enriched uranium.
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of the benign waste matrix, which is unknown. There-creasing the3U mass. On the other hand, neutron cap-
fore, volume was not considered, but it is anticipated tdure in 23°Pu produce$4°Pu, which is not included as a
be a secondary effect. repository isotope, and thus results in a net reduction in

The quantity of the six “repository” isotopes in the the repository isotopes without fission occurring. The
HLW of the different fuel cycles was evaluated. Thesedifferent neutron spectra and fuel cycles result in differ-
repository isotopes were identified in the Yucca Moun-ent total concentrations of TRU as well as of the individ-
tain Viability Assessmenrt as contributing the largest ualisotopes. Differences in the mass of repository isotopes
fraction to predicted dose rates at 10000, 100000, anare a combination of the system TRU burnup and varia-
1000000 yr for scenarios involving waste dissolutiontions in the concentrations of individual isotopes.
and transportation via groundwater. Other analyses have Figure 6 shows the concentration of the repository
identified other isotopes including activation productsisotopes in the HLW from the reference OTC SNF, from
that may contribute significantly. The six repository iso-the single recycle of the Pu from the SNF in MOX fuel,
topes include two long-lived FRLLFPs), °°Tc and'??l,  and from repeatedly recycling TRU from the SNF in an
and four actinides®’Np, 24U, 23°%Pu, and?*?Pu. The FTWR, ATWR, or IFR EqFC. As a benchmark, th&U
individual repository isotopes include all parent isotopesoncentration in the unirradiated EU is also included.
that would decay to these isotopes on the timescale of The effect of the FTWR, ATWR, and IFR EgFCs is
the repository. For example, the repository isotéff#t)  to convert actinides into FP, thus reducing the concen-
includes?3®Pu, but not?38U. The relative importance of tration of the TRU isotopes and increasing the concen-
these isotopes, and other isotopes not included, depenttation of the FP isotopes. The increase in LLFPs is
on many factors, including the waste form and assumproughly proportional to the fission rate with small differ-
tions about conditions in the repository and future cli-ences resulting from neutron spectra and fuel cycle.
matic conditions. Therefore, large uncertainties existabout The MOX fuel cycle has minimal impact on the
the actual dose rates that would occur, but significant®’Np, while the FTWR, ATWR, and IFR EgFCs trans-
reductions in these isotopes would be expected to transaute nearly all the original®*’Np. The?3'Np concentra-
late into significant reductions in the predicted dose rategion in the HLW is reduced by>99.6% in the FTWR,

In Sec. 1V, the fuel cycle performance was assessedTWR, and IFR EqFCs, relative to the OTC SNF.
in terms of TRU mass, and all TRU isotopes were treated The original unirradiated EU has a significant con-
equally. In this section, only the actinide isotopes thatentration of?34U, which is increased by 14% in the
are one of the four repository isotopes or included parOTC. Inthe MOX, FTWR, ATWR, and IFR EgFCs, 46%
ents are considered. For example, neutron capt#f@lp  of the repository isotopé34U in the SNF is separated
produces?®8Pu, which is a parent to and is included in and sent to LLW facilities. The fraction of thé“U that
the 234U total, thereby reducing th&’Np mass and in- is not sent to an LLW facility is the parent TRU isotopes
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Fig. 6. Concentration of repository isotopes in HLW.
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(e.g.,%%8Pu) that have not yet decayed. TR®#U concen- effective at reducing the rates for the actinide reposi-
tration is increased by 37% in the spent MOX fuel rela-tory isotopes, with the exception of a significantly higher
tive to the fresh MOX fuel. Excluding th&4U, which is  rate for?3°Pu. Taken in aggregate, the OTC SNF would
separated and sent to the LLW facility, the ATWR EqFCsend the four actinide repository isotopes to the HLW
reduces thé34U concentration in the TRU feed by 98.5%, repository at a rate of 97/4W(therma)-yr, the MOX
which is a slightly larger than the FTWR and IFR EqFCs.fuel cycle at 53 gMW(therma)-yr, the IFR EgFC at
The larger reduction in thé3*U concentration in the 0.26 ¢/MW(therma)-yr, the FTWR EgFC at 0.22 g
ATWR EgFC relative to the FTWR EgFC exists despiteMW(therma)-yr, and the ATWR at 0.20 gMW(ther-
the nearly identical total quantities of actinides in themal)-yr. The significance of the differences between
HLW streams. The combination of neutron spectra anthe FTWR, ATWR, and IFR EqFCs can only be deter-
fuel cycle differences results in a lower fraction3*U  mined by detailed analysis of the repository, including
(284U, 288Pu, 242Cm, and?*?™"Am) in the HLW from the the final waste forms.
ATWR EgFC relative to the FTWR EgqFC. Nearly the The heat source from the HLW is a major factor in
same concentration ¢f4U is in the HLW of the IFR as the design of the repository. The decay heat will deter-
in the HLW of the FTWR, despite the much larger con-mine how the HLW is managed and the design of the
centration of actinides in the HLW from the IFR EqFC. containers used for shipping, storage, and disposal. The
The single recycle of Pu in MOX fuel achieves awaste will be stored above ground for some period of
modest 48% reduction in thé**Pu, but increases the time, and after emplacement the repository will remain
242Ppy concentration by 62%. Because of the laf3#®u  open for an additional period of time. This time period
source term resulting from th&8U neutron capture in  will allow a large fraction of the FP to decay with the
the fertile IFR fuel matrix, nearly three times as muchheat vented to the atmosphere. After the repository has
239py will leak into the HLW streams from the IFR EqFC been sealed, the waste will be well insulated, and the
than the technologically equivalent FTWR or ATWR temperature of the waste and surrounding repository will
EgFCs, which still represents a 99.5% reductio®fiPu.  increase as a result of the heat load. This affects the
Figure 7 compares the rate that the repositorypehavior of the groundwater as it moves through the
isotopes will be sent to the HLW repository per unitrepository, the dissolution rates of materials in contact
thermal energy production. The LLFP8Tc and 2?9  with the groundwater, and the quantity of material that
would be sent to the repository at rates of 9 g can be placed in the repository. In order to evaluate the
MW(therma)-yr and 2 gMW(therma)-yr, respec- impact of the heat loading, two parameters were calcu-
tively. The small difference in rates for the LLFPs is alated. The first parameter was the instantaneous power
result of differences in fission yields and in situ trans-from the decay heat of the HLW. The second parameter
mutation. The IFR, in general, appears to be the mosvas the integral decay energy of the HLW after closure

1000
Once Through Cycle E Single MOX Recycle EFTWR Fuel Cycle
BATWR Fuel Cycle EIFR Fuel Cycle
100

o

Mass (9/MWy,-yr)

0.1

0.01

Tc-99 1-129 Np-237 U-234 Pu-239  Pu-242

Fig. 7. Rate of production of repository isotopes in HLW.
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of the repository. At the time of repository closure, thewaste than the OTC SNF. The waste will contain far
HLW was assumed to have decayed for 100 yr. lower concentrations of uranium and TRU and higher

Figure 8 compares the decay heat production ratesoncentrations of FP for a given quantity of SNF. The
for the different fuel cycles. Over the first 100 yr, there isinitial heat load will be increased by the higher concen-
very little difference because all systems are dominatettation of FP. Elimination of the TRU causes the heat
by the FP, and the production of FP is roughly propordoad to fall rapidly beyond 100 yr. Therefore, the heat
tional to energy production. Beyond 100 yr, the medium-deposited in the repository after closure will be dramat-
lived TRU isotopes will dominate the heat source, andcally reduced. The transmuted waste will be in a tai-
the HLW from both the OTC and MOX fuel cycle will lored waste form. All of these changes will almost
still contain very large concentrations of these isotopescertainly allow for a significant increase in the capacity
Therefore, the heat sources from the HLW from the OT®f the repository without exceeding dose and heating
and MOX fuel cycles will drop at a much slower rate limits.
than the heat sources from the HLW from the FTWR,
ATWR, and IFR EgFCs, which have similar heat source
time profiles. Thus, transmutation significantly reduce
the repository heat removal requirement. A0 ;E%gﬁ%ﬁ?%’l\g.ﬁlsm"“ OF HLW

Figure 9 shows the rate of production of the integral
decay energy beyond 100 yr, the assumed time to clo-
sure, for the different fuel cycles. The medium-lived ac-  One concern that has been raised about the disposal
tinides present the most significant heat load beyonaf the intact SNF is that the large quantity of TRU will
100 yr. The HLW from the single recycle of Pu in MOX present a proliferation risk after the radiation barrier has
fuel reduces the energy deposited in the repository frorfallen to levels where the SNF is no longer self-protecting.
100 to 1000 yr by 23% relative to the OTC SNF. TheRepeatedly recycling the TRU in the FTWR, ATWR, or
energy deposited in the repository from 100 to 1000 ytFR EqFC would result in a far more dilute TRU waste
after repeated recycle of the TRU in the FTWR, ATWR,with a much higher concentration of FP, although the
or IFR EqFCs is reduced by 96% relative to the OTCvery existence of separation systems will raise a differ-
SNF due to the highly reduced level of TRU in the HLW. ent type of proliferation concern. Several parameters were
Transmutation will allow for a much lower heat load calculated to evaluate the relative proliferation risk of
design or a more tightly packed repository than with thehe SNF from the OTC, spent MOX fuel from the single
OTC SNF. recycle of Pu in MOX fuel, and the HLW from the re-

The repository for the HLW from the FTWR, ATWR, peated recycle of TRU inan FTWR, ATWR, or IFR EqFC.
or IFR EqFCs will be loaded with significantly different These parameters are related to technical and physical
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Fig. 8. Rate of production of decay heat.
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Fig. 9. Rate of accumulation of integral decay enef@fyer repository closure at 100)yr

barriers to proliferation and are based on the analysis dfom the transmutation systems that would increase the
Ref. 28. barrier to proliferation. The unshielded dose rdi®R)

The technical barrier parameters provide a measurat 1 m provides a measure of the relative radiological
of the relative difficulty of achieving a significant nu- hazard of separating sufficient material to produce an
clear yield from an explosive device. The first parameteexplosive device.
is the bare critical masBCM). The BCM is the mini- Figure 10 shows the BCM of the Pu and TRU in the
mum unreflected quantity required to produce a criticaHLW from the OTC SNF, from the single recycle of the
nuclear device. A critical configuration can be createdPu, from the SNF in MOX fuel, and from repeatedly
from nearly all TRU isotopes. The BCM was calculatedrecycling TRU from the SNF in an FTWR, ATWR, or
in two ways:(a) assuming separation of pure Pu andIFR EgFC. For reference, the BCMO0.7 kg for WGPu
(b) assuming separation of all TRU en masse. The BCMs also shown. Transmutation increases the BCM by in-
is time dependent because short-lived isotopes decagteasing the concentrations of isotopes with large BCM
changing the isotopic composition of the remaining Pwsuch as*4?Pu, which in pure form has a BCM of 92 kg.
and TRU. Other technical parameters are the decay hedhe BCMs remain fairly constant far10000 yr, and
(DH) and spontaneous fission neutron sou@dlS of  then slowly increase as ti#é°Pu decays with a 24 110-yr
one BCM. The higher the levels of DH and SNS of thehalf-life. At one million years?4?Pu and**"Np are the
explosive device, the more technically challenging it isonly TRU isotopes present in significant quantities.
to produce a significant nuclear yield. These quantities  Figure 11 shows the DH of one BCM of the Pu and
are a function of the BCM and isotopic composition ofone BCM of the TRU in the HLW from the OTC SNF,
the material. from the single recycle of the Pu from the SNF in MOX

The physical barrier parameters provide a measuriiel, and from repeatedly recycling TRU from the SNF
of the relative difficulty of acquiring sufficient material in an FTWR, ATWR, or IFR EgFC. For reference, the
in a form pure enough to produce a nuclear explosiveDH of one BCM of WGPU24.6 W) is also shown. Trans-
The two physical barrier parameters analyzed are relatadutation increases the DH by increasing the concentra-
to the quantity of waste containing one BCM and thetions of the relatively short-lived alpha-emitting isotopes
radiological hazard associated with that quantity of wasteZ®®Pu and?4%Pu. Initially, one BCM of Pu from the OTC
The mass of radioactive was(®RW) containing one SNF generates eight times more heat than one BCM of
BCM provides a measure of the relative amounts of ra23%Pu. The short-lived Pu isotopes that are producing the
dioactive waste, actinides, and FP that would need to bleeat decay away and reduce the DH. Even so, the DH of
handled and processed to recover sufficient material tthe Pu remains significantly higher than that of WGPu
produce an explosive device. The MRW does not acfor tens of thousands of years. Even though the MA have
count for the additional dilution and tailoring of the wastea small effect on the BCM, if they are not separated, the
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Fig. 10. BCM(dashed lines= plutonium only; solid lines= all transuranics
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Fig. 11. Decay heat from one BClashed lines= plutonium only; solid lines= all transuranics

DH of one BCM of TRU is roughly double the DH of ATWR, or IFR EqFC. For reference, the SNS of one
one BCM of Pu from the same fuel cycle. The increasedCM of WGPu(6.0x 10° n/s) is also shown. The OTC
DH of the TRU relative to Pu falls significantly with Pu has an SNS an order of magnitude higher than WGPu.
time. Transmutation increases the SNS by increasing the even
Figure 12 shows the SNS of one BCM of the Pu andnass Pu isotopes, which have SNSs that are orders of
TRU in the HLW from the OTC SNF, from the single magnitude greater tha$°Pu and®*'Pu. The SNS of the
recycle of the Pu from the SNF in MOX fuel, and from TRU remains significantly above WGPu for all fuel cy-
repeatedly recycling TRU from the SNF in an FTWR, cles. The very small concentrations of a few isotopes
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Fig. 12. Spontaneous neutron source from one B@&thed lines= plutonium only; solid lines= all transuranics

with very high spontaneous fission rates produce the varfuel, and from repeatedly recycling TRU from the SNF
ation in SNS from the TRU in the different fuel cycles. in an FTWR, ATWR, or IFR EqFC. A relatively small
The concentration of these isotopes is relatively unceMRW, <2 MT, of OTC SNF would have to be pro-
tain and differences in SNS for the TRU may not be realcessed to recover one BCM of Pu. By concentrating the
Figure 13 shows the MRW containing one BCM of Pu in the MOX fuel, the MRW of spent MOX fuel is
the Pu and one BCM of the TRU from the OTC SNF,reduced to less than one-third that of the OTC SNF.
from the single recycle of the Pu from the SNF in MOX The IFR, ATWR, and FTWR EqgFCs increase the MRW

10000

~-<-- OTC Pu ——OTC TRU
@ MOX Pu —a— MOX TRU
1000 | - IFR Pu ——|FR TRU

~o-- ATWR Pu  —e—ATWR TRU
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Time (yr)

Fig. 13. Mass of radioactive waste containing one B@¥shed lines= plutonium only; solid lines= all transuranick
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significantly. The actual mass that will need to be pro-Transmutation in an FTWR, ATWR, or IFR will result in
cessed will be significantly larger than the MRW from a very small quantity of even lower quality material that
the FTWR, ATWR, and IFR EqFCs because the HLWwill be diluted in a large concentration of FP. The HLW
will be further diluted in the final waste form. Over from the FTWR, ATWR, and IFR EqFCs would provide
time, the MRW rises as significant fractions of the Pua very significant barrier to the proliferation of the re-
decay, and at one million years, the MRW is over 100(pository waste at any time in the future.
MT for all but the spent MOX fuel, which is over
100 MT. Inclusion of the MA has little effect on the
MRW until well beyond 10000 yr. VIll. SUMMARY AND CONCLUSIONS

Figure 14 shows the radiation barrier as measured
by the UDR from the HLW containing one BCM of the
Pu and one BCM of the TRU from the OTC SNF, from
the single recycle of the Pu from the SNF in MOX fuel,

and from repeatedly recycling TRU from the SNF in ang oy nroquced, on the potential radiological hazard of

FTWR, ATWR, or IFR EqFC. The repeated recycle ofi, 3 reposi :

. pository wastes, on the capacity of the HLW repos-
the TRU in the FTWR, ATWR, and IFR EQFCs producesiy, jes and on the proliferation resistance of the material
HLW streams that will present a significantly larger ra-

L . stored in HLW repositories. An SNF composition repre-
diation barrier than the OTC SNF or spent MOX fuel for s y4tive of the current inventory of SNF discharged from
nearly one million years because the Pu and TRU ar

distributed i | v of EP. Th diat BwRs in the OTC was taken as the base case against
Istributed In a very large quantity of FP. The radiation,ich the impact of further transmutation was compared.
barrier falls significantly over time for all fuel cycles.

The minimum radiation barrier of the OTC SNF and Relative to the OTC, the impacts on waste manage-

. - “'ment of a fuel cycle based on a single recycle of the Pu
spent MOX fuel occurs in the 1000 to 10000-yr time ., the SNF as MOX fuel in an LWR and of fuel cycles

:‘raLnei, (\j/vhen rrr:an)é hc()jurs \;vould be requiredl to (eceivelfgased on repeated recycling of the transuranics from the
ethal dose, hundreds of rem, even neglecting sellgne a5 metal fuel in liquid-metal—cooled fast reactors
shielding and any other shielding that might be provided, o« ayaluated. Equilibrium fuel cycles correspond-

_The Puor TRU from any of the fuel cycles can theo-j, 5 three fast transmutation reactor concepts were
retically be used to produce a nuclear explosive. The Py, 5 ,ated:

from the OTC SNF is significantly degraded relative to

WGPu. The proliferation effects of the MOX fuel are 1. a subcritical reactor with a nonfertile transuran-
mixed relative to the OTC; there is a higher concentra- ics metal fuel and PbLi eutectic coolant, driven
tion of lower quality material in the spent MOX fuel. by a tokamak D-T fusion neutron sourdeTWR)

Detailed fuel cycle analyses were performed to eval-
uate the impacts of further transmutation of SNF on mass
flows into HLW and LLW facilities per unit nuclear en-

~o-OTCPu  —+OTC TRU
~@-MOXPu  —=MOXTRU
s IFRPu  —+IFRTRU
~o- ATWRPu —e—ATWR TRU
% FTWRPu__—* FTWR TRU

Unshielded Dose Rate (REM/hr/BCM)

10 100 1,000 10,000 100,000 1,000,000
Time (yr)

Fig. 14. Radiation barrier of waste containing one B@lshed lines= plutonium only; solid lines= all transuranicks
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2. a subcritical reactor with a nonfertile transuran-OTC SNF. This should allow a significant increase in the
ics metal fuel and Na coolant, driven by an accel-capacity of the repository. A single recycle of the Pu
erator spallation neutron sour¢ATWR) from SNF as MOX fuel, on the other hand, only achieves

a small reduction in decay heat source and would not

significantly impact the HLW repository capacity.

The transuranics in the SNF that would be stored

This study emphasized transmutation fuel cycles thantact in an HLW repository in the present OTC scenario
would reduce the transuranic inventory in the HLW, bycould conceivably be a proliferation risk after the radia-
fissioning the transuranics into FP, most of which ardion has decreased to levels where the SNF is no longer
relatively short lived. A single recycle of the Pu in SNF “self-protecting.” Repeatedly recycling the transuranics
as MOX fuel in an LWR would reduce the HLW trans- from the SNF in fast transmutation reactors not only
uranic inventory by 25%, and repeated recycling in anydestroys a large fraction of the transuranics but also in-
of the fast transmutation reactors would eventually reereases the inventory of highly radioactive FP in the waste
duce the HLW transuranic inventory by99%. The thatis deposited in the HLW repository. The BCM of Pu

ATWR and FTWR would be capable of a net transuranidn the HLW going to the repository in the ATWR, FTWR,

destruction rate that is 2 to 3 times larger than for theor IFR EqFCs is~50% greater than the BCM of the Pu

IFR because of the production of transuranics in the ferin the OTC SNF. Furthermore, because the transuranics

tile fuel in the IFR. are more dilute in the HLW from the fast transmutation

The destruction of transuranics by fission also proteactors, the mass of HLW that must be processed to
duces nuclear energy, of course, lwit g of fissioned obtain a BCM of Pu is about three times greater for the
transuranics producing1 MWd of thermal energy. The HLW from the IFR EqFC, and about eight times greater

U.S. inventory of discharged SNF by the end of 200ZXor the HLW from the ATWR and FTWR EqFCs than

would produce~14000 GWtherma)-yr if burned as from the intact OTC SNF. On the other hand, while the

nonfertile fuel in a fast transmutation reactor, and 2 to BCM of the Pu in the HLW from once-recycled MOX
times this much if burned as fertile fuel. In an equilib- fuel is ~20% greater than the BCM of Pu from the OTC
rium system in which there were enough transmutatiolsNF, the mass of spent MOX fuel that must be processed
reactors to recycle the annual discharge rate of LWRo obtain this BCM is less than one-third the mass of

SNF, the transmutation reactors would produce a larg&TC SNF that must be processed, because the Pu is

fraction of the total nuclear power. The nonfertile fuelconcentrated in making the MOX fuel.

ATWRs or FTWRs would produce-25% of the total High decay heat and spontaneous fission neutron

nuclear power, of which some fraction will be requiredsources are impediments that enhance the proliferation

to drive the neutron source. The fertile fuel IFRs wouldresistance of nuclear material because they can lead to

produce~40 to 45% of the total nuclear power. thermal decomposition of high explosives and pre-
The destruction of the transuranics by repeated remature nuclear detonation, respectively. The decay heat

cycling in fast transmutation reactors reduces the radiosources from one BCM of Pu from the HLW of the ATWR,

toxicity of the HLW after the first 100 yr or so, during FTWR, IFR, and MOX fuel cycles are 7, 6, 3, and 2

which many of the short-lived FP decay. The toxicity oftimes, respectively, larger than the decay heat source from

all waste streams from the fast transmutation reactorsne BCM of Pu from OTC SNF. The SNS for one BCM
approaches the toxicity of uranium ore #5600 yr. On  of Pu is about a factor of 2 larger for Pu from MOX and
the other hand, a single recycle of the Pu from SNF a#~R HLW than for Pu for OTC SNF, and another factor

MOX fuel only slightly reduces the toxicity from all of ~2 larger for Pu from ATWR and FTWR HLW.

waste streams for LWR operation, and the toxicities of = The gamma dose rate would act as a deterrent to

both the OTC and MOX fuel cycles remain above thechemical separation of HLW by technologically unso-

toxicity of uranium ore for almost 100 000 yr. phisticated parties. The unshielded dose gamma rate from
Transmutation has a dramatic impact on the HLWthe HLW containing one BCM of Pu from ATWR, FTWR,
composition, of course. With respect to the six trouble-or IFR HLW is 1 to 2 orders of magnitude greater than
some repository isotopes identified in the Yucca Mounthe dose rate from the OTC SNF or spent MOX fuel
tain Viability Assessmer the concentrations in HLW containing one BCM of Pu. The time required for an
from the fast transmutation reactors of the isotof¥@p,  unshielded worker handling the material to receive a le-
234y, 23%Pu, and?*?Pu are all reduced by 99% relative thal dose never falls belo 1 h for the HLW from the

to the OTC SNF, while the concentrations ¥flc and ATWR, FTWR, or IFR EgFCs.

129 are increased significantly. The overall conclusion from the above results is that

The decay heat source from the HLW is a majorthe repeated recycling of the transuranics from SNF would
determinant in the design of an HLW repository. Re-significantly increase the capacity of HLW repositories
peated recycling of transuranics in fast transmutation reper unit of nuclear energy produced, significantly in-
actors results in an HLW decay heat source, after 100 ygrease the nuclear energy production per unit mass of
that is about two orders of magnitude lower than for theuranium ore mined, significantly reduce the radiotoxicity

3. a critical reactor with a fertile transuranics plus
uranium metal fuel and Na coolaifFR).
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of combined HLW and LLW streams per unit of nuclear Reflector Central
energy produced, and significantly enhance the prolifer & Shield Solenoid Flux
ation resistance of the material stored in HLW repositories \ / Core
While these studies indicate some advantdges., | /
larger net TRU destruction rate per unit poywar sub-
critical fast transmutation reactors, these advantages we
largely associated with the use of nonfertile transurani
fuel in the subcritical reactors and fertile transuranic plus
uranium fuel in the critical reactor. The need to use fer
tile fuel in critical reactors arises from the need to have
238U to provide a significant negative Doppler tempera-
ture coefficient of reactivity. The larger margin to prompt
critical in a subcritical reactor may be a real advantage il
this respect, but this issue is beyond the scope of th
present paper. We note current efféPtso develop a
design for a critical transmutation reactor with nonfertile
fuel.

Toroidal
Fiﬂd Coils
‘/

Sub-Critical
APPENDIX A Plasma Reactor

Fig. A.1. FTWR schematic.
FTWR

The FTWR(Refs. 12 and 18s a 3000-MWtherma)
subcritical reactor driven by a D-T tokamak neutron
source. The design of the FTWR was an adaptation of
the heavy-metal—cooled, metal-fueled subcritical reac-
tor being studied for ATWR system$C The goal of the N
design was to use nuclear and processing technologies L
that either exist or are being developed for the ATWR, to ,Q{\ &
the maximum extent possible. The nuclear design analy-
sis supporting the FTWR is presented in Ref. 13.

The fusion neutron source is a D-T tokamak with a
major radius of 3.1 m and a minor radius of 0.89 m
capable of generating up to 150 MW of fusion power
and a neutron source of 5:310'° s~ (Ref. 12. The
fusion source design constrains the geometry of the sub-
critical reactor. Figure A.1 shows the arrangement of the
major components of the FTWR.

The subcritical reactor is a 40-cm-thick by 2.3-m
high annulus centered on the midplane and located just
outboard of the tokamak plasnigig. A.1). The subcrit-
ical reactor contains 360 hexagonal fuel assemblies and
180 half-assemblies with a 16.1-cm pitch, grouped into
90 reactor segments aligned with the first-wall segments
and circumscribing the tokamak plasma. The arrange-
ment of two of these reactor and first-wall segments is
shown in Fig. A.2. The fuel is a transuranic zirconium
alloy (TRU-10Zn dispersed in a zirconium matrix and
clad with a steel similar to HT-9. There are 217 pins, 210
fuel pins and 7 structural pins per assembly, with a tri-
angular pitch of 1.1 cm. Most of the volume within the
toroidal field coils not occupied by the plasma neutron |
source and the reactor is occupied by the reflector and -
shield. The design of the FTWR is given in Ref. 12.

The requirement for tritium self-sufficiency neces- Fig. A.2. Transmutation reactor configuration outboard of
sitates the incorporation of lithium into the reactor And plasma chamber.

T—First Wall
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reflector-shield system. This can be done in either soliadycle, but these would not be expected to be dramatic or
or liquid form. Design concepts have been developed foimpact the conclusions of this study.
a lithium lead(Li17-Pb83 coolant-breeder design and
for a lead bismuth eutecti€LBE) plus solid (Li,O)
breeder design. Both designs performed similarly. The APPENDIX C
Li17-Pb83 design results are discussed in this paper.

The FTWR operates on a 564-day cycle with g
five-batch refueling scheme. The BOC fuel loading is
24.3 MT of heavy metal, of which 23.3 MT are TRU and
the rest a small quantity of uranium, mostifU that has
accumulated as a result of radioactive decay. The LW
SNF feed used in this analysis was the representati
SNF given in Table I.

The IFR (Refs. 4 and 3)lis an 840-MWtherma)
ﬁodium-cooled, metal-fueled, critical reactor. The IFR is
cylindrical reactor with a radius of 161 cm and a fuel
height of 48 cm. The height of the IFR is reduced to
increase leakage and reduce the conversion rate. The fuel
is the W/ TRU-10Zr metal alloy with a charge of72%
U and 28% TRU. The fuel is clad with a steel similar to

APPENDIX B HT-9. Additional details of the IFR design are provided
in Ref. 31.
ATWR The IFR design and fuel cycle were developed for

SNF feed from an ALWR operated to 50 GWdTU.
For the purposes of this paper, the representative SNF
rgiven in Table | was used in this analysis. No other

by an accelerator spallation neutron source being studiecfgzr}%?gviiitgsagﬁ ;0321(; OrlgacctoéIgﬁ;%na%resjeeri_ggfﬁ
as part of the DOE Advanced Accelerator Applications P y ey

: . : refueling scheme.
Program. Multiple ATWRs will be operated by a single . . .
large proton accelerator. The BOC fuel loading for a single IFR is 13.89 MT

: . f heavy metal of which 3.78 MT are TRU. The heavy
The ATWR design consists of a central LBE target 0 ; ; :
buffer surrounded by 132 hexagonal fuel assemblies. Trt etal loading for the IFR given in Ref. 4 was 13.89 for

The ATWR(Refs. 4 and 3pis an 840-MWtherma)
sodium-cooled, metal-fueled, subcritical reactor drive

o X . . : e ALWR SNF feed. The discharge TRU burnup calcu-
gL;bgrrrl]tlc;ar: :)eua,tgtrorr;ijg gfngggui%\/ |t2n%n ;}Bg LZ?&%S,[ 8 ated in this analysis was 18.0% compared with 18.6%

- : the ALWR feed. The burnup reactivity loss calcu-
113 cm. The fuel is the TRU-40Zr metal alloy clad with or the AL . .
a steel similar to HT-9. Additional details of the ATWR lated in this analysis was 2.08% compared with 2.34%
design are provided in Ref. 30, for the ALWR feed. The TRU charge enrichment was

: 28.0% in this analysis compared with 32.4% for the
The ATWR design and fuel cycle were developed : . A
for SNF feed from an advanced light-water reactor"EWR feed. In this analysis 20% less TRU is fissioned

L in each pass through the reactor than was calculated for
g?‘lt‘r\]/\é?&?srgﬁg It;) ;Seﬁ%’d;gﬁje rr::eof?hrngjr'gggesthe ALWR feed. The conversion rate in this analysis is

of this paper, the representative SNF given in Table p.59 compared with 0.51 for the ALWR feed. The TRU

P 0 ; : .
was used in this analysis. No other changes were maﬁ%ductlon is 99.449% for this analysis compared with

. .5% for the ALWR feed. Overall, there are some sig-
Lontgelzeoégf; gsgllgr:/v%f?v%%gf z;l’: :fgggggﬁ; rglrt]e ificant differences with the results calculated in Ref. 4

seven- and eight-batch refueling scheme ecause of the different SNF feeds, but better optimiza-
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