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Abstract

The safe management and disposal of radioactive waste is one of the most critical unsolved challenges
in the continued development and use of nuclear energy. Radioactivity is the emission of energy from a
radioactive material. Most of the time, this energy is used for power, medical, and industrial purposes.
Unfortunately, all this use of energy gives rise to its waste. The impact of improper disposal of
radioactive waste is a major threat to the environment. The release of this waste poses an immediate,
if accidental, threat to natural environments and ecosystems. The disposal of waste that exposes humans
over the long term is similarly detrimental. While various solutions to radioactive waste disposal exist
today, the most common practices do not solve this problem in the long-term, they usually just contain
or isolate it. Solutions to the disposal of radioactive waste should be examined not only for safety and
efficiency, but from the standpoint of the time horizons over which they are sustainable. The present
paper will focus on a few of the main problems in radioactive waste disposal and propose two solutions
to the problems in keeping with the aims of sustainable development. The first is to improve current
methods of disposal by expanding upon encapsulation and treatment of this waste. Reinforced concrete
spheres with inserts to allow for reinforced lead shielding can be used to encapsulate disposed
radioactive waste. Engineered microorganisms can also be used to render waste waters that contain
radioactive waste harmless or to reduce their volume. The second proposed solution, while not yet
entirely feasible, involves the deployment of radioactive waste in high earth orbits as a means of
disposal. In the following sections, current disposal practices will be examined and the proposed
solutions compared to them on solving the long-term problem of disposing radioactive waste.
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INTRODUCTION

Radioactivity has revolutionized energy technology. Though radioactivity has been used to spread
widespread destruction in the use of nuclear bombs, radioactive materials have also been extensively used
to produce energy. From small lithium—ion batteries
to large nuclear power plants which are used to
produce heat, which in turn are used to produce
electricity. The essence of radioactive energy is
energy production through radioactive decay. Once
energy has been liberated and the entire power source
is depleted, the waste is radioactive waste. This waste

*Author for Correspondence
Sri Charitha Annam
E-mail: sricharithaannam@gmail.com

'Student, Department of Computer Science and Engineering,
VNR Vignana Jyothi Institute of Engineering and Technology,
Hyderabad, Telangana, India

?Assistant Professor, Department of Chemistry, VNR Vignana

Jyothi Institute of Engineering and Technology, Hyderabad,
Telangana, India

Received Date: February 16, 2026
Accepted Date: February 19, 2026
Published Date: March 22, 2026

Citation: Deepak Pydipamula, Rohith Reddy Devireddy, Sri
Charitha Annam. Next-Generation Radioactive Waste Treatment
and Long-Term Containment Strategies. International Journal of
Chemical Separation Technology. 2026; 12(1): 23-29p.

must be disposed of carefully but disposing of it will
result in land and water pollution. The water, if
consumed, or prolonged exposure to this radioactive
waste have multiple implications including
radioactive poisoning and may even be fatal. This
research paper aims to understand the various ways
radioactive energy is used, find various other sources,
and find various alternatives for radioactive energy
sources and their disposal.
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LITERATURE REVIEW

The International Atomic Energy Agency, as reported by Han, Heinonen, and Bonne (1997), stated that
radioactive waste is conditioned and stored for safety and manageability. Volume reduction techniques
include compaction or incineration, with compaction achieving up to tenfold reduction. Stabilization by
cementation or vitrification immobilizes radionuclides, hence preventing their migration into the
environment. In the absence of operational final repositories, waste is housed in carefully engineered
interim facilities that ensure safe containment over long periods [1].

The OECD Nuclear Energy Agency, discussed in detail by Chapman and Hooper (2012), explained
that disposal options vary based on the specific characteristics of nuclear waste. Low-level waste (LLW)
and short-lived intermediate-level waste (ILW) are disposed of in near-surface engineered vaults or
shallow subsurface facilities. However, deep geological disposal hundreds of meters underground in
geologically stable formations using a multi-barrier system is preferred for high-level waste (HLW) and
long-lived ILW [2]. Advanced disposal concepts, like deep—borehole disposal, placing waste several
kilometers beneath Earth’s surface, have been technically evaluated in IAEA Safety Standards Series
reports (2011) [3]. Other ideas, including burial in subduction zones or ice sheets, are largely considered
infeasible for technological and ethical reasons (Chapman & Hooper, 2012) [2].

The World Nuclear Association, supported by technical evaluations from Freiesleben (2013),
reported that reprocessing — practiced in France — extracts uranium and plutonium from spent fuel for
Mixed Oxide (MOX) fuel production, thereby reducing radiotoxic inventory. Advanced partitioning
and transmutation technologies aim to convert long-lived radionuclides into short-lived or stable
isotopes, further minimizing long-term risk [4].

International standards for safe management and disposal of radioactive waste have been formally
codified in the IAEA Safety Standards Series (2011), establishing regulatory frameworks adopted at
national levels [1, 3].

Recent advances in alternative cementitious materials for nuclear waste immobilization have been
reviewed by Rakhimova (2023), while the immobilization of high-level radioactive wastes using ceramics
and glasses has been documented by Donald, Metcalfe, and Taylor (1997), and nuclear waste glass
performance analyzed by Grambow (2006) [5-8].

THEORETICAL ANALYSIS
Localizing Risk, Globalizing Safety

The essence of this idea is to localize radioactive waste by first treating radioactive waste by
processes, like vitrification and then transporting the radioactive waste, to areas which are already
affected by nuclear disasters such as Chernobyl. The radioactive no-man’s-land can be used as a dump
yard to store all radioactive waste. An approach of storing radioactive waste in remote places tends to
channelize strategies minimizing the risks posed by human exposure and environmental damage. It
remotely and uninhabitably targets places distant enough from populated districts and ecosystem
habitation areas that are least hazardous for long-term storage of radioactive materials. Such places
might as well include isolated deserts, uninhabited islands, and other rough terrains that fill low human
presence. Such radiation dump sites would reduce accidental exposure and encourage focused
monitoring and realistic management of these facilities. Several advantages come with this approach:
the first is that it confines radioactive materials geographically to certain areas, which makes it possible
to contain and monitor them with some ease. It has been argued that lower biodiversity and population
density would be the appropriate locations in which to store waste, since damage or contamination
would pose lesser risks to the environment and public safety in the rare eventuality of failure of
containment. When selected carefully, these areas are also less likely to suffer from natural disasters;
therefore, preventing risks like earthquakes or floods.
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Of course, this idea is not without its own drawbacks. There are ethical issues that arise from declaring
certain territories as no-man’s-land because they might come with cultural, historical, or ecological values.
The requirement of very stringent systems of containment that can last for millennia against changing
environmental conditions has to be met in addition to the logistics of moving radioactive materials to such
faraway places. But concentration of waste in deserted land areas opens up possibilities for a very
promising beginning of a solution for the critical issue of radioactive waste management.

Long-term environmental assessments of exclusion zones, like Chernobyl, demonstrate that radioactive
contamination persists for decades and does not return to natural equilibrium without engineered
oversight, as documented in the IAEA environmental assessment report (2006) [9]. Epidemiological
analyses compiled by Saenko et al. (2011) under UNSCEAR frameworks confirm increased thyroid
morbidity linked to prolonged low-dose radiation exposure [10]. These findings support the argument
for isolating radioactive waste from populated regions.

Repository science further indicates that multi-barrier geological systems require continuous monitoring
over millennial timescales (Chapman & Hooper, 2012), with long-term storage of spent nuclear fuel
presenting ongoing challenges as outlined by Ewing (2015) [2, 11].

Bioengineered Micro Soldiers

Microbial radionuclide interactions have been extensively examined by Pedersen (2000), who
demonstrated that microorganisms influence radionuclide transport and mineral formation in repository
environments [12]. Mechanisms, like bioaccumulation, biosorption, and bioprecipitation, are described in
detail by Prakash et al. (2013), showing uranium and cesium immobilization under controlled biological
conditions [13]. Studies on microbial activity in geological repositories confirm that microbial processes
naturally occur in deep repositories and can be engineered as secondary containment barriers [12].

Launch to Oblivion: Safeguarding Earth by Sending Waste to Space

Feasibility studies conducted for NASA by Hyland et al. (1973) concluded that long-lived radioactive
waste disposal beyond Earth orbit is technically feasible with adequate containment, shielding, and
impact-resistant packaging in Figures 1-4 [14]. Further policy analysis by Coopersmith (1999) at the
Space Studies Institute explored the disposal of high-level nuclear waste in space [15]. Further policy
analysis by the OECD-NEA (2012) acknowledged that while space disposal does not contradict
geological repository approaches, it requires stringent international safety agreements and risk mitigation
frameworks [2]. Solar-escape trajectories were identified as the lowest long-term re-entry risk option
(Hyland et al., 1973) [14].
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Figure 1. Map of Chernobyl exclusion zone.
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Figure 2. Design and deployment of reinforced concrete spheres
to secure radioactive waste storage.
Evacuation-
order-lifted
areas

7 liitate
Village

4Ka$ “ 5 Pacific
. P Difficult- [ X Ocean

to-Return

Nlhonmatsu k«- S
Clty [

= “Katsurao .
Village TEPCO's Fukushima
— E Dauchl NPS

Tamara‘.‘ City \ e Naraia

~ Kaw: %
=Y. / ~ s \;\4 a auchn/,« \ ToWh
?\\« leonoTown R
> leflcult-to-Return zone \\ —

[ Restricted residence zone < s
Restricted Rt o 20km
O Evacuation order cancellation N~ T e e e
preparation zone - g Hirono Town

Figure 3. Map of Fukushima exclusion zone, 2017.
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Tables 1 and 2 present a concise comparison between established and proposed radioactive waste
management strategies. Current techniques, like vitrification, deep geological disposal, reprocessing, and
cementation, are technologically mature and widely implemented, with deep geological disposal strongly
recommended by the International Atomic Energy Agency for long-term safety. However, these methods
often involve high cost, complex infrastructure, or site-selection challenges.

Table 1. Comparison of current radioactive waste management techniques.

Method Description Advantages Limitations

Vitrification Glass immobilization  [Stable containment |High Cost.

Deep Geological Disposal ~ |Underground storage Long-term safety Site selection
difficulty.

Reprocessing Fuel reuse Waste reduction Complex
technology.

Cementation Solidification Cost effective Limited for HLW.

Table 2. Comparative analysis of proposed radioactive waste disposal strategies.

Solution Concept Technology Advantages Challenges
readiness

Concrete Sphere  |Lead reinforced High (feasible High Cost Transportation

Storage containment now) logistics.

Bioengineered Bioremediation Medium Site selection Biological control

Microbes difficulty risks.

Space Disposal Launch into orbit/sun |Low (future) Complex Cost + launch

technology risk.

The proposed strategies — concrete sphere storage, bioengineered microbes, and space disposal — offer
innovative alternatives but vary significantly in technological readiness. While concrete containment
systems are feasible with existing engineering capabilities, biological, and space-based approaches remain
experimental or conceptual due to regulatory, ecological, and economic constraints. Overall, conventional
methods remain the most reliable, whereas emerging solutions require further research and risk assessment
before large-scale deployment.

CONCLUSIONS

The disposal of radioactive waste is one of the most critical environmental issues facing humanity
today. Conventional recycling, like putting waste into geological repositories, offers very long-term
solutions but has its dangers like risk of leaks or contamination over time. Under increasing international
demand for nuclear energy, solutions for safe, sustainable, and innovative disposal of radioactive waste
diverge in diversity but become greater urgency. Several ideas have been proposed that would address
this challenge, and many have specific merits or difficulties. One of them is the storage of radioactive
waste in no-man’s-land. Uninhabited, remote, isolated types of regional sites, like deserts and uninhabited
islands, can serve as possible places for storage of nuclear waste. The advantage of this measure is that it
would protect the waste as much as possible from human exposure and environmental contamination by
isolating waste in areas with minimal human activity. Centralized waste storage would also be the most
convenient place to monitor and control it. It raises ethical issues, however, because many such regions
have cultural, historical, or ecological values. Also, long-term integrity of these storage sites in very
remote areas is complicated by environmental changes over centuries. So are potential safety hazards
when moving the waste to those areas, for example, accidents in transport. Instead of this, the more
futuristic solution seems to jettison the radioactive waste into the air. The proposal includes sending the
waste into solar orbits, or sending it to the Sun, to burn waste poured into rockets. Take space disposal for
instance; among its more excellent advantages would be the complete absence of radioactive material on
the earth itself, thus virtually eliminating contamination or leak risks. With real advances in reusable
rocket technology, launching these things into space has drawn closer than it has been thus far. This,
however, is unlikely to be affordable regarding the costs involved in such launches. There is also the threat
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of catastrophic failure during launch, which poses the danger of scattering radioactive material into the
Earth’s atmosphere. And international cooperation with regulatory frameworks becomes vital to prevent
hazardous space debris and ensure safety.

Another innovative solution involves using bioengineered organisms — like algae or extremophiles — to
process and stabilize radioactive waste. Research has been shown whereby these microorganisms have
been observed to accumulate and absorb radioactive isotopes and this has made some genetically modified
organisms as optimum candidates for radioactive waste management by surviving high-radiation
environments. This method shows greater promise at being a sustainable and eco-friendly solution as
bioengineered organisms could work on an ongoing basis to break down or neutralize hazardous materials.
However, this approach is still in its infancy and serious concern exists on their long-term stability and
efficiency despite the ethical issues surrounding genetically modified organisms regarding having these
organisms released into the environment even in controlled settings. While each of these holds enormous
promise, they also reveal the complexity that radioactive waste disposal brings. Probably a combination
of these approaches along with the development of technology and international collaboration would
achieve the most effective approach toward a solution. For example, bioengineering could be
supplemented with storage means or space disposal techniques. This would then create a much beefed up,
multi-layered approach to nuclear waste management. For the moment, all these ideas have to face
tremendous technological, ethical, and financial obstacles before they can become reality. Developing
safer, more efficient methods and cooperating with the world will continue to be significant in addressing
this long-term environmental problem. In the end, proper disposal of radioactive waste becomes a global
concern demanding due diligence, creative thinking, and cooperation among all stakeholders. It should
not matter, really, whether that is remote storage, space disposal, or biological methods — what should
matter most is that future generations should not be burdened with the legacy of today’s energy-use
practices. Only by further research, investment, and global dialogue can we now hope to find safe and
sustainable alternatives to the problem of radioactive waste disposal and achieve a cleaner world.

REFERENCES

1. Won K, Han J, Bonne A. Radioactive waste disposal: Global experience and challenges. IAEA
Bull. 1997;39(1):33-41.

2. Chapman N, Hooper A. The disposal of radioactive wastes underground. Proc Geol Assoc.
2012;123(1):46-63.

3. Fischer JN, Robertson JB. Geohydrologic problems at low-level radioactive waste disposal sites in
the United States of America. In: Radioactive waste management. 1984 Jan 1;3:3-3.

4. Freiesleben H. Final disposal of radioactive waste. In: EPJ Web Conf. 2013;54:01006.

Rakhimova N. Recent advances in alternative cementitious materials for nuclear waste immobilization:

A review. Sustainability. 2023;15(1):689.

6. Jantzen CM, Lee WE, Ojovan MI. Radioactive waste (RAW) conditioning, immobilization, and
encapsulation processes and technologies: Overview and advances. In: Radioactive waste
management and contaminated site clean-up. 2013 Jan 1:171-272.

7. Donald IW, Metcalfe BL, Taylor RJ. The immobilization of high level radioactive wastes using
ceramics and glasses. J Mater Sci. 1997;32(22):5851-87.

8. Banerjee S, Adhikary P, Chakraborty S, Madhogaria B, Dhak P, Kundu A. Bioremediation of
uranium by using efficient nanobiosorbents: a sustainable approach for water decontamination. J
Radioanal Nucl Chem. 2026 Feb 9:1-11.

9. Smeesters P, Van Bladel L, Willems P, Pardon P. Kernongevallen en bescherming van de
schildklier met stabiel jodium. Brussels: FANC and FOD Volksgezondheid; 2018. Available from:
https://www.nucleairrisico.be/sites/default/files/inline-
files/kernongeval stabieljodium maart2018 nl.pdf

10. Saenko V, Ivanov V, Tsyb A, Bogdanova T, Tronko M, Demidchik Y, et al. The Chernobyl accident
and its consequences. Clin Oncol (R Coll Radiol). 2011;23(4):234-43.

11. 11Ewing RC. Long-term storage of spent nuclear fuel. Nat Mater. 2015;14(3):252-7.

g

© JournalsPub 2026. All Rights Reserved 28


https://www.nucleairrisico.be/sites/default/files/inline-files/kernongeval_stabieljodium_maart2018_nl.pdf
https://www.nucleairrisico.be/sites/default/files/inline-files/kernongeval_stabieljodium_maart2018_nl.pdf

International Journal of Chemical Separation Technology
Volume 12, Issue 1
ISSN: 2456-6691

12. Pedersen K. Microbial processes in the disposal of high level radioactive waste 500 m underground
in Fennoscandian shield rocks. In: Radioactivity in the Environment. 2002 Jan 1;2:279-311. Elsevier.

13. 13Prakash D, Gabani P, Chandel AK, Ronen Z, Singh OV. Bioremediation: A genuine technology
to remediate radionuclides from the environment. Microb Biotechnol. 2013;6(4):349—-60.

14. Hyland RE, Wohl ML, Finnegan PM. Study of extraterrestrial disposal of radioactive wastes. Part
3: Preliminary feasibility screening study of space disposal of the actinide radioactive wastes with
1% and 0.1% fission product contamination. Cleveland (OH): National Aeronautics and Space
Administration (NASA), Lewis Research Center; 1973 Apr. Report No.: NASA-TM-X-68216.

15. Salkeld R, Beichel R. Nuclear waste disposal in space: Implications of advanced space transportation.
Acta Astronaut. 1980 Dec 1;7(12):1373-87.

© JournalsPub 2026. All Rights Reserved 29



