






















































































































































































































































































Radioisotopes and Radiation Technology

FIG. J.5. A Conventional wastewater treatment system, Belarus. (Source: IAEA, modified
graphic from Graphithéque/Adobe Stock)

Trends

The mining industry is expected to grow in the foreseeable future, as demand
for new technologies that rely on critical materials continues to increase. Mine
reclamation and closure plans, which depend on dwindling water resources,
are important to the ultimate success of any mine. These plans consider all
potential problems associated with both the mine and its wastewater treatment
plant and may include some post-closure water treatment in addition to long-
term sampling. The circular economy model has also recently gained attention
as a way to address this complex scenario, encouraging the adoption of new
technologies and processing strategies.

The effectiveness of using constructed wetlands for the removal of a variety of
pollutants is well known. Nevertheless, research on constructed wetlands has
mainly focused on biological and chemical treatment processes, using black
box testing that compares influent and effluent pollutant concentrations, while
disregarding the importance of flow characteristics, a key means of pollutant
transport and removal, to overall system performance.
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FIG. J.6. A schematic diagram of a constructed wetland. (Source: IAEA, modified
graphic from Graphithéque/Adobe Stock)
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A new Agency CRP on the hydraulic performance of constructed wetlands for
mining wastewater recovery is being developed in order to investigate design
parameters related to hydraulic processes and the interdependence of hydraulic
processes and water quality processes using open-source radiotracer technology.
This CRP will aim to develop models and tools that optimize the efficiency of
pollutant removal in constructed wetlands through providing detailed spatial and
temporal information, as well as to predict a wetland’s dynamic response under
a variety of conditions. The protocols and guidelines for the use of radiotracers
in constructed wetlands developed in an existing CRP will be a great resource
for the new CRP
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Trends

To address the need for higher tritium enrichment, the Agency’s Isotope
Hydrology Laboratory has developed and extensively tested an innovative
polymer electrolyte membrane (PEM) system for tritium enrichment. This
system promises to revolutionize the ability of Member States to determine the
concentration of tritium in environmental water samples at ultra-low levels for
both hydrological and radiological vigilance purposes.

The new tritium enrichment system can produce high preconcentration factors
(more than 60-fold) and avoids some of the disadvantages of conventional
tritium enrichment methods, including the use of hazardous electrolysis and
neutralization chemicals and a complex electrolysis apparatus that requires
extensive cooling and temperature controls. In addition, the new PEM system
aims to simplify and shorten the analytical procedure, making the analysis of
tritium a much easier task for Member States interested in using tritium as a
tracer for the assessment and management of water resources.

FIG. K.2. A front view of the Agency’s PEM tritium system, consisting of ten electrolytic
cells running a set of reference samples to test accuracy and precision. (Photo: IAEA)

Advances in tritium enrichment technology will help refine the discrimination of
natural and anthropogenic signals and will increase the availability of natural
tritium baseline data.
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FIG. K.3. IAEA Director General Rafael Mariano Grossi delivers the opening statement
of the Global Water Analysis Laboratory (GIoWAL) Network launch event at the UN 2023
Water Conference in New York. (Photo: IAEA)
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L.1.
Artificial Intelligence
to Improve

Monitoring and
Research of
Microplastic
Pollution in the
Ocean

Status

The influx of land-based plastic into the ocean has transformed marine
environments into repositories of plastic waste. Marine ecosystems face
a growing crisis, as an annual inflow of over 12 million tonnes of terrestrial
plastic has resulted in the escalation of microplastic and nanoplastic pollution
in the ocean. To address the dramatic increase in plastic pollution, the IAEA’s
NUclear TEChnology for Controlling Plastic Pollution (NUTEC Plastics)
initiative is working to monitor microplastics and assess their impacts on
marine environments. Despite advances in the understanding of marine
plastic pollution, the quantification and characterization of microplastics
remain difficult, owing to their intricate degradation processes and a lack of
comprehensive polymer databases. As part of its research, NUTEC Plastics is
working to build a globally available database of microplastics in various states
of environmental degradation.

The IAEA is working closely with Member States in developing pilot scale
plants for upcycling plastic waste into valuable products. Argentina, Indonesia,
Malaysia and the Philippines have made great progress aiming to build
technical scale prototypes in 2024, in cooperation with industrial partners.
The main promising applications are focused on affordable, durable and high
quality construction materials as well as radiation-assisted thermo-pyrolysis
for fuel and additives production, and improved sleepers for railroads.

FIG. L.1. Scientists at the IAEA Marine Environment Laboratories analyse the chemical
characteristics of microplastics in marine environmental samples using vibrational
spectroscopy, Raman spectroscopy and Fourier transform infrared spectroscopy.
(Photo: IAEA)
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Several techniques that involve the interaction of photons with matter, such as
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy and laser
direct infrared (LDIR) spectroscopy, have been used to detect and characterize
polymers and microplastics. These methods rely on databases containing
reference spectra, with which acquired particle spectra are compared. While
reference spectra are typically derived from pristine polymers, particles in
environmental samples rarely remain pristine and often undergo degradation
as a result of factors such as ultraviolet light exposure and oxidation. This
degradation alters the physicochemical properties of environmental samples,
influencing their interaction with infrared light and resulting in modified spectral
profiles, thereby increasing the risk of misidentification. Since compiling a
database of polymer spectra at different stages of degradation would be a
labour-intensive and impractical task, alternative approaches that combine
faster analytical techniques and advanced data analysis methods to leverage
existing information on both pristine and degraded samples are needed.

LDIR spectroscopy has recently emerged as an alternative technique at
the IAEA Marine Environment Laboratories for the analysis of microplastics
and polymers in samples of seawater, marine sediment and marine biota.
Unlike techniques such as FTIR spectroscopy, LDIR spectroscopy offers
the advantage of scanning samples before actual imaging and analysing
only the areas where particles were detected. This results in faster analysis
times, particularly for samples with minimal particle presence. However, one
drawback is the potential erroneous identification of two adjacent particles as
one, as only one spectrum is recorded per particle. Additionally, in comparison
to other techniques such as FTIR spectroscopy, LDIR spectroscopy is more
susceptible to misidentifications when analysing weathered particles, owing
to the narrower infrared band recorded with LDIR instruments. Therefore, it is
essential that more effective classification methods are developed in order to
minimize the risk of misidentifications.

Trends

Machine learning can be a valuable tool for improving classification, although
its application in the field of microplastic identification remains limited.
Machine learning, including deep learning and reinforcement learning, has
become integral to various scientific fields and industrial sectors, including
biomedical engineering and water research. Machine learning involves training
mathematical models to make predictions or decisions based on observed data,
using methods derived from statistics and computer science. The application
of machine learning to the identification of polymers and microplastics could
therefore result in enhanced accuracy in environmental settings.

Artificial intelligence (Al) is emerging as a fundamental tool in the field of
microplastic identification. Al’s use of machine learning algorithms to unravel
the complexities of degraded polymers in the marine environment represents
a paradigm shift. The ability to generate spectra of degraded polymers under
specific environmental conditions allows researchers to discern the typology
of microplastics with unprecedented precision. This spectral insight not only
facilitates discrimination among diverse plastic compositions, but also provides
researchers with a profound understanding of both a polymer’s origins and its
behaviour in different marine settings.



Marine Environment

FIG L.2 The Agency is currently engaged in a project that aims to analyse microplastics
found in seawater and sediment samples collected in Antarctica in partnership with the
Argentine Antarctic Institute. (Photo: IAEA)

The convergence of Al and environmental conservation has occurred at a
crucial moment in the ongoing battle against marine plastic pollution. The
speed of its spectral analysis, coupled with the simulation of physical, chemical
and biological processes to generate spectra of degraded polymers, position
Al as a sophisticated lens through which to view and overcome the complex
challenges posed by microplastic pollution. As we continue to navigate the
intersection of technological innovation and environmental management, Al
promises to be a formidable tool in the fight for a plastic-free ocean.
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Table A-1. Nuclear power reactors in operation and under construction in the world?

Reactors in Reactors in Reactors Under Nuclear Electricity
Operation Suspended Construction Supplied
COUNTRY Operation
No. of Total No. of Total No. of Total TW(e).h | Nuclear
Units MW(e) Units MW(e) Units MW(e) Sllzre
ARGENTINA 3 1641 1 25 9.0 6.3
ARMENIA 1 416 2.5 31.1
BANGLADESH 2 2160
BELARUS 2 2220 11.0 28.6
BELGIUM 5 3908 31.3 41.2
BRAZIL 2 1884 1 1340 13.7 2.2
BULGARIA 2 2006 15.5 40.5
CANADA 19 13 699 83.5 13.7
CHINA 55 53 152 24 24948 406.5 4.9
CZECH REP. 6 3934 28.7 40.0
EGYPT 3 3300
FINLAND 5 4 394 32.8 42.0
FRANCE 56 61370 1 1630 323.8 64.8
HUNGARY 4 1916 15.1 48.8
INDIA 19 6290 4 639 8 6 028 44.6 3.1
IRAN, ISL.REP 1 915 1 974 6.1 1.7
JAPAN 12 11 046 21 20 633 2 2 653 77.5 5.5
KOREA, REP.OF 26 25 825 2 2680 171.6 315
MEXICO 2 1552 12.0 4.9
NETHERLANDS, KINGDOM OF THE 1 482 3.8 3.4
PAKISTAN 6 3262 22.4 17.4
ROMANIA 2 1300 10.3 18.9
RUSSIA 37 27 727 3 2700 204.0 18.4
SLOVAKIA 5 2308 1 440 17.0 61.3
SLOVENIA 1 688 5.3 36.8
SOUTH AFRICA 2 1854 8.2 4.4
SPAIN 7 7123 54.4 20.3
SWEDEN 6 6944 46.6 28.6
SWITZERLAND 4 2973 23.4 32.4
TURKIYE 4| 4456
UAE 3 4011 1 1310 31.2 19.7
UK 9 5883 2 3260 37.3 12.5
UKRAINE 15 13107 2 2070 NA NA
USA 93 95 835 1 1117 742.4 18.5
Worldwide®* 413 | 371539 25 21 272 59 61091 | 2508.7° N/A

Note: NA — Not Available, N/A — Not Applicable.

a Source: Agency’s Power Reactor Information System (PRIS) (www.iaea.org/pris) as per data provided by Member States by 16 June 2024.

® The total figures include the following data from Taiwan, China: 2 units, 1 874 MW(e) in operation and 17.2 TW-h of electricity supplied, accounting for 6.9% of

the total electricity mix.

¢ The total electricity production does not include Ukraine as operational data was not submitted for the year 2023.
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Table E-1. Common applications of research reactors worldwide

Type of application?

Number of research reactors

Number of Member States hosting

involved® such facilities
Teaching/training 162 51
Neutron activation analysis 119 50
Radioisotope production 83 40
Neutron radiography 69 34
Material/fuel irradiation 67 26
Neutron scattering 45 28
Geochronology 25 22
Transmutation (silicon doping) 24 15
Transmutation (gemstones) 21 12
Neutron therapy, mainly R&D 16 11
Nuclear data measurement 17 11
Other® 116 35

2 The Agency publication Applications of Research Reactors (IAEA Nuclear Energy Series No . NP-T-5 .3, Vienna, 2014) describes these applications in more

detail.

> Out of 234 research reactors considered (225 in operation, 9 temporarily shut down, as of December 2023).

¢ Other applications include calibration and testing of instrumentation, shielding experiments, creation of positron sources and nuclear waste incineration

studies.
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List of Abbreviations and Acronyms

8C-SBT 8C sucrose breath test

®mTc-PYP technetium-99m pyrophosphate

AEC alkaline electrolytic cell

Al artificial intelligence

ARAO Slovenia’s Agency for Radwaste Management

ATF advanced technology fuel

ATTR-CMP transthyretin amyloid cardiomyopathy

CFS Commonwealth Fusion Systems

CIRES Industrial Facility for Grouping, Sorting and Disposal

COP28 2023 Conference of the Parties to the United Nations Framework Convention
on Climate Change

COVID-19 coronavirus disease 2019

CRNS cosmic ray neutron sensor

CRP coordinated research project

CT computed tomography

DAQ detector data acquisition

DEMO demonstration fusion power plant

DTT Divertor Tokamak Test

EED environmental enteric dysfunction

EF ejection fraction

FAO Food and Agriculture Organization of the United Nations

FTIR Fourier transform infrared

FPGA field programmable gate arrays

GJ gigajoules

GW gigawatt

GW(e) gigawatt (electrical)

HALEU high assay low enriched uranium

HEU high enriched uranium

HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction

HPR1000 Hualong One

HTGR high temperature gas cooled reactor

HTTR High Temperature Engineering Test Reactor

IFMIF International Fusion Materials Irradiation Facility

INIR Integrated Nuclear Infrastructure Review

INL Idaho National Laboratory

JET Joint European Torus
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keV kiloelectronvolt

LDIR laser direct infrared

LEU low enriched uranium

LFR lead cooled fast reactor

LIDAR light detection and ranging

LILW low and intermediate level waste

LLNL Lawrence Livermore National Laboratory

LMICs low and middle income countries

LTO long term operation

LWR light water reactor

MARVEL Microreactors Applications, Research, Validation and Evaluation

MeV megaelectronvolt

MHTGR modular high temperature gas cooled reactor

MIT Massachusetts Institute of Technology

ML machine learning

MMR Micro Modular Reactor

MSFR molten salt fast reactor

MSR molten salt reactor

MW(e) megawatt (electrical)

NHSI Nuclear Harmonization and Standardization Initiative

NIF National Ignition Facility

NORM naturally occurring radioactive material

NP nanoparticle

NPP nuclear power plant

NPPA Nuclear Power Plants Authority

NRAD Neutron Radiography Reactor

NRC Nuclear Regulatory Commission

OECD/NEA Nuclear Energy Agency of the Organisation for Economic Co-operation
and Development

PET positron emission tomography

PEM polymer electrolyte membrane

PRIS Power Reactor Information System

PWR pressurized water reactor

R&D research and development

SCWR supercritical water cooled reactor

SFR sodium cooled fast reactor

SMART system-integrated modular advanced reactor
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SMRs small and medium sized or modular reactors
SNF spent nuclear fuel

SPECT-CT single photon emission computed tomography—computed tomography
STEP Spherical Tokamak for Energy Production

t HM tonnes of heavy metal

TLAA Time Limited Ageing Analysis

TW - h terawatt hour

uGgv uncrewed ground vehicles

UKAEA United Kingdom Atomic Energy Authority
WCR water cooled reactor

WHO World Health Organization
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