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ABSTRACT

With the beginning of the nuclear industry, studies and debates have also been initiated regarding the
possibility of a closed fuel cycle. The reprocessing of spent fuel by PUREX and the recycling of
plutonium are already being implemented by France in a process referred to as a twice-through cycle. The
next step involves recycling plutonium and minor actinides. With this goal, using GANEX and UREX+,
in addition to PUREX, this research aims to demonstrate that reprocessing methods can significantly
reduce the need for uranium mining, enhance commitments to non-proliferation, and effectively manage
nuclear waste. The role of recycling in reducing waste cannot be overstated, and this research has shown
that the reprocessing of spent fuels can play a significant part in this effort. Equations were solved to
demonstrate the savings in uranium mining when reprocessed elements from spent fuels are spiked with
depleted uranium. As a result, the depleted uranium generated in the first cycle may be sufficient to be
blended with the reprocessed material, thereby diminishing the need of mining and reducing greenhouse
gas (GHG) emissions. Furthermore, the reprocessing and recycling of spent fuels can significantly
contribute to the decrease in the final nuclear waste disposal. The GANEX and UREX+ methods have
shown that they contain a comparable amount of fissile material to PUREX. Still, they have advantages as
being non-proliferating methods and reducing the toxicity of waste.

1. INTRODUCTION

With the advent of the nuclear industry, discussions and research on the potential of a closed
fuel cycle began, focusing on recycling uranium and plutonium recovered from reprocessed
spent fuel. This approach not only aims to maximize the use of nuclear fuel and reduce
radioactive waste but also holds the potential to significantly decrease the need for uranium
mining, offering a more sustainable future for resource management in the nuclear sector.
Studies have demonstrated that closed fuel cycles provide environmental benefits, such as
reducing greenhouse gas (GHG) emissions and minimizing the demand for natural uranium
extraction. Additionally, compared to the open cycle, the closed cycle generates smaller
volumes of waste, reduces land use impacts, and simplifies the handling of long-lived
radioactive materials. These findings underscore the importance of further exploring
reprocessing methods to mitigate the environmental effects of nuclear activities, reinforcing the
argument that nuclear fuel recycling is key to enhancing sustainability in the energy industry [1,
2].

1.1 Savings in Uranium Mining
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Despite efforts to manage mining sustainably to balance economic benefits with environmental
protection and social well-being, it is important to seek ways to minimize the need for this
activity.

Mining can impact water, soil, and air depending on the components and methods employed. In
the case of uranium, radiation exposure can harm the local community and the environment if
not handled correctly [3].
In the nuclear fuel cycle, mining accounts for 25% of greenhouse gas (GHG) emissions [4].
With reprocessing, the need for mining diminishes as the spent fuel from reactors can still
contain fissile material that, once reprocessed, is reintroduced into the reactor. For MOX (Mixed
Oxide) fuel, separated plutonium can be spiked with depleted uranium obtained during the first
cycle [5]. The importance of using depleted uranium during reprocessing lies in the high
availability of this resource due to previous mining activities, which can be used by other
generations. This reduces the need for new mining operations, reducing greenhouse gas
emissions.

1.2 Non-proliferation

Since 1970, the Treaty on the Non-Proliferation of Nuclear Weapons has been in force, which
establishes that countries that did not test nuclear weapons until 1967 cannot build or obtain
nuclear weapons, and the five countries that had already tested (China, the United States,
France, the United Kingdom, and Russia) must reduce their arsenal [6]. Brazil signed the
agreement in 1998, but the 1988 constitution guaranteed that the country would use nuclear
science only for peaceful purposes [7].

With reprocessing, it is possible to reinforce this commitment to the Treaty to ensure that
weapons of mass destruction are not proliferated. For example, methods such as GANEX and
UREX+ do not extract pure plutonium but with minor actinides, making it impossible for this
material to be used for military purposes [5].

1.3 Waste Management

Waste from nuclear reactors is usually inserted into pools to cool during decay and provide
radiation protection. They are then stored in dry storage systems that use sealed and shielded
containers, where they remain until a final long-term warehouse is created. The issue of waste
faces criticism from public opinion and must be done correctly to prevent accidents.

However, with reprocessing, especially in a cycle that involves the recycling of actinides
(plutonium, neptunium, americium, and curium), it is possible to reduce the volume of waste
and also its radiotoxicity, ensuring more safety. Some reprocessing methods reduce the amount
of long-lived fission products in the final waste, decreasing radioactivity and toxicity [5].

Public acceptance could also increase, as it would improve safety, limit the risks of nuclear
proliferation, and reduce the half-life of radioactive waste [4].

1.4 Reprocessing as an alternative for the spent fuel

Comparisons between nuclear fuel cycles reveal that fuel reprocessing, such as in the MOX,
TRU-U, and TRU-Th cycles, can optimize the use of natural resources and reduce waste
volumes. Recent studies indicate that closed cycles, in addition to reducing the demand for
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natural uranium, also minimize emissions associated with the nuclear fuel cycle. When
compared to the traditional cycle, these alternatives prove to be promising in terms of
sustainability and economics [1, 2].

At the beginning of the cycle, the uranium mined results in depleted uranium (tailings) and
enriched products. Spiking this depleted uranium with the reprocessed material to fabricate
MOX is an effective approach that can reduce the need for mining. Depleted uranium is only
stored; with this way of reprocessing, it can have a more sustainable cycle without the need to
increase costs.

Not separating plutonium from the minor actinides (MA) is a non-proliferation strategy as it
makes the material significantly more challenging to handle and process for weapon creation
and significantly reduces the long-term radiotoxicity of nuclear waste.

Considering the points discussed in the previous paragraphs, the flowchart in Figure 1 can
represent the desired reprocessing strategy.

Fig. 1. Alternatives for reprocessing.

1.5 PUREX

The PUREX (Plutonium Uranium Recovery by Extraction) process is a reprocessing method
that uses Tri-n-butyl Phosphate (TBP) solvent, liquid-liquid extraction, and oxidation-reduction
reactions. The fuel is chopped and then dissolved in nitric acid. Plutonium and uranium are
separated from the fission products and minor actinides with solvent extraction [5].

1.6 GANEX

GANEX (Grouped Actinide EXtraction) begins with dissolved spent nuclear fuel in nitric acid.
The solution is submitted to a solvent extraction system to remove the uranium. Then, a mixture
of complexing agents and extractants co-extract plutonium and the minor actinides from the
remaining fission products [8].

1.7 UREX+
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UREX+ (Uranium Extraction Plus) is an advanced nuclear reprocessing method that starts with
dissolved spent nuclear fuel in nitric acid. It involves five steps. The first step uses a solvent
extraction system to extract uranium and technetium from the solution selectively. Subsequent
steps involve using specialized chemical agents and extractants to achieve the selective
separation of plutonium and minor actinides (americium, curium and neptunium) from fission
products that can be used to produce the new fuel [8].

2. METHODOLOGY

To ensure that reprocessing methods contribute to reducing mining, preventing weapons
proliferation, and managing waste, it is essential that reprocessed fuel is spiked with depleted
uranium, contains an amount of fissile material close to that of fresh fuel and that the minor
actinides are not separated. These requirements are necessary because using the depleted
uranium stored is not necessarily a new step of mining; an equal amount of fissile material
would maintain the reactor's efficiency, and plutonium, together with minor actinides, prevent
their use in weapons production.

To demonstrate the amount of fissile material in reprocessed fuel, spent fuel from a reactor with
a burnup of 50,000 MWd/t and an initial enrichment of 4.5% is considered.

The recovery factors for the three methods analyzed are listed in Table 1. This factor will be
used in the software developed by Aruquipa et al. (2017) to give the quantity of fissile material
after the reprocessing and spiking [8].

Tab. 1. Recovery factors for the GANEX, UREX+ and PUREX reprocessing methods.
Element GANEX UREX+ PUREX

U 0.935 0.995 0.999
Np 0.938 0.710 0.950
Pu 0.996 0.995 0.998
Am 0.998 0.980 -
Cm 0.998 0.790 -

The composition of the material processed for the different recovery processes is listed in Table
2.

Tab. 2. Percentage composition of the material processed.
Isotope GANEX UREX+ PUREX
Np-237 5.467 3.957 5.328
Pu-238 2.576 2.618 2.643
Pu-239 50.744 51.580 52.064
Pu-240 20.240 20.573 20.767
Pu-241 13.388 13.608 13.736
Pu-242 5.323 5.411 5.462
Am-241 0.624 0.623 -
Am-242 0.015 0.015 -
Am-243 1.581 1.579 -
Cm-245 0.040 0.032 -
Cm-246 0.004 0.003 -
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This composition is just a way to analyze the quantity of fissile material after reprocessing and it
can justify the need of spiking. According to Aruquipa et al. (2017), the percentage of fissile
isotopes in GANEX, UREX+ and PUREX are 64.132%, 65.188%, and 65.800%, respectively
[8]. These values are higher than the 4.5% necessary for the fuel, so spiked with thorium or
depleted uranium is necessary. For saving mining, a spike with depleted uranium is a better
option once this was already mined at the beginning of the cycle. With thorium, one more
mining step would be necessary.

With the following equations is possible normalize the values of the new mixture to a
percentage of fissile material [8]:

(1)𝑁ԴՀ = Վ−4.5%Վ−ՎՀ
(2)𝑁Դ = 4.5%−ՎՀՎ−ՎՀ

Equation 1 is the normalization factor for the reprocessed material, where is the percentage ofՎ
fissile material present in depleted uranium (0.2%) and is the percentage of fissile materialՎՀ
present in the reprocessed material.

Equation 2 is the normalization factor for the depleted uranium and follows the same values of Վ
and .ՎՀ
With these factors, it is possible to analyze the quantity of each material in the final reprocessed
fuel and, compared to fresh fuel, verify if the amount of depleted uranium left at the beginning
of the cycle is sufficient.

Using a MATLAB code from Aruquipa et al. (2017), the percentage of fissile material after
spiking is given, which makes it possible to compare the methods.

3. RESULTS

3.1 Comparison of the methods in terms of fissile material

The values of fissile material, plutonium, and minor actinides after spike with depleted uranium
are shown in Table 3. U-233 is fissile but presents a low percentage. Other isotopes are present
in the mixture, but only these are listed:

Tab. 3. Percentage of composition of fissile material, plutonium, and minor actinides for the
reprocessed fuels spiked with depleted uranium.

Isotope GANEX UREX+ PUREX
U-235 2.097 2.164 2.206
Np-237 0.870 0.138 0.187
Pu-238 0.093 0.090 0.092
Pu-239 1.830 1.777 1.813
Pu-240 0.729 0.707 0.722
Pu-241 0.480 0.466 0.475
Pu-242 0.190 0.184 0.188
Am-241 0.022 0.021 -
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Am-243 0.056 0.053 -

Some isotopes of curium and americium are also present. However, they were excluded from
the table due to their low percentage in the composition (<0.0001%).
Considering the fissile isotopes U-235, Pu-239, and Pu-241, the spiking resulted in values close
to 4.5%. Thus, using the UREX+ and GANEX methods is advantageous because they prevent
nuclear weapons proliferation [9] and assist in waste management by processing minor actinides
[10]. Moreover, these reprocessing methods do not significantly differ from PUREX's final
fissile material values, excluding these minor actinides. Previous studies have evaluated the
neutronic parameters of inserting reprocessed fuels, demonstrating the possibility of their
inclusion in the core [9-11]. This work complements the earlier studies by highlighting the
feasibility associated with the environmental impact, as reprocessing would reduce the two most
environmentally critical stages of the nuclear fuel cycle: mining and final waste disposal.

3.2 Calculation of reprocessed material and depleted uranium

Using equations 1 and 2 and the sum of fissile material in Table 2, how to normalize the
quantity of reprocessed material and depleted uranium is given as following:

(3)𝑁ԴՀ(Եԯ𝑁ԳՆ) = 0.2−4.50.2−64.132 = 0. 067
(4)𝑁Դ(Եԯ𝑁ԳՆ) = 4.5−64.1320.2−64.132 = 0. 934
(5)𝑁ԴՀ(ՃՀԳՆ +) = 0.2−4.50.2−65.188 = 0. 066
(6)𝑁Դ(ՃՀԳՆ +) = 4.5−65.1880.2−65.188 = 0. 934

0.066 (7)𝑁ԴՀ(ԾՃՀԳՆ) = 0.2−4.50.2−65.800 =
(8)𝑁Դ(ԾՃՀԳՆ) = 4.5−65.8000.2−65.800 = 0. 934

The values found in equations 3, 5, and 7 and those found in equations 4, 6, and 8 are close. It
happens because the percentage of fissile material was close. Therefore, the values 0.066 and
0.934 can be used to calculate the quantity of reprocessed material and depleted uranium for the
three methods.

The fuel must have 4.5% enrichment. Considering the values for a burnup of 50,000 MWd/t, the
following values are given for the quantities in the cycle [14]:

● Feed material (natural uranium): 306,191 MTU/year
● Fresh fuel: 29,864 MTIHM/year
● Spent fuel: 29,864 MTIHM/year

Considering the heavy metal in fresh fuel is only uranium, the tailings (depleted uranium) can
be considered to be approximately 276,327, because:

(9)ԴՍՍՌ ՕՉ՜Ս՚ՑՉՔ −  Դ՚Ս՛ℎ Վ՝ՍՔ = ՂՉՑՔՑՖՏ՛ = 276, 327
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If the reactor needs 29,864 MTIHM/year of fresh fuel for burnup of 50,000 MWd/t, the
reprocessed fuel needs the same quantity and should be constituted by 6.6% (based on the
solutions of equation 1) of reprocessed material and 93.4% (based in the solutions of equation 2)
of spiked depleted uranium. Consequently, a 4.5% enriched fuel derived from reprocessing
using the GANEX, UREX+, or PUREX methods requires approximately 1,971.024
MTIHM/year of reprocessed material and 27,892.976 MTU/year of depleted uranium. It is
showing as following:

(10)ՀՍ՘՚՗ՋՍ՛՛ՍՌ ՕՉ՜Ս՚ՑՉՔ = Դ՚Ս՛ℎ Վ՝ՍՔ * 𝑁ԴՀ = 29, 864 * 0. 066 = 1, 971. 024
(11)ԲՍ՘ՔՍ՜ՍՌ ՝՚ՉՖՑ՝Օ = Դ՚Ս՛ℎ Վ՝ՍՔ * 𝑁Դ = 29, 864 * 0. 934 = 27, 892. 976

The value of depleted uranium is lower than tailings in the first cycle. So, using the reprocessing
methods, the need of mining decreases. Only a part of spent fuel and depleted uranium need to
be used in reprocessing for one year. So, with one first cycle with fresh fuel, it is possible to
create more than one reprocessed fuel for other life cycles of the reactor.

4. CONCLUSION

The reprocessing methods have demonstrated their significant potential in addressing key
challenges in the nuclear fuel cycle. Reducing the need for uranium mining and enhancing
waste management can solve the most problems with environmental impact in the nuclear fuel
cycle.

The methods GANEX and UREX+ showed approximately the same value of fissile material
after depleted uranium spinking as PUREX (4.5%). Because GANEX and UREX+ spike
together the minor actinides, these methods are more advantageous because they are
non-proliferative, different from PUREX, which reprocessed only uranium and plutonium. This
characteristic offers an additional advantage, which enhances waste management strategies,
reducing the volume and radiotoxicity of nuclear waste

Establishing the proportions of reprocessed material and depleted uranium required, it is
possible to observe that the uranium stored at the beginning of the cycle can be used, by the
way, more than one time. Then, it reduces the demand for fresh uranium mining and utilizing
existing nuclear material; these methods contribute to a more sustainable nuclear energy
process.

In conclusion, adopting UREX+ and GANEX in reprocessing spent nuclear fuel presents a
viable pathway toward a more secure, sustainable, and responsible nuclear fuel cycle. Their
ability to effectively recycle fissile material contributes to the mining reduction,
non-proliferation commitment, and better waste management.
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