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The case for nuclear fuel recycling
A transition to used nuclear fuel reprocessing and recycling  

in the United States would best be started in the near future  
to allow for two to three decades for implementation and 
to facilitate the consideration of various options, including 

further nuclear power plant license extensions.

By Melvin R. Buckner and 
William E. Burchill 

The initial technical driver for re-
cycling the usable components 
of used nuclear fuel (UNF) was 

to recover the residual energy sources of 
unfissioned uranium and plutonium. To-
day, however, a primary driver for recy-
cling UNF is to minimize the volume of 
radioactive waste requiring emplacement 
in a geologic repository and to package the 
high-level waste in an encapsulated form 
designed for optimum long-term storage 
and permanent disposal. This would help 
address public concerns about nuclear 
waste disposal. Other drivers for recycling 
are to ensure energy security and to avoid 
fuel market disruptions.

The Blue Ribbon Commission on Amer-
ica’s Nuclear Future [1] concluded that it is 
premature to seek consensus on recycling 
UNF and instead recommended that it be 
stored pending the development of a geo-
logic repository. The American Nuclear 
Society recognizes that interim storage of 
UNF for a limited time is necessary but is 
not a permanent solution to the problem 
of nuclear waste treatment and disposal. 
Moreover, ANS takes the position that 
there should be a national energy policy 
and a legal framework in place to support 

a comprehensive and sustainable program 
for the U.S. nuclear fuel cycle.

Each year, an average of approxi-
mately 11,500 metric tons heavy metal 
(tHM) of UNF are discharged from op-
erating commercial reactors around the 
world, including approximately 2,000 
tHM discharged annually in the United 
States. Approximately 340,000 tHM had 
been discharged worldwide by the end of 
2010, including 72,000 tHM in the Unit-
ed States. Thus, by 2020, approximately 
440,000 tHM of UNF will have been dis-
charged worldwide, including approxi-
mately 84,000 tHM in the United States. 
Through the end of 2010, approximately 
90,000 tHM had been reprocessed world-
wide, with only 242 tHM reprocessed in 
the United States. [2,3]

Nuclear fuel cycle basics
A nuclear fuel cycle that includes re-

processing and recycling is referred to as 
a closed nuclear fuel cycle (which usually 
also includes ultimate waste disposal, but 
in this discussion does not). A nuclear 
fuel cycle that excludes reprocessing and 
recycling is referred to as a once-through 
(or open) nuclear fuel cycle. Thermal re-
actors operated with a once-through fu-
el cycle access less than 1 percent of the 
total energy content in natural uranium 
(considering fissile and fertile isotopes). 

A closed fuel cycle, which involves repro-
cessing the fissile uranium and plutoni-
um from UNF and recycling (reusing) it 
as new fuel, has the potential to increase 
the utilization of the natural uranium 
resource for energy generation by two 
orders of magnitude. Recycling Pu from 
UNF in thermal reactors, as is currently 
done in France, represents an intermedi-
ate step between the once-through fuel 
cycle and closed fuel cycles being pur-
sued by many countries.

In the last quarter of the 20th century, 
several factors pushed the United States 
away from plans to employ a closed fuel 
cycle to the current practice of an open 
fuel cycle. The growth rate of electricity 
demand, which had been between 5 and 
10 percent per year since the end of World 
War II, decreased to only about 1 percent 
per year. A forecasted depletion of eco-
nomic uranium resources failed to ma-
terialize, and new uranium ore reserves 
were discovered. On April 7, 1977, Pres-
ident Jimmy Carter issued an executive 
order announcing a new federal policy to 
defer indefinitely the reprocessing of spent 
commercial nuclear fuel in the United 
States, based on proliferation concerns.a 
Also, the number of nuclear power plants 
did not increase to the level projected be-
cause many orders for new U.S. nuclear 
power plants were canceled.

a. This action was intended both to preclude other 
countries from having easy access to Pu for weap-
ons production and to encourage other countries
to foreswear reprocessing. In 1982, President
Ronald Reagan rescinded Carter’s policy, but the
industrial momentum for reprocessing in the
United States was gone, and companies were not
willing to risk capital in light of potential future
changes in policy.
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Once-through fuel cycle
In 1983, the U.S. government passed the 

Nuclear Waste Policy Act, which required 
the government to take ownership of UNF 
and dispose of it in a deep geologic reposi-
tory. [4] Although the act did not preclude 
reprocessing or recycling, it was clearly fo-
cused on a once-through fuel cycle.

The current back end of the nuclear fuel 
cycle in the United States involves con-
tinued storage of UNF for an indefinite 
period of time. UNF is stored in spent 
fuel pools and in air-cooled, dry-storage 
casks at nuclear power plant sites awaiting 
a decision regarding its ultimate dispo-
sition. Within the last 10 years, however, 
approximately half of the UNF discharged 
annually around the world was slated for 
reprocessing. [5] 

Thermal reactor recycle
Recycling of U and Pu as mixed urani-

um-plutonium oxide (MOX) fuel in ther-
mal reactors is a commercially mature and 
proven technology. Essentially all recycled 
U-Pu is recovered using aqueous-based
technologies based on the PUREX (Plu-
tonium Uranium Redox EXtraction) pro-
cess developed in the United States. Newer 
evolutions have been developed to address
proliferation concerns.

Only one irradiation of MOX fuel is 
practiced currently, but studies have 
shown that continuous recycle could be 
done in thermal reactors for multiple cen-
turies, if necessary. [6] Recycling of U and 
Pu in thermal reactors requires blending 
due to the depletion of fissile isotopes.

Fast reactor recycle
Prior to President Carter’s executive or-

der prohibiting reprocessing, plans were 
that U and Pu would eventually be recy-

cled in advanced fast reactors (“fast” here 
refers to the average energy of the neu-
trons that produce fission in these reactors 
and is close to the energy at which new 
neutrons are emitted during the fission 
process). Recycling in fast reactors has the 
potential to decrease the demand for natu-
ral uranium resources by up to two orders 
of magnitude. The degree to which fast re-
actors maximize nuclear fuel resource uti-
lization depends on the conversion ratio 
of the reactor technology. [7] Fast breeder 
reactor systems with high conversion ra-
tios maximize resource amplification. A 
fast reactor optimized for breeding fissile 
fuel could increase natural U resource uti-
lization to about 95 percent from its value 
of about 1 percent in current thermal reac-
tors without UNF recycle.

Reprocessing technology status
UNF reprocessing yields two types of 

products or materials: fissile isotopes that 
have further value for reuse in nuclear fuel, 
and fission product isotopes and structur-
al materials that are stored and disposed 
of as waste. UNF also contains isotopes 
that have value for industrial or medical 
purposes, and although it is possible to 
separate these isotopes for recycling, most 
current commercial reprocessing does not 
do so. Aqueous-based reprocessing and 
non-aqueous–based pyroprocessing stand 
out as the most important and relevant in 
terms of their technical and/or commer-
cial maturity. [8] 

Aqueous reprocessing technologies 
are distinguished from other methods by 
their use of mechanical, chemical, and 
pyrochemical calcinations as a means 
to separate, recover, purify, and con-
vert desirable constituents of UNF from 
an aqueous (water-based) acid solution 

produced by the dissolving UNF compo-
nents. [9]

Three commercial facilities using aque-
ous reprocessing technology have been 
built in the United States: the Nuclear Fuel 
Services (NFS) facility located near West 
Valley, N.Y.; the General Electric Mid-
west Fuel Recovery Plant at Morris, Ill.; 
and the Allied General Nuclear Services 
plant at Barnwell, S.C. [10] The NFS facil-
ity was the first and only private plant in 
the United States to reprocess UNF, oper-
ating commercially from 1966 to 1972 us-
ing the PUREX process. [3] The two other 
commercial reprocessing facilities were 
built but never operated. Since 1972, no 
commercial reprocessing has been done 
in the United States, while other countries 
have gained extensive experience with 
industrial- scale reprocessing operations.

Worldwide experience with reprocess-
ing UNF from both thermal reactors and 
fast reactors in research/pilot/demonstra-
tion and commercial facilities is summa-
rized in Table I. [11]

It is notable that France, the United 
Kingdom, and Russia have reprocessed 
not only domestic UNF but also UNF 
from other countries. France has repro-
cessed UNF from Japan, Germany, Swit-
zerland, Belgium, Italy, Spain, and the 
Netherlands; it is currently reprocessing 
UNF from Italy and the Netherlands. The 
United Kingdom has reprocessed UNF 
from Japan, Germany, Switzerland, Bel-
gium, Italy, the Netherlands, Sweden, and 
Canada, and Russia has reprocessed UNF 
from Ukraine.

France has made a firm commitment 
to continue reprocessing UNF from com-
mercial thermal reactors. China, Japan, 
and India have announced plans to es-
tablish reprocessing of UNF from com-

Table I: WorldWIde experIence WITh Used nUclear FUel reprocessIng

Thermal Reactor UNF Fast Reactor UNF

Research/Pilot/Demonstration

Reprocessing Facility

Japan (Tokai facility)

China (at Lanzhou)

France (Atalante)

India (BARC, IGARC)

Italy (at Rotondella)

Belgium (Eurochemic facility)

Germany (WAK/Karlsruhe)

Russia (Khoplin, Bochvar)

United Kingdom (Sellafield)

United States (national laboratories)

Russia

France

Japan

United Kingdom

United States (Argonne National 
Laboratory and Oak Ridge National 
Laboratory)

Commercial Reprocessing Facility France (Marcoule and La Hague facilities)

United Kingdom (THORP and Magnox 
reprocessing facilities at Sellafield)

Russia (RT-1 facility)

United States (West Valley)

India (Trombay, Tarapur, Kalpakkam)

France
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mercial thermal reactors. South Korea 
and Taiwan have expressed their desire 
to reprocess UNF from commercial reac-
tors in the future, but both are currently 
prohibited from doing so by their nuclear 
trade agreements with the United States. 
Belgium and Switzerland are currently 
considering the option of resuming repro-
cessing by a foreign supplier. The Interna-
tional Atomic Energy Agency publishes 
periodic reports on the world’s current 
and planned reprocessing capacity. [8,10]  

Pyroprocessing of UNF is based on a 
mature electrochemical technology used 
extensively in the metal refining industry. 
It has been demonstrated with UNF on a 
pilot scale in several countries, including 
the United States, and is generally con-
sidered well suited for accommodating 
metal fuel from fast reactors. Advanced 
fast reactor fuels may be metal alloys, ox-
ides, carbides, or nitrides. Pyroprocessing, 
however, has not yet been deployed on a 
commercial scale anywhere in the world 
for the reprocessing of UNF from either 
thermal or fast reactors.

Only one pyroprocessing technique has 
been used in the United States on a pilot 
scale: the integral fast reactor electrolytic 
process developed by Argonne Nation-
al Laboratory. It was used for processing 
UNF from the EBR-II experimental fast 
reactor, which operated from 1963 to 
1994. [11] Because plans for commercial 
fast reactors were canceled in the early 
1980s,b no commercial reprocessing of 
fast reactor UNF has been initiated in the 
United States. 

Research on pyroprocessing is being 
conducted in Russia, Japan, and South 
Korea, with the major emphasis on pro-
ducing fuel for fast reactors. [11]

Recycling of plutonium
Plutonium can be recycled for use in 

fresh thermal reactor fuel in the form of 
ceramic MOX fuel pellets. MOX fuel is pre-
dominantly composed of uranium dioxide 
blended with plutonium dioxide. The PuO2 
component of MOX fuel provides most of 
the fissile material. Typically, 5 to 10 per-
cent of the heavy metal in thermal reactor 
MOX fuel is plutonium, and the remainder 
is uranium. Thus, MOX fuel is mechanical-
ly and chemically similar to conventional 
UO2 fuel because the MOX fuel is predom-
inantly UO2. The structure of MOX fuel 
assemblies is essentially identical to that of 
UO2 fuel assemblies.

MOX performance characteristics
The performance of Pu as a fuel in a 

light-water reactor is demonstrated by all 
commercial nuclear power reactors be-
cause LWRs using uranium fuel produce 
substantial quantities of plutonium, sever-
al isotopes of which—such as U-233 and 
U-235—are fissile, and hence can fission 
in the LWR. As fuel burnup increases, 
more and more of the fissions occur in 
plutonium rather than uranium. In a typ-
ical commercial thermal reactor, about 
one-third of the total energy is produced 
by the fissioning of Pu.

MOX fuel has compiled a good perfor-
mance record in LWRs, commensurate 
with that of conventional UO2 fuel, but 
there are some differences: The thermal 
conductivity of MOX fuel is slightly lower 
than that of UO2 fuel, and fission gas re-
lease tends to be higher for MOX fuel, pro-
ducing a higher fuel rod internal pressure. 
The differences between conventional UO2 
and MOX fuel pellets are relatively minor, 
however, and are accommodated by the 
normal fuel and core design processes. 

The biggest difference between the two 
fuel types is their neutronic behavior. The 
primary fissile isotope in MOX fuel, Pu-
239, has a significantly higher fission cross 
section than the U-235 in UO2 fuel, lead-
ing to a lower thermal neutron population 
in MOX fuel assemblies, thereby making 
thermal neutron absorbers (control rods, 
soluble boron) slightly less effective (that 
is, they have a lower “worth”). The lower 
thermal absorber worth with MOX fuel has 
the beneficial effect of making the reactors 
more stable neutronically and less suscep-
tible to xenon-induced transients following 
changes in power level. Extra control rods 
have been added to some reactors using 
MOX fuel to provide additional shutdown 
margin, and beginning- of- cycle boron 
concentrations are higher for reactors con-
taining MOX fuel. Thus, these neutronic 
differences are accommodated in the nor-
mal fuel and reactor design process. 

The lower thermal neutron flux in MOX 
fuel also produces steeper thermal neu-
tron flux gradients at the boundary be-
tween MOX fuel and UO2 fuel assemblies. 
High power peaking associated with those 
gradients is managed in the fuel assembly 
design by lowering the plutonium concen-
trations in MOX fuel rods on the exterior 
of the MOX fuel assemblies. 

Although the thermal neutron popu-
lation is markedly lower in reactors with 
MOX fuel, the fast neutron flux is mar-
ginally higher with MOX fuel. This has 
the potential to increase the fast fluence 
(exposure to neutron bombardment) ex-
perienced by the metal reactor vessel. This 
effect has been evaluated and shown to be 
minor with respect to reactor vessel em-
brittlement, and it will not limit the usable 
lifetime of reactor vessels.

International MOX fuel experience [12–15]
The first use of MOX fuel in a thermal 

reactor took place in the Belgian BR-3 pres-
surized water reactor in 1963. As is standard 
practice today, BR-3 had a partial MOX fu-
el core (some of the fuel assemblies were 
MOX, while most were conventional UO2 
fuel). During the 1960s and 1970s, MOX 
fuel demonstration programs were con-
ducted in thermal reactors in several coun-
tries. Germany began larger-scale use of 
MOX fuel in 1981, and Switzerland, France, 
and Belgium followed suit. Japanese reac-
tors began to recycle significant quantities 
of MOX fuel (reprocessed in France) short-
ly before the 2011 accident at Fukushima 
Daiichi. France is the largest user of MOX 
fuel in the world today, with 21 of its PWRs 
having reactor cores containing both MOX 
and UO2 fuel assemblies.

The Netherlands is about to commence 
MOX fuel use in the Borssele reactor. The 
United Kingdom is currently evaluating 
several options for using its 120 metric 
tons (t) of separated reactor-grade pluto-
nium, with MOX fuel for thermal reactors 
being the preferred option. 

MOX fuel has also been used in fast 
reactors in several countries, particularly 
France, Japan, the United Kingdom, and 
the United States. Today, Russia has two 
fast reactors in operation (BOR-60 and 
BN-600), mainly fueled with enriched 
uranium, and has long-term plans to build 
a new generation of fast reactors fueled 
with MOX. Operation of the world’s larg-
est fast reactor, the 750-MWe BN-800 at 
Beloyarsk in Russia reached criticality in 
June 2014. Several other projects are being 
developed in France and China, and India 
plans to construct six 500-MWe fast reac-
tors initially fueled with MOX or carbide 
fuel.

Excess weapons Pu disposition 
In 2000, Russia and the United States 

signed an agreement stating that each 
country would dispose of 34 t of its surplus 
weapons-grade plutonium. The current 
understanding is that the United States 
will convert the bulk of its surplus Pu in-
to MOX fuel and use that fuel in domestic 
commercial nuclear power reactors, while 
Russia will convert its surplus Pu into fuel 
for fast reactors and will use the fuel in its 
BN-600 and BN-800 reactors. [16] 

A MOX fuel lead test assembly program 
using diluted weapons-grade Pu was con-
ducted successfully from 2005 to 2008 
at Unit 1 of the Catawba nuclear station 
in the United States, as demonstrated by 
poolside and hot cell post-irradiation ex-
aminations after the second cycle. [17] The 
original plan was for some of the MOX fu-
el assemblies to be used in a third cycle, 
but technical concerns not related to MOX 
fuel led to the decision to terminate irradi-
ation after two cycles.

b. No commercial fast breeder reactors were built, 
beyond the Fermi-1 demonstration unit, primar-
ily because President Carter vetoed funding for
the Clinch River Breeder Reactor in November
1977. Congress persisted in funding the project,
and President Reagan revived it in 1981, but the
Senate denied any further funding on October 26, 
1983, discouraging industry from further efforts
to develop commercial FBRs.
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Therefore, the Department of Energy 
began construction of the Mixed Oxide 
Fuel Fabrication Facility (MFFF) at the 
Savannah River Site in South Carolina in 
2007, and fuel fabrication operations were 
originally expected to begin around 2018. 
Due to the radiotoxicity of Pu, MOX fuel 
cannot be manufactured at a conventional 
U fuel fabrication plant, and pellet fabri-
cation must be carried out in glovebox-
es. Although construction of the MFFF 
presently continues, with another $340 
million authorized on November 25, 2015, 
the fate of the facility and of the program 
remains to be determined due to govern-
ment concerns over cost.

Russia plans to dispose of its surplus 
weapons plutonium by converting it 
to fuel (with the use of both MOX and 
VIPAC, or vibratory-compacted, fuel be-
ing considered) for use in fast reactors. 
Russia has operated the 560-MWe BN-
600 at Beloyarsk since 1980. The reactor 
currently uses high-enriched uranium 
fuel, but it will be converted to operate 
with a partial loading of MOX fuel as 
part of the plutonium disposition pro-
gram. The BN-800 is a 750-MWe mod-
ernized and updated version of the BN-
600, and it was designed to operate with 
a full MOX fuel core. The BN-800 started 
up in 2014, and the initial core contained 
some MOX fuel in addition to HEU fuel. 
An industrial- scale plutonium fuel fabri-
cation facility is planned. [18]

MOX fuel fabrication
MOX fuel fabrication for thermal reac-

tors has taken place in Belgium, Germany, 
the United Kingdom, and France. While 
the German, Belgian, and U.K. facilities 
have now ceased production, several new 
units are currently under construction. 
MOX fabrication capacity in 2009 and in 
2015 is summarized in Table II. [19]

Inherent differences between PuO2 and 
UO2 that must be addressed by MOX fa-
cility design include PuO2’s significantly 
higher radiotoxicity if inhaled or ingested 
and its higher gamma radiation source, 
as well as its potential for use as the fissile 
material for a nuclear weapon without the 
additional enrichment required for UO2. 

Specific plant design features and opera-
tion accommodate these additional con-
straints.

The manufacturing process for MOX 
fuel is derived from the standard UO2 fu-
el fabrication process with the following 
three main additions: 
n U and Pu oxide powders are micron-
ized and blended to produce a homoge-
neous mix with the required Pu content,
typically between 5 and 10 percent, before
being pressed into pellets.
n All steps in the process up to rod weld-
ing take place in shielded gloveboxes in
order to protect staff from contamination
and radiation.
n A MOX fuel fabrication line is shielded
because the external radiation levels from
plutonium are higher than those from
uranium.

Nonproliferation, safeguards
Alternatives to the PUREX process in-

tended to be made less attractive to a pro-
liferator by involving methods to separate 
fissile materials that are more technically 
difficult are UREX, COEX, THOREX, and 
PYROX. Bathke, et al., [20,21] examined 
the “attractiveness” of materials mixtures 
containing a wide range of nuclear materi-
als associated with reprocessing. Bathke’s 
conclusion was that “all fissile material 
needs to be rigorously safeguarded to de-
tect diversion by a state and provided with 
the highest levels of physical protection to 
prevent theft by subnational groups.” This 
is because the materials mixtures still con-
tain separable plutonium.

Bari, et al., [22] used the results of 
Bathke, et al., to evaluate the relative pro-
liferation resistance of particular process-
es that do not produce separated plutoni-
um: COEX, the UREX suite of separation 
technologies, and pyroprocessing. Bari 
considered five measures: proliferation 
technical difficulty, proliferation cost, 
proliferation time, detection probability, 
and detection resource efficiency. There 
were only modest improvements over ex-
isting technologies, and these improve-
ments apply primarily to nonstate actors. 
Furthermore, several of the processes 
introduce challenges in measurement 

capabilities needed for safeguarding any 
large-throughput bulk- processing facility.

Collins and Ehinger [23] concluded that 
sufficient engineered safeguards and phys-
ical protection could be obtained using 
“safeguards by design.” In this approach, 
all operations for UNF treatment would be 
colocated and integrated within the same 
“recycle plant.” Thus, the inventory of plu-
tonium “in process” could be minimized, 
and no large inventory of partially separat-
ed plutonium would be accumulated with-
in or transported outside the plant. This 
approach would ensure that a host state is 
not proliferating and could minimize the 
possibility of a subnational threat by having 
a small footprint for the recycle plant.

The IAEA defines safeguards by design 
as “an approach whereby international 
safeguards requirements and objectives 
are fully integrated into the design process 
of a nuclear facility, from initial planning 
through design, construction, operation, 
and decommissioning.” [24] Bjornard, 
et al., provides a good summary of the 
safeguards- by- design concept for inter-
national safeguards, as well as security 
by design to protect against subnational 
threats. [25]

Economic considerations
Numerous studies have compared the 

cost of fuel cycle options. The Electric 
Power Research Institute (EPRI) conduct-
ed parametric economic analyses of four 
different U.S. fuel cycles using an OECD 
Nuclear Energy Agency equilibrium mod-
el. [26] The analyses considered the fol-
lowing four fuel cycles:
n Fuel Cycle 1: Once-through fuel cycle
with direct disposal of UNF in a geologic
repository.
n Fuel Cycle 2: Single recycle of Pu in
thermal reactors with direct disposal of
MOX UNF in a geologic repository.
n Fuel Cycle 3: Multiple recycle of Pu in
fast reactors with no direct disposal of
UNF in a geologic repository.
n Fuel Cycle 4: Multiple recycle of Pu and
minor actinides in fast reactors with no
direct disposal of UNF in a geologic re-
pository.

EPRI’s analyses determined fuel cycle 
cost as a function of the cost of uranium, 
with parametric variation of the repro-
cessing cost. [27,28,29] The analyses con-
sidered fuel cycle costs only, and did not 
consider the reactors’ capital costs (see 
Fig. 1). [30]

The cost of uranium concentrate report-
ed in October 2014 by the World Nuclear 
Association [31] is about half of the lower 
end value represented in the EPRI study 
shown in Fig. 1. Simple extrapolation of 
the results shown in Fig. 1 to this cost in-
dicates that the cost for Fuel Cycle 1 is less 
than that for Fuel Cycle 2 for the range of 
reprocessing costs considered. The same 

The Case for Nuclear Fuel Recycling

Table II: WorldWIde Mox FUel FabrIcaTIon 
capacITIes (ThM/yr) In 2009 and 2015

2009 2015

France: MELOX 195 195

Japan: Tokai 10 10

Japan: Rokkasho 0 130

Russia: Mayak, Ozersk (pilot) 5 5

Russia: Zheleznogorsk (fast reactor fuel) 0 60

United Kingdom: Sellafield 40 0

Total for thermal reactors 250 400
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extrapolation indicates that the cost for 
Fuel Cycle 1 is in the midrange of cost for 
Fuel Cycle 3 and at the upper end of the 
range of cost for Fuel Cycle 4. These ex-
trapolations are tenuous given the signif-
icant uncertainties in the cost associated 
with advanced reactor fuel cycles noted in 
the EPRI reports.

Oak Ridge National Laboratory 
 (ORNL) conducted a study of four dif-
ferent fuel cycles with differing degrees 
of product recycle, from none to nearly 
full reuse of all actinides. [32] This study 
determined the levelized unit electricity 
cost (LUEC) broken down by major fuel 
cycle steps, including the cost of future 
reactors, for the four different fuel cycles. 
Fuel cycle costs were converted to LUEC 
units of mills per kilowatt-hourc from es-
timates of costs in dollars per kilogram 
of heavy metal that were applied to the 
heavy metal equilibrium mass balance 
for a typical current Generation III+ 
thermal reactor (51,000 MWth-day/tHM 
fuel burnup). The results, summarized in 
Table III, show that the high capital and 
financing costs of the reactors dominate 
all other cost effects.

Numerous other studies of fuel cycle 
cost comparisons have been made by the 
Massachusetts Institute of Technology 
Nuclear Power Study, [34] the Organiza-
tion for Economic Cooperation and De-
velopment, [35] nongovernmental organi-
zation reports and papers, [36] a multilab 
study completed for the former Advanced 

Fuel Cycle Initiative program, [37] and 
another EPRI report. [38] In nearly all of 
these studies, the difference between recy-
cle and direct disposal costs never exceed-
ed 3 mill/kWh. For comparison, the fuel 
cycle costs for current thermal reactors 
have ranged from 4 to 10 mill/kWh. As 
shown in Table III, this is less than 20 per-
cent of the overall LUEC range projected 
for new Generation III+ thermal reactors.

Differences in reactor technology have 
been shown to have greater effects on 
the LUEC than technology differences 
in the fuel cycle options. For example, 
in the LWR/fast burner reactor “sym-
biosis” study, [33] the projected higher 
life- cycle costs associated with fast reac-
tors in comparison with those for LWRs 
(thermal reactors) had a greater effect on 
the LUEC than the difference in costs 
for “closed” versus “direct disposal” fuel 
cycles. The capital cost for a fast reactor 
was assumed to be 20 percent higher than 
that for LWRs, and operating and main-
tenance costs were assumed to be less 
than 2 percent higher in both the study 
represented by Table III and in the sym-
biosis study. 

The ORNL studies [32] consider ma-
ture (nth-of-a-kind), steady-state fuel cy-
cles and address all capital and operating 
costs, including those of reactors and re-
cycling facilities, assuming that the facili-
ties are optimized relative to one another 
in terms of capacity and throughput for 
sustained nuclear energy. Investment de-
cisions, however, must consider the cur-
rent state of commercial nuclear power. In 
the United States, for example, there are 99 
operating thermal nuclear power reactors 
as of the end of 2015, but no reprocessing 
facilities, no plutonium fuel fabrication 
facilities, no fast reactors, and no geologic 
repositories for commercial UNF. The re-
actors are in the middle of their operating 

lifetimes; most have only 20 to 30 years of 
operation remaining unless license renew-
als are allowed beyond 60 years; and many 
have been completely amortized.

Without the construction of new pow-
er reactors (either to replace existing 
ones or in addition to them), consider-
ation of U.S. fuel cycle economics alone 
leads some to decide not to make fuel 
cycle facility investments and instead to 
continue UNF storage for an indefinitely 
long time while awaiting an ultimate de-
cision on UNF disposal. In contrast, the 
situation in France, where investments 
were made in reactors and reprocessing 
and MOX fuel fabrication facilities in the 
1970s and are largely amortized, makes 
recycle a much more economically at-
tractive option today. 

Transitioning to recycling 
The overarching reason to begin the 

transition toward reprocessing and recy-
cling now is that industrial-scale repro-
cessing and recycling will require two to 
three decades for implementation after a 
decision has been made. Thus, beginning 
the transition now will produce commer-
cial capability after the mid-21st century. 
The operating licenses of all commercial 
nuclear power reactors currently oper-
ating in the United States, including ap-
proved extended operating licenses, will 
expire in this time frame. [39] Beginning 
the transition toward reprocessing and 
recycling now will facilitate options to be 
considered, such as further license exten-
sions (to 60 to 80 years, with a relative-
ly modest capital investment), replace-
ments with thermal reactors designed for 
MOX recycling, or replacements with fast 
reactors. 

Furthermore, the most recent projec-
tions by the DOE’s Energy Information 
Administration [40] forecast that elec-
tricity demand in the United States will 
increase 24 percent by 2040; minor ex-
trapolation indicates a demand increase 
of about 33 percent by mid-century. Even 
just maintaining the current fraction of ap-
proximately 20 percent of electricity gener-
ated by nuclear energy [40] would require 
not only the replacements noted in the pre-
vious paragraph but also an additional 40 
percent of capacity. Reducing greenhouse 
gas emissions significantly from current 
levels will require an even higher addition-
al capacity of nuclear- generated electricity. 
Beginning the transition toward reprocess-
ing and recycling now will facilitate the op-
tions listed in the previous paragraph to be 
considered for this growth and will provide 
the following benefits:
1. A national energy policy and legal 
framework that support a comprehensive 
and sustainable program for the U.S. nu-
clear fuel cycle would stimulate private 
investment. [41]

c. One mill per kilowatt-hour is one-tenth of a 
cent/kWh. The average production cost of gener-
ating nuclear electricity in the United States (no 
capital cost included) was 2.55 cents/kWh. The 
average retail price for electricity in the United 
States during the first six months of 2014 was 12.3 
cents/kWh. Note that transmission distribution 
and cost of capital are significant components of 
the retail electricity price but are not included in 
the LUEC.
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2. Knowledge and operational experience
from pilot reprocessing and recycling pro-
grams, mostly conducted by the national
laboratories, would avoid becoming com-
pletely dependent on foreign experience.
3. Transition to reprocessing and recy-
cling would provide “a place at the table”
for discussions of U.S. nonproliferation
goals and would significantly improve
U.S. relations with other countries in the
context of nuclear trade agreements.
4. Limitations on the storage of UNF at
commercial reactor sites would be relieved 
by the transporting of UNF to a recycle
plant, described earlier (under the sub-
head “MOX fuel fabrication”).
5. The volume of nuclear waste that must
ultimately be disposed of in a geologic re-
pository would be significantly reduced.
This would reduce the required size of a
repository and could obviate the need for
additional repositories.
6. An ongoing recycle program would
reinvigorate important educational pro-
grams in radiochemistry and radiochemi-
cal separations.
7. Thousands of new U.S. jobs would be
created.
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