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В сборник материалов Международного молодежного форума «Россия-Азия: кадровый по-
тенциал атомной отрасли региона» вошли статьи спикеров Форума, в которых отражены результаты 
научно-исследовательских работ обучающихся российских вузов и вузов из стран Азии по вопро-
сам безопасности атомных реакторов и обеспечения безаварийной работы атомных электростан-
ций, повышения радиационной защиты населения регионов. Авторы статей также рассматривают 
вопросы топливного цикла, технико-экономические аспекты опреснения морской воды, а также во-
просы надежного функционирования системы аварийной защиты АЭС. Обсуждаются вопросы на-
работке на ядерных реактора изотопной продукции для различных целей, а также рассматривается 
возможность применения специализированных программных комплексов для поисковых решений 
повышения надежности АЭС.

В статьях, представленных в сборнике, материалы содержат информацию о роли атомных 
электрических станций в устойчивом развитии стран Азии и их толь в обеспечении надежной и де-
шевой электрической энергией регионов размещения на долгие годы вперед. Авторами отражены 
данные технико-экономического анализа процесса ядерного опреснения морской воды на малых 
модульных реакторных электростанциях для Шри-Ланки, описаны экологически чистые техноло-
гии, безопасное управление ядерными энергетическими установками, методы оценки эффектив-
ности систем безопасности, ядерное образование в контексте устойчивого развития стран Азии.

Articles by speakers of the Forum of the International Youth Forum “Russia-Asia: Human Re-
sources Potential of the Regional Nuclear Industry” were included in a collection of materials that reflect 
the results of research work by students of Russian universities and universities from Asian countries on 
issues of nuclear reactor safety and ensuring the safe operation of nuclear power plants, increasing radi-
ation protection for the population of the regions. The authors describe issues of the fuel cycle, technical 
and economic aspects of seawater desalination, as well as issues of reliable operation of the emergency 
protection system of nuclear power plants. The issues of producing isotope products for various purposes 
at nuclear reactors are discussed, and the possibility of using specialized software packages for searching 
for solutions to improve the reliability of nuclear power plants is also considered.

The articles presented in the collection contain information about the role of nuclear power plants 
in the sustainable development of Asian countries and their role in providing reliable and cheap electrical 
energy to the regions where they are located for many years to come. The authors present data from a 
technical and economic analysis of the process of nuclear desalination of seawater at small modular reactor 
power plants for Sri Lanka, describe environmentally friendly technologies, safe management of nuclear 
power plants, methods for assessing the effectiveness of safety systems, and nuclear education in the con-
text of sustainable development in Asian countries.
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NUCLEAR REACTORS

TO ESTIMATE RELIABILITY OF HYDROACCUMULATOR  
SYSTEM OF NUCLEAR POWER PLANTS AND IMPROVE  

ITS DESIGN, RELIABILITY

Abdul Awal
Lead Engineer of Reactor Control, Rooppur NPP

Abstract. Nuclear Power Plant is one of the most popular plants to pro-
duce electricity in the world these days due to its requirement of less space to 
produce huge amount of electricity and very friendly to the environment. One of 
the drawbacks of this plant is high maintenance cost as its working substance is 
‘nuclear reaction’ that deals with radiation. That is why safety comes first when 
considering an NPP to be constructed. Goal of this research work is to estimate 
reliability of a mechanical system which is chosen as Hydroaccumulator System 
of VVER type reactor, made adjustment to its design to improve its operation 
and reliability. Research proposal on Figure 1.

Figure 1. Scheme of the stand “Circulation loop” of Prototype Reactor
Here, 1.bypass valve 2. Compensator length 3. venturi pipe 4. U-shaped turn  
5. L-shaped turn 6. Pressure valve 7. Compensator length 8. Working section  

9. Aperture 10. Π-shaped turn
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Reliability Calculation for Prototype Fast Reactor: Reliabil-
ity of prototype ‘fast reactor’ is: Failure rate of Pressure Valve: 
F=λ0a1√n

a1 is the coefficient and the value of a1 is: a1= k11k12k13k14k15;  
k11= Constant due to vibration, k12= Constant due to Crushing/
grinding/Shock loads, k13= Constant due to climate of the room, 
k14= Constant due to quality of service, k15= Constant due to work-
manship.

λ0 = Failure constant and n is the number of rivets, spring, 
impellers etc. After calculation, Failure rate is: F= 1.0×10-06; And, 
Reliability of Pressure Valve, R= 1- F Or, R= 0.999999 

Reliability calculation of components of HA: R= 1- F and F = 
= λ0 a1 ak am (Figure 2)

Where, ak = Coefficient for design of the equipment; am = Coef-
ficient for the construction of the materials (table 1).

Figure 2. Schematic diagram of the connections of Hydroaccumulator system 
(one loop)

1. Accumulator Tank 2. Quick Acting Gate Valve 3. One Way Gate Valve 4. 
Check Valve 5. Reactor 6. Controller
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Table 1 
Reliability of different valves used in Hydroaccumulator
No. Name of the valve Reliability during one year

01. Check Valve 0.9914

02. One Way Gate Valve 0.9655

03. Quick Operating Gate Valve 0.9655

To Increase the Reliability, Our Proposed Design: From the 
above calculation, it is clear that during one year, Hydroaccu-
mulator system will be losing 0.06891 or 6.89% of its reliability. 
For a VVER 1200 type of reactor, the power unit has sixty years 
of lifetime. So, Hydroaccumulator system should be standby to 
operate the whole lifetime to ensure its safety. But losing reli-
ability of Hydroaccumulator in this percentage is not likely to 
be. Again, the current design uses two one way gate valves and 
two quick operating gate valve that are connected to each other 
in a serial connection. In the point of safety and reliability view, 
serial connections of same equipment will cause the system less 
reliable. As the accumulator is connected directly to the reactor 
that has very high pressure (15.7 MPa), it is recommended to 
use serial connection to the valves so that it can resist the reactor 
coolant from entering to the system. This system has the follow-
ing disadvantages:

• If one valve of the two has a defect, other valve cannot help 
to run the system by itself which a parallel system can.

• Unlike parallel connection, it does not increase but decrease 
the reliability of the system.

• According to the safety rules of IAEA, any defect in the Hy-
droaccumulator system at the operation of the plant causes com-
plete shutdown unless it is solved within thirty minutes.

• Nuclear reactor outage costs are estimated at $1 million per 
day and unexpected Downtime can be financially and environmen-
tally devastating (Figure 3). 
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To solve the mentioned problems, we have proposed few ad-
ditions to the system that will not only solve these troubles but also 
increase the reliability as well as save the constriction cost. So, the 
proposed system is shown in Figure 1 which has new addition:

Using those additional valves and connections, new reliability 
of the Hydroaccumulator system is: 0.99515. Thus, if any problem 
arises to any of the valves in the system, there will be a parallel 
connection that can operate in the case of emergency. So, safety is 
increased along with reliability. On the other hand, if a valve needs 
to be repair, it is easier in the new design to fix as we have an addi-
tional supply line with valves that can operate and there won’t have 
any time limit as for current design do. In this way, the time limit 
which is thirty minutes to repair is no longer necessary and to fix 
the valve, the plant will not have to shut down as there is a backup 
line to operate (table 2).

Figure 3. Schematic diagram showing new addition to the original system
Where, 1. Accumulator Tank, 2.Quick Acting Gate Valve, 3.One Way Gate 

Valve, 4. Check Valve, 5. Reactor, 6. Controller
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Table 2
Comparison Original and Proposed design.

No. Original Design Proposed Design

01.
In the original Hydroaccu-
mulator system, there are four 
channels.

In the proposed design, it is suggest-
ed to use three channels instead of 
four.

02.
Four channels cause four 
holes in the reactor vessel that 
decreased its reliability.

In this design, one hole is less re-
quired than the original one which 
means it will increase reliability.

03.

If any valve of this system 
has trouble, it has to be re-
paired within thirty minutes to 
ensure safety.

In this proposed design, there is 
no time limit unless parallel con-
nection has problem too.

04.

In case of failure of the compo-
nent, reactor has to be shutdown 
if cannot repair within thirty 
minutes.

Reactor won’t have to be shut-
down as it has a parallel connec-
tion that can operate in case of 
failure.

05. Construction cost is higher than 
the proposed design.

It is cheaper than the original sys-
tem.

06.
It will require much space in 
the primary circuit as this system 
consists of four channel.

This proposed system includes 
three channels that require less 
space than the original system.

07. Reliability of this design is 
0.93109 Reliability of this design is 0.99515.

Abdul Awal \ Абдул Авал
Graduates of Department of Nuclear Physics and Engineering \ выпускник 

отделения ядерной физики и технологий,
Lead Engineer of Reactor Control, Rooppur NPP, People’s Republic of 

Bangladesh \ Ведущий инженер по управлению реактором, АЭС «Руппур», 
Народная Республика Бангладеш

abdulawal.rana722@rooppurnpp.gov.bd
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PROLIFERATION-RESISTANT FUEL CYCLE STRATEGIES FOR 
PU-238 PRODUCTION IN PELUIT-40 HTGR

Alfarisie Muhammad
National Research Nuclear University MEPhI (Moscow Engineering Physics 

Institute), Russia, Moscow

Abstract. The PeLUIt-40 High-Temperature Gas-Cooled Reactor 
(HTGR), a 40 MW pebble-bed reactor utilizing TRISO fuel, speaks to Indo-
nesia’s inventive approach to secure atomic vitality and isotope generation. 
Outlined for characteristic security and dual-purpose applications—electricity 
era and mechanical heat—it moreover offers a proliferation-resistant pathway 
to create plutonium-238 (Pu-238), a basic isotope for space investigation (e.g., 
RTGs) and restorative innovations. Whereas conventional plutonium generation 
postures multiplication dangers, PeLUIt-40’s plan intrinsically mitigates these 
through TRISO fuel’s physical versatility, online refueling complexities, and 
neutron range optimization. A closed fuel cycle joining minor actinides (Np-
237, Am-241) improves Pu-238 surrender whereas minimizing weapons-grade 
Pu-239. Computational reenactments (OpenMC) illustrate >90% Pu-238 im-
maculateness, hindering weaponization due to its seriously rotting warm (560 
W/kg) and alpha radiation.

To support shields, blockchain-based fuel following and real-time neutron 
flux checking are proposed, adjusting with IAEA non-proliferation guidelines. 
These techniques, combined with Pu-238’s natural taking care of challenges, 
guarantee compliance with worldwide security systems. Indonesia’s integration 
of progressed neutronics and advanced shields into PeLUIt-40 underscores its 
commitment to serene atomic innovation, situating the reactor as a show for fea-
sible, secure isotope generation. This approach not as it were progresses Indone-
sia’s vitality guide but too underpins worldwide needs in space and therapeutic 
segments, adjusting innovative advance with non-proliferation goals

Keywords: PeLUIt-40 HTGR, plutonium-238, proliferation resistance, 
IAEA safeguards.

Introduction. The PeLUIt-40 (Pembangkit Listrik dan Uap-
panas Industri), Indonesia’s 40 MWt High-Temperature Gas-cooled 
Reactor (HTGR), is designed for cogeneration of electricity and in-
dustrial heat. Its Electricity and Industrial Steam Plant (PeLUIt-40) 
technology incorporates TRISO-fueled pebble beds for enhanced 
safety and non-proliferation resistance, a 40 MW reactor developed 
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in Indonesia, represents a major advancement in nuclear energy tech-
nology. This reactor utilizes TRISO fuel within a pebble-bed config-
uration, ensuring high inherent safety due to its negative temperature 
reactivity coefficient and the ability of its fuel to endure extreme 
temperatures up to 1,600°C [1]. In addition to electricity generation 
and industrial heat applications, PeLUIt-40 provides a promising 
pathway for producing plutonium-238 (Pu-238), a crucial isotope 
for Radioisotope Thermoelectric Generators (RTGs) used in space 
exploration and select medical applications [2, 3].

Addressing Proliferation Risks in HTGR Fuel Cycles. The 
production of plutonium in nuclear reactors presents proliferation 
risks, particularly concerning the potential diversion of fissile ma-
terial such as Pu-239 for unauthorized use [4]. HTGRs, however, 
exhibit intrinsic proliferation resistance due to their design attri-
butes. TRISO fuel particles, encapsulated in a graphite matrix, sig-
nificantly impede unauthorized material extraction. Additionally, 
the online refueling mechanism in pebble-bed reactors complicates 
any diversion of nuclear material without detection [5]. Nonethe-
less, a comprehensive fuel cycle strategy is necessary to ensure 
that Pu-238 production adheres to International Atomic Energy 
Agency (IAEA) non-proliferation guidelines [6].

Strategies for Optimizing Pu-238 Production in PeLUIt-40. 
Research suggests that a closed fuel cycle, combined with neutron 
spectrum optimization, can enhance Pu-238 yield while minimiz-
ing Pu-239 accumulation [7]. One effective method involves in-
corporating minor actinides such as neptunium-237 (Np-237) and 
americium-241 (Am-241) into TRISO fuel. When subjected to 
neutron bombardment, these elements undergo nuclear reactions 
that favor Pu-238 formation [8]. Furthermore, utilizing graphite or 
beryllium reflectors around the reactor core can increase thermal 
neutron flux, thereby improving the efficiency of Pu-238 produc-
tion [9] (Figure 1). 
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Computational simulations using advanced neutron transport 
codes such as OpenMC confirm the viability of these optimization 
strategies [10]. Over a five-year operational cycle, isotopic sepa-
ration can be optimized to yield Pu-238 with a purity exceeding 
90%, making it impractical for weaponization due to excessive 
heat generation and intense radiation emission [11]. This approach 
aligns with the IAEA’s “Attractiveness Level” framework, which 
evaluates nuclear materials based on isotopic composition to miti-
gate proliferation risks [12]. 

Table 1 
Specific power and radioactive decay half-life for plutonium 

and 241Am isotopes

Enhanced Safeguard Mechanisms for PeLUIt-40.  Despite 
HTGRs’ inherent proliferation resistance, additional safeguards 

Figure 1. The schematic view of fuel pebbles
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are essential to ensure the integrity of PeLUIt-40’s fuel cycle. One 
challenge arises from its online refueling system, which allows 
continuous fuel replenishment. To enhance transparency and ac-
countability, blockchain-based tracking systems can be integrated 
to monitor the movement of each fuel pebble throughout its life-
cycle, effectively preventing tampering or unauthorized diversion 
[13, 14].

Another critical safeguard involves real-time neutron flux 
monitoring. Advanced neutron detectors installed around the re-
actor core can detect abnormal flux patterns, which may indicate 
unauthorized material handling [15]. This approach has been suc-
cessfully tested in international research facilities, demonstrating 
its efficacy in enforcing nuclear safeguards [16] (Figure 2).

The Intrinsic Proliferation Resistance of Pu-238. Beyond 
external safeguards, the physical properties of Pu-238 provide 
additional deterrents against proliferation. This isotope generates 
approximately 560 W/kg of decay heat, significantly higher than 

Figure 2. Organizational diagram for nuclear material tracking using block-
chain
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Pu-239, making unauthorized handling highly challenging without 
specialized equipment [17]. Additionally, its intense alpha radia-
tion presents further technical barriers to weaponization, reinforc-
ing its classification as a proliferation-resistant material [18, 19].

Policy Implications and Indonesia’s Nuclear Strategy. 
From a policy perspective, this research aligns with Indonesia’s 
nuclear energy roadmap by proactively addressing non-prolifera-
tion concerns [20]. By integrating neutron optimization techniques 
with digital safeguards, PeLUIt-40 can serve as a model for secure 
and sustainable next-generation reactors [21]. Furthermore, this 
strategy strengthens Indonesia’s position in the international nu-
clear sector by demonstrating its commitment to peaceful nuclear 
technology development [22].

Conclusion. PeLUIt-40 offers a viable framework for Pu-238 
production while ensuring high proliferation resistance. Through 
the application of advanced nuclear technologies and stringent 
safeguards, this reactor contributes to Indonesia’s energy and tech-
nological progress while supporting global advancements in space 
exploration and medical isotope applications [23, 24].
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METHODOLOGY FOR ESTIMATING THE THERMAL CONDUC-
TIVITY COEFFICIENTS OF FUEL ROD WITH GADOLINIUM 

PELLETS FOR CONDUCTING A LINKED CALCULATION OF THE 
VVER-1200 FUEL ASSEMBLY

E.A. Gerdt, R.A. Vnukov
Obninsk Institute for Nuclear Power Engineering of the National Research 

Nuclear University МЕРhI, Obninsk, Russia

Аннотация. Большую роль в обеспечении надёжной работы твэл 
играют температурные градиенты, возникающие в оболочке топливного 
стержня, и, как следствие, создающие температурные напряжения. 

В рамках настоящей работы предлагается методика для оценки коэф-
фициентов теплопроводности уран-гадолиневого топлива с целью прове-
дения связанного нейтронно-физического и теплогидравлического расчета 
твэг с аксиальным профилированием. На данном этапе необходимо выя-
вить влияние содержания гадолиния на температуру оболочки и теплоно-
сителя.

Исследование проводится для профилированного твэг реактора 
ВВЭР-1200, который планируется эксплуатировать на АЭС “Сюйдапу” 
(Китай), АЭС “Руппур” (Бангладеш) и может быть, в перспективе, эксплу-
атироваться в ряде других стран Азии.

Ключевые слова: ВВЭР-1200, аксиальное профилирование, тепло-
гидравлический расчет, теплопроводность, твэг.

Abstract. An important role in ensuring reliable operation of fuel rods is 
played by temperature gradients that occur in the shell of the fuel rod, and, as 
a result, create temperature stresses.

As for the main purpose of this work, a methodology is proposed for es-
timating the thermal conductivity coefficients of uranium-gadolinium fuel in 
order to perform related neutron physics and thermohydraulic calculation of 
fuel elements with gadolinium with axial profiling. At this stage, it is necessary 
to identify the effect of the gadolinium content on the temperature of the shell 
and coolant. 

The study is being conducted for the VVER-1200 profiled fuel elements 
with gadolinium reactor, which is planned to be operated at the Xudapu NPP 
(China), the Rooppur NPP (Bangladesh) and may, in the future, be operated in 
a number of other Asian countries. 

Keywords: VVER-1200, axial profiling, thermohydraulic calculation, 
thermal conductivity, fuel elements with gadolinium.
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INTRODUCTION. There are few tables with the thermo-
physical properties of pure gadolinium or its other chemical com-
pounds, such as silicates or an alloy with zirconium [1], however, 
to a first approximation, we can say that the thermophysical prop-
erties of the oxide will differ from the properties of the mentioned 
compounds. This conclusion was made based on a comparison of 
λ for metallic uranium and uranium oxide. For this reason, it was 
decided to estimate the distribution of λ(T) for Gd2O3 using data 
for metallic Gd [2].

Next, a part of fuel elements with gadolinium (40 cm) was 
taken, divided into two profiling zones, in which the gadolinium 
content varied from calculation to calculation. Thus, data were ob-
tained on the amount of energy release in tablets with different 
gadolinium content.

Using data on the gadolinium thermal conductivity coefficient 
and the amount of energy release in the zone, a thermohydraulic 
calculation was performed to determine the temperatures of the 
shell and coolant.

TOOLS AND MODELS. The thermal conductivity of Gd2O3 
was evaluated as follows: the coefficient h was introduced, which 
was taken as a correction for the content of oxygen atoms in the 
molecule:

h T
T

T
UO

U

� � � � �
� �

�
�

2                                     (1)

Due to this correction, we can estimate the thermal conductiv-
ity of gadolinium oxide:

� �Gd O GdT T h T
W

m K2 3
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�
�

�
�
�·

·
                        (2)

Further, when the thermal conductivity coefficients for urani-
um oxide and gadolinium oxide are known, it is possible to estimate 
the distribution of λ(T) for compositions with different Gd2O3 and 
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UO2 contents. For this it is necessary to apply the Maxwell-Aik-
en formula [3], which makes it possible to calculate the average 
coefficient of thermal conductivity for a ceramic composition of 
two components (3). The results are shown in Table 2. This table 
also shows the thermal conductivity coefficients for the different 
gadolinium content in a gadolinium fuel rod pellet. The designa-
tion 10/90 means that the upper profiling zone contains 10% gad-
olinium, and the lower zone contains 90% gadolinium. The rest is 
uranium oxide with an enrichment 4.95%.
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Table 1 
Estimated thermal conductivity of Gd2O3 

T, K λU

W
m K

,
·  

λUO

W
m K2

,
·  

λGd

W
m K

,
·  

λGd O

W
m K2 3

,
·  

300 22.864 7.591 8.0 1.326

350 24.464 7.054 8.10 1.208

400 26.064 6.581 8.60 1.195

600 32.464 5.140 10.90 1.164

800 38.864 4.165 12.70 1.109

1000 45.264 3.467 14.40 1.058

1200 51.664 2.948 15.50 0.997

1300 54.864 2.740 16.60 0.965

1400 58.064 2.562 17.70 0.899

1500 61.264 2.412 18.80 0.841

Source: Own Development
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Table 2 
Estimated thermal conductivity of uranium-gadolinium fuel

Т, К
�U Gd

W
m K� ,

·  
10/90 20/80 30/70 40/60 50/50

300 6.554 5.645 4.842 4.126 3.485
350 6.085 5.236 4.486 3.819 3.222
400 5.693 4.913 4.222 3.607 3.054
600 4.499 3.930 3.421 2.964 2.550
800 3.682 3.249 2.859 2.506 2.184
1000 3.093 2.756 2.449 2.169 1.913
1200 2.650 2.379 2.131 1.904 1.695
1300 2.471 2.225 2.0 1.793 1.602
1400 2.309 2.079 1.868 1.674 1.495
1500 2.173 1.955 1.756 1.573 1.404

Source: Own Development

RESULTS AND DISSCUSSION. To carry out a linked cal-
culation of the fuel elements with gadolinium model, energy re-
leases in zones with different gadolinium content in the fuel were 
first calculated. A program implementing the Monte-Carlo method 
was used for the calculation. The results are shown in table 3.

Using the data obtained, as well as the estimated thermal con-
ductivity coefficients, using the ANSYS program, it is possible to 
calculate the maximal temperatures of the shell (Tsh.in) and the 
coolant (Tc). The results are shown in table 4 and figures 1-2.

Table 3 
Energy releases (W/m3) in profiling zones of the fuel elements 

with gadolinium 
10/90 20/80 30/70 40/60 50/50

Upper zone 1.820·107 4.560·107 8.680·107 1.490·108 2.30·108
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10/90 20/80 30/70 40/60 50/50
Lower zone 4.680·108 4.290·108 3.800·108 3.130·108 2.310·108

Source: Own Development

Table 4
Maximal temperatures of coolant and inner side of the shell

№ Model Tc, K Tsh.in, K

1 10/90 604.550 629.350

2 20/80 602.850 625.550

3 30/70 600.950 621.150

4 40/60 598.350 615.050

5 50/50 595.850 608.150

Source: Own Development

Figure 1. Dependence of the maximum temperature of the coolant on the 
distribution of gadolinium

Source: Own Development
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CONCLUSION. As a result of the linked calculation, it was 
shown that the uneven distribution of gadolinium has a strong ef-
fect on the uneven energy release at the interface of the profiling 
zones. This aspect has a strong influence on the temperature distri-
bution in the cell.

The results obtained can be attributed to the fact that uranium 
oxide has a higher thermal conductivity than gadolinium oxide. 
When gadolinium is redistributed into zones, the difference be-
tween the thermal conductivity of the upper zone and the lower 
zone decreases. Consequently, the intensity of heat transfer from 
zone to zone increases.
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IMPROVING THE METHOD OF FINDING SOLUTIONS TO THE 
SYSTEM OF EQUATIONS IN THE PROBLEM OF THE FUEL  

ELEMENT OF A NUCLEAR REACTOR

A.A. Filimonov
Kazan State Power Engineering University, Kazan, Russia

Abstract. When modeling the behavior of the fuel element (fuel element) 
of a nuclear reactor operating on both fast and thermal neutrons, it is necessary 
to take into account not only thermal processes, but also the stress-strain state 
of the fuel pellet and the fuel element shell. The system of equations describing 
the mechanical behavior of a fuel element includes various types of deforma-
tions: elastic, thermal, radiation swelling, and creep, both thermal and radia-
tion. This makes the system nonlinear with respect to variable interlayer and 
axial pressures. Effective iterative methods are required to solve such systems 
of equations. In this work, the algorithm for finding a solution for a system of 
nonlinear equations of mechanics of a fuel element of a nuclear reactor has been 
improved. The Gauss method was replaced by a run-through method adapted 
to the type of matrix of the linearized system. Optimization has significantly 
accelerated the process of solving the system of linear equations that arise in the 
problem. When sampling

Keywords: heat-generating element, equations of mechanics, run-through 
method, nuclear power plant.

Improving the algorithms of computational codes is an im-
portant stage in their creation. This is especially true for mod-
ules that are accessed repeatedly during the calculation process. 
If you use a more advanced algorithm that allows you to get re-
sults faster, the total calculation time can be significantly reduced 
[1]. Optimization in solving systems of linear algebraic equations 
includes replacing the Gauss method with methods based on the 
run type. A classic example is a finite-difference approximation of 
a one-dimensional heat equation. The computational complexity 
of the Gauss method is O(M2), where M is the size of the matrix. 
Run-through methods give a linear dependence on the size of the 
matrix, that is, O(M). If the type of matrix in the problem being 
solved allows you to use the run-through method instead of the 
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Gauss method, then the effort spent on developing the algorithm 
will be justified, as this will significantly speed up calculations [2].

The paper considers the dependence of the solution time on 
the number of radial layers m. For each fixed value of m, 100 cal-
culations were performed, after which the average calculation time 
was determined. For small values of m, using an algorithm based 
on the run-through method is inefficient. However, as the number 
of layers increases, the time gain becomes noticeable, reaching ap-
proximately a twofold increase at m = 20. Usually, to simulate the 
stress-strain state of a fuel element (fuel element), the fuel pellet 
is discretized into 20 layers, and the shell into 10. The paper an-
alyzes the time it takes to find a solution to a nonlinear system of 
equations, where the solution of a linearized system of equations 
at each iteration is carried out either by the Gauss method or by 
a run-through method. For the test task, the stress-strain state of the 
shell made of zirconium alloy E110 is calculated with a time step 
of 1 hour at a pressure in the gap between the fuel and the shell of 
2 MPa and a coolant pressure of 16 MPa [3].

Under these conditions, Newton’s method converges in 4 iter-
ations. 300 calculations were performed for each fixed value of m, 
after which the average time was calculated.

The study of the matrix structure corresponding to the linear-
ized system of equations, which is obtained by solving a nonlinear 
system of equations for determining the stress-strain state of a fuel 
element (fuel element), allowed us to create an algorithm based on 
the run-through method.
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PRODUCTION OF MOLYBDENUM-99 IN FAST NEUTRON  
REACTORS THROUGH FISSION

A. Ramalingam, M. R. L. Afielda
National Research Tomsk Polytechnic University, Russia

Abstract. This article analyses the ability of utilizing the BN-600 fast 
neutron reactor prototype to produce Molybdenum-99 (Mo-99), which is an 
important medical isotope for the production of Technetium-99m (Tc-99m) 
for imaging diagnostics. Fast neutron reactors provide benefits for isotope 
production thanks to the high neutron flux and special fuel cycle. A Serpent 
Monte Carlo code simulation was created to model neutron interaction and 
calculate Mo-99 production efficiency. Two target designs of 26% enriched 
uranium rods with 4 cm and 2 cm radii were experimented. Results showed 
that the 4 cm target produced 2526 Ci of Mo-99 and the 2 cm target produced 
616 Ci with a decrease in efficiency by only 2,38% per unit mass. These re-
sults verify that bigger target designs make Mo-99 production more efficient 
in BN-600.

Introduction. Fast neutron reactors (FNRs) are important to 
nuclear power generation and radioisotope production because 
they have the ability to cause fission by fast neutrons and thus at-
tain improved fuel economy along with special breeding features 
[2]. FNRs do not need the employment of a moderator, as thermal 
reactors do, and have a tendency to employ liquid metals like sodi-
um or lead for cooling [1]. BN-600, a sodium-cooled fast breeder 
reactor (FBR), is well-suited for radioisotope production due to its 
high neutron flux and fast neutron spectrum [3]. The flux ensures 
optimal conditions for uranium fission route of Mo-99 production, 
which consequentially decays into Tc-99m – valuable diagnos-
tic isotope. BN-600 Mo-99 production feasibility is examined by 
Monte Carlo simulation using the Serpent code in this study. By 
examination of different target geometries changing radius, this 
project will optimize isotope production efficiency, contributing to 
an evaluation of the potential contribution of fast reactors to meet-
ing global medical isotope demand.
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Serpent Monte Carlo Neutron Transport Code. Serpent is 
a Monte Carlo neutron transport code that has been written for 
continuous-energy simulation at VTT Technical Research Centre 
of Finland. It has been used extensively in reactor physics appli-
cations such as fuel cycle studies, core modelling, and isotope 
production simulations. The Serpent geometry description is ca-
pable of detailed three-dimensional reactor modelling and is thus 
well suited for fine neutron transport and burnup calculations [5]. 
Serpent also features automated burnup calculation with accurate 
transmutation chain treatment and neutron interactions. It can han-
dle a variety of nuclear data libraries and is designed to achieve 
high parallel computation efficiency, saving the simulation time 
for the general-purpose Monte Carlo codes. It is also applicable for 
research reactors, fusion neutronics, and radiation shielding [6].

Molybdenum-99. Mo-99 is a useful medical isotope for the 
manufacture of the widely used medical scan agent Tc-99m. The 
short half-life (6 hours) and high level of gamma emission make 
Tc-99m suitable for medical scanning with low radiation dosage 
[7]. Mo-99 is nowadays manufactured predominantly from the 
fission process of Uranium-235 (U-235) or neutron activation of 
Molybdenum-98 (Mo-98). Fission produces Mo-99 with higher 
activity and thus is the preferred method [4]. Mo-99 global supply 
is faced with the challenge of aging research reactors and the use of 
highly enriched uranium (HEU). BN-600-type fast neutron reac-
tors are a potential alternative route for Mo-99 production with the 
advantage of high neutron flux and ability for isotopic production 
with high yield [10]. Mo-99 production within BN-600 is evaluat-
ed here and the target configurations are optimized for maximum 
yield and a viable medical supply.

Methodology. The following details were used to model 
a part of BN-600 reactor core. The full core was made by mirroring 
the arrangement. The core consists of 8 types of assemblies also 
known as subassemblies. The subassemblies are arranged in the 
following pattern as in figure 1. 
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Among these, 1, 2 and 3 are fuel assemblies, 4 and 5 are as-
semblies with control rods and 6, 7 and 8 are shielding and reflec-
tive zones. The parameters for the fuel rods for above zones are 
mentioned in table 1 [8].

Table 1 
Details of fuel rods in BN-600

Category Parameter 1 2 3 6 7

Fuel

Enrichment 17% 21% 26% 0,3% 0,3%

Fuel used Uranium Oxide (UO2)

Density 10,4 gcm-3

Dimensions

Outer radius 3,45 mm 7,1 mm

Cladding thickness 0,4 mm 0,4 mm

Rod pitch 3,975 mm 14,725 mm

Source: [8]

First the core was simulated in order to verify the high the 
neutron flux within the core. Considering the half-life of Mo-99 
(65.9h) we chose to irradiate the sample for five days [7]. There-
fore, only the first seven days were considered (figure 2).

Figure 1. Arrangement of assemblies in the core for 60 degree
Source: [8]
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Then a fuel assembly was modified into one fuel element in 
order to make the extraction of molybdenum feasible. The modi-
fied fuel element was made into 4 cm and 2 cm radii cylinders to 
find out the most efficient one (figure 3). 

The modified core was simulated for six days, five days of ir-
radiation and one day cool down to make sure the activity of short 
lived high radioactive isotopes has reduced. 

Figure 2. Flux graph vs days
Source: Own development

Figure 3. Geometry for target with 4cm diameter
Source: Own development
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Results. The results of the simulation were obtained and pro-
cessed [9]. Then the activity of Mo-99 from the both targets were 
plotted against the time as in figure 4.

The activity per initial mass is calculated and mentioned in the 
table 2.

Table 2 
Comparison of Mo-99 production  

with different radius of target

 Rod with  
4 cm radius

Rod with  
2 cm radius

Mass of U-235 per unit length of rod (kg) 52,28 13,07

Final activity (Ci) 2526 616

Activity per unit initial mass (Ci/kg) 48,3 47,2

Source: Own development

The activity of the target with smaller radius is 2,34% less 
than that of the bigger one. So, we can conclude that use of target 
bigger radius is more effective than smaller one in BN-600 to pro-
duce Mo-99.

Figure 4. Activities of Mo-99 produced
Source: Own development
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Conclusion. The study demonstrates the capability for the 
BN-600 fast neutron reactor’s use for Mo-99 production. The neu-
tron interaction and isotope production were investigated for dif-
ferent target configurations using Monte Carlo simulations through 
the Serpent code. Mo-99 production was found to be enhanced 
with the increase in the target radius. 616 Ci from the 2 cm radius 
target against 2526 Ci from the 4 cm radius target. The BN-600 
reactor’s high neutron flux and fast neutron spectrum make the 
reactor a good potential candidate for medical isotope production 
with a good alternative to the conventional research reactor. The 
observation confirms the Mo-99 production through fission in BN-
600 as efficient with the increasing global demand for the prede-
cessor of the vital medical isotope.
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RELIABILITY ANALYSIS OF MECHANICAL EQUIPMENT  
USED IN NUCLEAR POWER PLANTS

Yahya Yasin, D.S. Samokhin
Obninsk Institute for Nuclear Power Engineering of the National  

Research Nuclear University МЕРhI, Obninsk, Russia

Abstract. Reliability analysis of mechanical products used at nuclear 
power plants is a critical aspect of ensuring the safe and efficient operation of 
these facilities.

The reliability of mechanical products in nuclear power plants is assessed 
using various methodologies, including probabilistic safety assessments (PSA) 
and deterministic safety analyses. PSA is a regulatory requirement for nucle-
ar power plant construction licensing, providing vital input regarding the reli-
ability of plant equipment and safety systems. These assessments help identify 
potential failure modes and their impacts on the overall system, ensuring that 
safety-critical components meet the required performance standards.

Mechanical systems in nuclear power plants consist of multiple units or 
subsystems, each of which must be analyzed for reliability. The reliability of the 
entire system depends on the reliability of its individual components and their 
interactions. This analysis involves studying the structure of the system and the 
reliability of each component over time.

Moreover, the manufacturing quality assurance process plays a significant 
role in the reliability of nuclear power plant equipment. Deviations from design 
specifications during manufacturing can occur due to various factors, such as 
human errors or material defects. Ensuring high-quality manufacturing process-
es is essential for maintaining the reliability and safety of mechanical products 
used in nuclear power plants.

In summary, the reliability analysis of mechanical products used at nuclear 
power plants involves a comprehensive evaluation of individual components 
and systems, considering their interactions and potential failure modes. This 
analysis is crucial for ensuring the safe and continuous operation of nuclear 
power plants, minimizing the risk of accidents, and protecting public health and 
the environment.

Keywords: Reliability analysis, mechanical products for nuclear power 
plants, Safety, Probabilistic Safety Analysis.

INTRODUCTION. The main task of the probabilistic safe-
ty analysis (PSA) for accident assessment is the development of 
probabilistic models including accident sequences (event trees) for 
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each accident initial event (AE). The operational states (OS) of 
the power unit, the characteristics of the AE, the configuration of 
the safety systems, and their ability to perform safety functions 
are taken into account. The “safe state” is understood as a stable 
state of the reactor installation with a subcritical state of nuclear 
fuel and non-exceedance of the established safety criteria. PSA is 
a system analysis of the causes of occurrence, all possible paths of 
development and consequences of accidents at NPPs using a wide 
range of physical, thermal engineering methods, fracture mechan-
ics and a number of others, supplemented by an analysis of the 
reliability of safety equipment, as well as the latest achievements 
in probability theory, mathematical statistics, the theory of random 
processes, Boolean algebra and others.

Table 1 shows an example of an event tree (Primary circuit 
pipeline rupture).

Table 1 
Example of an event tree (Primary circuit pipeline rupture)

TOOLS AND MODELS. The failure rate of connections, 
mechanical parts, units and devices is determined by the formulas 
given in Table 1, λ0  – is the failure rate of a connection, part or 
component in nominal mode and normal conditions (ambient tem-
perature 20±10 °C; relative humidity 30...70%; atmospheric pres-
sure 0,825...1,06 *105 Pa; no vibration or impact); n is the number 
of rivets; l is the length of a soldered, welded or glued seam, m; p 
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is the mass of the glued part, r,s is the area of the glued surface, 
cm^2. The values of the coefficients K K K K K11 12 13 14 15, , , , , for de-
tachable and permanent connections. Failure rate of connections, 
mechanical parts, units and devices (table 2).

Table 2 
Example of an event tree (Primary circuit pipeline rupture)
Connections, parts, components, 

sensors, devices
Failure rate in the state:

working non-working
Non-detachable connections:

riveted seams λ0 1a n λ0 1 2a a n

welded, soldered, glued seams λ0 1a l λ0 1 2a a l

“housing-compound” seams λ0 1a a lm λ0 1 2a a a lm

surface adhesives λ0 1a p s/ λ0 1 2a a p s/

Detachable threaded connections:

fastening λ0 1a ak λ0 1 2a a ak

sealed λ0 1a a ak m λ0 1 2a a ak

transmitting motion λ0 1a λ0 1 2a a

Detachable connections: wedge, 
pin, spline λ0 1a λ0 1 2a a

Motion transmission units:

belt λ0 1 1 2 3a a a a ak k k m λ0 1 2a a

friction λ0 1a ak λ0 1 2a a

toothed λ0 1a ak λ0 1 2a a

Axles, shafts, brackets λ0 1a ak λ0 1 2a a

Bearings λ0 1a ak λ0 1 2a a

Gaskets λ0 1a ak λ0 1 2a a am

Bellows and tubular springs λ0 1a a a ag h n λ0 1 2a a

Flow sensor impellers λ0 1a am λ0 1 2a a
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Connections, parts, components, 
sensors, devices

Failure rate in the state:
working non-working

Diaphragms λ0 1a a am h λ0 1 2a a

Manometers, vacuum gauges with 
tubular springs λ0 1a a ag h λ0 1 2a a

Springs, couplings, clock devices λ0 1a λ0 1 2a a

The material reviewed will allow for a more complete assess-
ment of the reliability indicators of instruments, sensors and con-
trol system devices.

For example the reliability of main circulation pumps (MCP) 
equipment will be based on the calculation of equipment arranged 
in series and/or parallel, equations (2) and (3) are used, respectively.

R t ei
tj� � � ��                                    (1)

R R R R Rs j
j

N
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�
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1

. ..                          (2)
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�

��1 1
1

( )»                           (3)

RESULTS AND DISSCUSSION. Table 3 below contains the 
reliability information of equipment for MCN, it’s updated failure 
rate. The updated failure rate was calculated based on the scientific 
and technical document, providing a foundation for assessing de-
vice and system reliability with adjustable accuracy. 

Table 3 
Reliability of different equipment MCN

Name of equipment Failure rate, per hr. Reliability

sealed joints on the working MCP 0 9 10 8. * − 0 99984.

shafts on the working MCP 0 18 10 6. * − 0 99684.

couplings on the working MCP 0 27 10 6. * − 0 99534.
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Name of equipment Failure rate, per hr. Reliability

bearings on the working MCP 0 13 10 6. * − 0 99775.

the input and output of the working MCP 0 45 10 6. * − 0 99225.

Table 4 
Result comparison of hand calculation 

Notations
Hand calculation

Reliability Errors

RP 0 99634. ±0 0005,

Table 4 contains the result comparison of hand calculation.

CONCLUSION. To analyze the reliability of mechanical 
elements, it is necessary to conduct a comprehensive assessment 
of the probability of element failure under various operating con-
ditions, taking into account its design, manufacture and environ-
mental factors. This can be achieved by using reliability analysis 
methods, such as failure mode and effect analysis, which allow us 
to estimate the probability of failure, identify critical failure modes 
and prioritize actions to improve reliability.
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Abstract. Sustainable Development Goal (SDG) 6 (Clean water and san-
itation), followed by the United Nations and its partners in Bangladesh, empha-
sizes that access to clean water is essential for life. The study assesses human 
health risks from radon (222Rn) and its progeny in drinking water through-
out Bangladesh, including the Rooppur Nuclear Power Plant (RNPP) area. The 
outcomes are contrasted with health risks from arsenic (As) in drinking water. 
222Rn’s annual effective dose by ingestion, and excess lifetime cancer risk are 
calculated for adults using the United Nations Scientific Committee on the Ef-
fects of Atomic Radiation (UNSCEAR) methods. Annual dose and risk results 
are one order of magnitude below the allowed limits (0.1 mSv/y) and global 
average (0.29×10−3), respectively, with excess lifetime cancer risk at RNPP 
site notably below the global mean. As-related health risks on adults via inges-
tion route are estimated using United States Environmental Protection Agency 
(USEPA) models. Barishal district, having the least amount of As in drinking 
water, has carcinogenic risk 4.3 times the permissible limit (1×10-4). At RNPP 
site, cancer risk from As is 21.4 times the tolerable level. Therefore, 222Rn 
exposure poses minimal risk, but As-contaminated ground water presents sig-
nificant human health risks. 
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Introduction. The environment is indispensable to human ex-
istence, but accumulation of certain elements or compounds can se-
riously harm people’s health. The primary causes of these risks are 
heavy metal biochemical interactions and radiologic reactions be-
tween energetic particles and photons with living cells [1]. To lessen 
potential health hazards, it is crucial to ascertain background radiation 
levels and the amount of heavy metal build-up in the environment [2].

An important factor in environmental research is water qual-
ity. Roughly 97% of Bangladesh’s population gets safe drinking 
water from ground water. Radium (226Ra) and radon (222Rn) are the 
two most common naturally occurring radionuclides in groundwa-
ter [3]. Prolonged contact with high levels of 222Rn and its proge-
ny in drinking water can cause cancers of the stomach, digestive 
tract, and respiratory system. The issue of drinking water contam-
inated by heavy metals prevents the United Nation’s SDG Goal 6 
(Clean water and sanitation) from meeting water targets. Out of 
many heavy metals in drinking water, arsenic (As) is a non-radio-
active heavy metalloid with carcinogenic effects like that of 222Rn. 
Sustained ingestion of As, even at low concentrations, is thought to 
cause carcinogenic changes in various human organs and tissues. 

A literature review showed lack of nationwide study of human 
health risks from 222Rn and As prevalence in ground water in Ban-
gladesh. Thus, the study’s main aim is to estimate and compare 
health risks from 222Rn and As in ground water across Bangladesh, 
including RNPP site. 

Materials and Methods. About 20.57º N to 26.63º N and 
88.02º E to 92.68 E, Bangladesh is a Southeast Asian nation. RNPP 
(2-units) is under construction in the Rooppur village, ~160km 
NW of Dhaka [4].

Human Health Risks Assessment of 222Rn and its Proge-
ny in Drinking Water. Annual Effective Dose (AED) for adults 
(age>17y) via ingestion pathway is computed using mean 222Rn 
levels in ground water obtained from literature review. UNSCEAR 
documentation is utilized to compute AED using formula (1):
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AED=C C EDC 10RnW W
-3× × ×                      (1)

Lifetime exposure to 222Rn and its decay products increases an 
individual’s cancer risk. Excess Lifetime Cancer Risk (ELCR) is 
determined by applying equation (2):

ELCR = AED × Df × Rf,                            (2)
where CRnW=222Rn concentration in water (Bq/L), CW=annual water 
consumption=730 L, EDC=coefficient for effective dose for oral 
intake of 222Rn=3.5 nSv/Bq, Df=estimated avg. life expectancy=70 
years, and Rf=deadly cancer risk per Sievert=5.5×10-2 Sv-1.

Human Health Risks Assessment of As in Drinking Water 
Human health risks of As accumulation in ground water were 

examined using USEPA’s methodology. Average Daily Dose 
(ADD) through ingestion was computed using equation (3):

ADD(for ingestion pathway)=
C IR ED EF

BW AT
× × ×

×
           (3)

Equation (4) calculates the Hazard Quotient (HQ) which de-
scribes non-cancerous dangers: 

HQ=
ADD
RfD

                                       (4)

Carcinogenic Risk (CR) from As in groundwater were esti-
mated using equation (5):

CR=ADD CSF×                                     (5)
where: C=As conc. (mg/L), IR=Water ingestion rate=2L/day, 
ED=Exposure duration=70y, EF=Exposure frequency=365days/y, 
BW=Body weight=70kg, AT=Avg. lifetime=25,550days, Rf-
D=oral reference dose=3×10-4mg/kg/day, CSF=cancer slope fac-
tor=1.5 (mg/kg/day)−1. 

Any non-carcinogenic consequences can cause worry if the 
HQ>1. The level at which carcinogenic hazards are safe must be 
below 1×10−6. According to the USEPA, hazards should not exceed 
1×10−4 but instead fall between 1×10−4 and 1×10−6.

Results and Discussion. Human Health Risks Assessment 
of 222Rn and its Progeny in Drinking Water. Table 1 shows that 
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the mean 222Rn content in ground water across Bangladesh are be-
low the maximum contaminant levels (MCL) of 11 Bq/L (USEPA) 
and 100 Bq/L (WHO-World Health Organization and EU-Europe-
an Union). Estimated AED varies from 5.95 to 18.22 µSv/y; one 
order of magnitude lower than the 0.1 mSv/y safety level (WHO 
and EU). The calculated ELCR is one order of magnitude smaller 
than the global average (0.29×10−3) [5]. Thus, 222Rn and its proge-
ny provide no significant health danger to Bangladeshis who con-
sume ground water. 

Table 1 
Estimated AED and ELCR (adult) of 222Rn  

and its progeny in ground water
Region 222Rn conc. (Bq/L) AED (µSv/y) ELCR×10-5

South-east coastal 4.56±0.70 [6] 11.65 4.49

West coastal 2.33±0.50 [7] 5.95 2.29

Central 7.13±0.71 [8] 18.22 7.10

RNPP site 4.42±2.00 [9] 11.29 4.35

Source: Created by the author

Mean activity concentration at the RNPP site (Table 1) is be-
low the safety limits of WHO, EU, and USEPA. AED is 11.29 
µSv/y which is ~9 times less than the 0.1 mSv/y safety level. The 
calculated ELCR value (4.35×10–5) is notably below the global 
mean (0.29×10−3) [5]. 

Human Health Risks Assessment of As in Drinking Wa-
ter. Estimated human health risks (adult) from As in ground water 
around Bangladesh are given in Table 2.

Table 2 shows that Barishal district has the lowest mean As con-
centration (10µg/L). In this region, ADD is 0.29 µg/kg-day and HQ 
equals the limit value of 1. CR was 4.3 times higher than the permis-
sible limit value of 1×10–4. As a result, the extent of As pollution in 
ground water throughout Bangladesh is highly alarming and presents 
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significant carcinogenic and non-carcinogenic health risks. At the 
RNPP site, exposure to As through ingestion of groundwater poses 
a cancer risk (2.14×10–3), that is 21.4 times the acceptable level. 

Table 2
Estimated human health risks (adult)  

from As in ground water 

Region As conc. 
(µg/L)

ADD (µg/
kg-day) HQ CR×10-3

Faridpur, south-central 95.9 [10] 2.74 9.1 4.11
Barishal, south-central 10 [11] 0.29 1.0 0.43
Jashore, south-western 90 [12] 2.57 8.6 3.86
8 districts, north-western 44 [13] 1.26 4.2 1.89
RNPP site 49.9 [14] 1.43 4.8 2.14

Source: Created by the author

Conclusion. 222Rn and its progeny do not provide a signifi-
cant cancer risk to the drinking water supply in Bangladesh. But, 
groundwater poisoning by As possesses significant health risk. At 
the RNPP site, ELCR (4.35×10–5) from 222Rn in ground water is 
notably below the global mean (0.29×10−3) while As-related can-
cer risk is 21.4 times the acceptable level. The study’s findings 
may be used to establish a baseline for future sustainable ground-
water management in Bangladesh.
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Abstract. Staff involved in medical settings need to prioritize radiation 
safety since it proves crucial for thyroid cancer treatments that use radioiodine 
¹³¹I therapy and ¹²⁴I medical imaging modalities. These diagnostic and thera-
peutic methods show high accuracy but patients together with healthcare team 
members and surrounding public face potential radiation risks. The assessment 
looks into current protocols and patient preparation procedures and post-thera-
py care guidelines and radiation risk assessment methods. Quality enhancement 
programs alongside technological advancements are examined within the study 
to determine their effectiveness in protecting patients from radiation. This review 
links contemporary research outcomes with international guidelines to deliver 
complete information about proven practices that protect patients from radiation 
harm as well as the delivery of effective treatment. The focus of this review em-
phasizes on dose optimization together with shielding techniques and regulatory 
compliance to patients receiving treatment & healthcare providers handling radi-
oactive materials. The review aims to contribute to safer, more effective thyroid 
cancer management through strengthened radiation safety measures.

Introduction. Differentiated thyroid cancer (DTC) stands as 
the main subtype of endocrine malignancies which exist as one of 
the most common types of thyroid cancer. Radioiodine therapy that 
administers 131I represents an established treatment plan for DTC 
following thyroidectomy procedures. The radiation safety risks are 
major complications of 131I therapy because of its beta and gamma 
radiation emission properties. Patients and healthcare workers and 
the community need to follow strict radiation safety procedures for 
maintaining their protection from health risks. The article presents 
insights into thyroid cancer treatment radiation safety evaluations 
by examining standards and patient care practices and quality as-
surance methods.
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Regulatory Framework. The International Commission on 
Radiological Protection (ICRP) along with the Nuclear Regulato-
ry Commission (NRC) both regulate radiation safety practices for 
thyroid cancer treatment at the international and national levels. 
The organizations create guidelines that establish safe practices for 
administering 131I medicine by using justification and optimization 
and setting dose limitations [1, 2]. Under recommendations from 
the ICRP each year family and caregiver members should receive 
no more than 1 mSv of radiation whereas pregnant individuals and 
youngsters face tighter exposure limits [3]. Hospital patients can 
gain release under NRC’s “Patient Release Criteria Rule” by meet-
ing radiation exposure limitations set at 5 mSv for adults alongside 
1 mSv for both children and pregnant women [4].

Dosimetry. The radioactive substance 131I administered during 
therapy generates beta along with gamma radiation. Beta radiation 
destroys thyroid tissue yet gamma radiation presents a danger of ex-
posing other individuals to radiation. Medical staff need to perform 
accurate dosimetry measurements because they determine the suit-
able radiation activity while preventing harmful levels of exposure 
to both patients and their caregivers [5]. The established protocol 
for pre-therapeutic dosimetry consists of multiple days during which 
medical staff conduct blood sampling and whole-body counting. 
Jentzen W. et al. [1] proved that maximum tolerable activity (MTA) 
measurements from point-based protocols at 1-2, 24 and 96 hours 
produce results equivalent to the standard reference method. They 
examined, as reference to Table, simplified MTA blood dosimetry 
methods for 224I treatment in thyroid cancer patients, Multiple blood 
sample reduction in combination with fewer whole-body counting 
stations allowed their methods to maintain accurate results within 
±20% of established reference values [1]. 

The introduced methodology decreases both medical staff ex-
posure to radiation while providing patients better comfort. Sim-
plified protocols assist with achieving both lower costs of opera-
tion and better workflow organization in medical facilities.
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Table 
Comparison of Dosimetry Protocols 

Protocol  
Type

Number  
of Samples

Accuracy  
Range

Radiation  
Exposure

Standard Multiple (5-7) ±10% High
Simplified Reduced (2-3) ±20% Lower

Source: [1]

Patient Release Criteria and Radiation Protection. Regu-
lations determine the release of patients who receive 131I therapy 
so that radiation exposure remains below acceptable boundaries 
for both public and care providers. The Nuclear Regulatory Com-
mission (NRC) within the United States enables patient discharge 
when retained activity reaches below 33 mCi only if nurses provide 
detailed guidance to protect others [3]. According to Tenhunen M. 
et al. [5] patients can receive customized precautions regarding 
their radiological safety by validating their iodine clearance pat-
terns from the initial day.

Pre-Treatment Preparation. The proper treatment of 131I 
therapy requires patients to follow multiple essential steps to 
achieve best results. Before 131I treatment patients need to withdraw 
thyroid hormones or receive recombinant human Thyroid-Stimu-
lating Hormone to raise Thyroid-Stimulating Hormone levels for 
improved thyroid tissue 131I uptake [6]. The patient needs to follow 
a low-iodine diet for ½ weeks before receiving treatment to de-
crease dietary iodine competition for 131I uptake [7]. Prior to the 
treatment pregnancy tests are done in women to protect the foetus 
from fatal exposure [8].

Post-Treatment Radiation Safety. The patients who receive 
131I treatment become radioactive and need strict radiation safety 
measures. The practice of hospital admission follows 131I treatment 
with activities exceeding 1.1 GBq until the remaining radioactivity 
reaches levels under 400 MBq. The outpatient treatment for lower 
administered doses is done when patients demonstrate ability to 
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follow safety guidelines [9]. Patients need to sustain minimum 1m 
social distance from others and must sleep on a distinctive bed 
while refraining from long close contact with children and preg-
nant women for 1-2 weeks [10]. Good hygienic practices enable 
patients to prevent spreading radioactive body fluids to others [11].

Bonato C.C. et al. studied brief thyroid alterations in children 
undergoing non-directed radiation therapy [2]; according to their 
report, 3 months after the scattered doses treatment, no functional 
thyroid gland changes developed. Long-term monitoring of pae-
diatric thyroid tissue required while their tissues demonstrate in-
creased sensitivity. Personalized dosimetry methods together with 
safety measures must receive emphasis since younger patients de-
mand special attention. Medical professionals should adjust dose 
amounts specifically for paediatric patients because children tend 
to be more radiosensitive.

Risk Assessment of Radiation Exposure. The main danger 
affecting patients receiving 131I therapy stems from radiation-caused 
damage that primarily affects bone marrow together with lungs. 
Blood dosimetry determines organ-specific dose absorption which 
must stay under the boundary of physiological damage (2 Gy for 
bone marrow) [12].

Modern technology offers better tools for measuring radiation 
exposure throughout 131I therapy processes. The collar detection 
device developed by Santhanam P. et al. enabled real-time record-
ing of radioiodine intake by the thyroid thus helping reduce therapy 
doses and patient exposure to radiation [7]. A mobile high-resolu-
tion gamma camera developed by Trigila C. et al. aims to monitor 
radionuclide therapy by establishing real-time dose assessment in 
addition to imaging therapy occurs [8].

Occupational Radiation Safety. Employees who work with 
131I/124I need to exercise caution since preparing and dispensing ra-
diopharmaceuticals puts them at risk for radiation exposure. They 
must follow rigorous radiation safety procedures by using protec-
tive shields along with personal protective equipment to prevent 
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exposure [13]. Public face exposure to radiation when they care 
for discharging patients who have undergone medical procedures. 
Medical studies demonstrate that family members and caregivers 
remain safely under established regulations when patients adopt 
guidelines for protection [14].

Continuous Quality Improvement (CQI). The programs 
for CQI concentrate on maximizing patient readiness and improv-
ing dosimetric rules and following safety protocols. The research 
by Zhou M. et al. [4] proved that CQI approaches which includ-
ed drug flow chart development and patient education improved 
healthcare personnel safety together with patient satisfaction while 
decreasing worker exposure.

Conclusion. The safety of patients against radiation exposure 
stands as the top priority during 131I treatment of thyroid cancer. 
To achieve safe levels of radiation exposure, regulatory guidelines 
must be followed and maintained through patient preparation to-
gether with strict post-treatment precautions. Medical procedures 
becoming simpler and more efficient through new standard dosim-
etry procedures have demonstrated simultaneous improvements in 
operational safety. The results of these protocols heavily depend 
on achieving precise calculations for individual patients. The safe-
ty and effectiveness of radioiodine therapy improve as a result 
of quality and technological improvements. The development of 
thyroid cancer treatment safety depends on continuous research 
together with professional collaboration between healthcare pro-
viders and regulatory bodies and patients.
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An essential part of the approach is the use of a detailed 
mechanism of the chemical kinetics of hydrogen and oxygen, 
which avoids the privately used fitting procedure in determining 
the parameters of a one-step reaction to describe the hydrogen 
recombinator performance [1, 2]. This approach makes it possi-
ble to calculate the recombinator performance at any regimes in a 
consistent manner and to determine the threshold of flameless re-
combination, which is unambiguously necessary in the numerical 
justification of severe accidents with hydrogen entry. To test the 
developed methodology of numerical substantiation of recombi-
nator operation in the environment with changing parameters and 
substantiation of transient (non-stationary) processes, the data 
obtained in testing of hydrogen recombinator RVK-500 (pro-
duced by CJSC “INPC RET”) on the BM-P stand were used. In 
this work, the data of only one test, namely BM-P P13p (natural 
circulation) and BM-P P19p (forced circulation) were used (2). 
Figure 1 shows the comparison between the calculated and ex-
perimental hydrogen recombination rates, taking into account the 
experimental errors. A reasonably good agreement is obtained. 
The calculated performance of the recombinator RVK-500 using 
the RET formula is also given. As can be seen, the result of cal-
culation by the proposed model (1) significantly better describes 
the experimental data.
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Figure 1. Calculated and experimental performance  
of recombinator RVK 500 in test P13p (left), P19p (right)
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Abstract. This report presents the current status of targeted radionuclide 
therapy in Glioblastoma, highlighting the commonly used therapeutic radionu-
clides emitting alpha, beta particles that could induce potent molecular and cellular 
damage to treat Glioblastoma. The physical property is based on particle–matter in-
teraction differences and results in α particles being highly efficient in killing tumor 
cells with minimal irradiation of healthy tissues and permits targeting of isolated 
tumor cells. The clinical trials confirmed this idea and showed good therapeutic ef-
ficacy and less side effects, thus opening a new and promising era for glioblastoma 
medical care using α therapy. The objective of this literature review is focused on 
the developing field of nuclear medicine and aims to describe the various param-
eters such as targets, vectors, isotopes, or injection route (systemic and local) in 
relation to the clinical and preclinical results in glioblastoma pathology..

Keywords: glioblastoma (GBM), nuclear medicine, cancer, radioimmu-
notherapy (RIT), peptide receptor radiotherapy (PRRT).

Introduction. Glioblastoma is a neoplasm derived from as-
trocytes, a subtype of brain macroglial cells.  Astrocytomas from 
the most benign to the most aggressive tumors have been classified 
using four grades: pilocytic astrocytoma (grade I tumors), diffuse 
astrocytoma (grade II tumors), anaplastic astrocytoma (grade III 
tumors), and glioblastoma (grade IV tumors). Glioblastoma ap-
pears to be the most aggressive and also, unfortunately, the most 
frequent primary brain tumor. The worldwide incidence of glio-
blastoma is less than 10 per 100,000 people.

The recent progress in nuclear medicine development has gen-
erated a new promising arsenal for glioblastoma therapy. This has 
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been mainly driven by biotechnologies such as radioimmunother-
apy, radiopeptide therapy, and radionanoparticles. The four main 
parameters required for successful radionuclide targeted therapies 
for glioblastoma are the selection of an appropriate target, the size 
of the targeting vector, the physical properties of the radionuclide, 
and the physicochemical properties of the vector.

The objective of this report is focused on the improving field 
of nuclear medicine and describes the various parameters such as 
targets, vectors, isotopes, or injection route (systemic and local) 
in relation to clinical and preclinical results in glioblastoma pa-
thology.

Methodology. This study employed mixed approach by tar-
geting Cadherin5, Integrin αV β3, Somatostatin receptors, neuro-
kinin type1 receptor. These targets were selected because these are 
responsible for tumor growth and angiogenesis which is crucial for 
tumor survival.

They were labelled with alpha and beta particles and then in-
troduced into mice. Data was collected by pilot studies and exper-
iment on mice by observing the effectives of radiolabelled parti-
cle in regression of tumor growth with increase in life expectancy 
of patient.

Physical properties of radioisotopes used in glioblastoma ther-
apy

Results. Cadherin is responsible for formation of new blood 
vessels it was targeted by E4G10 is monoclonal antibody which 
was llabelled with the multiple alpha emitter actinium-225 and in-
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travenously injected into transgenic glioblastoma mice, the E4G10 
showed therapeutic efficacy with a significant increase in survival 
and increased penetration of chemotherapeutic drug.

In the below T2 MRI
(A)is comparison of mice brain before and after 10days of 

treatment by actinium-225 E4G10 Tumor margins are displayed 
as dashed red lines.

(B) Mean tumor volumes at day 0 and day 10 of vehicle-treat-
ed (n = 4) versus 225Ac-E4G10–treated (n = 4) animals. Reported 
values are mean ± SEM.

Integrin αV β3 is involved in tumor neoangiogenesis and appears 
to be an oncologic target in various diseases including glioblastoma. 
Abegrin® is an monoclonal antibody directed against αV β3 and can 
be used  after radiolabeling with yttrium-90. A proof of concept in 
a mouse glioblastoma xenograft model showed a partial tumor regres-
sion as assessed by image monitoring compared with control groups.

Somatostatin Receptor: Three patients with glioblastoma 
multiform (WHO grade IV) were locally injected via a subcutane-
ous reservoir system implanted into the resection cavity. Patients 
received 1,660 to 2,200 MBq of 90Y-DOTATOC in three or four 
fractions at an interval of 3 to 4 months. There was a complete 
remission for one patient and partial remission in the other two pa-
tients. The Karnofsky performance score increased by 10% to 40% 
for the three patients, and they reported an improved quality of life.
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Neurokinin type 1 Receptor: A pilot study was done on nine 
patients suffering recurrent glioblastoma were injected with 1.4 to 
9.7 GBq of 213Bi-substance P into a resected cavity using a frac-
tionated therapy cycle (one to six). The results supported the pilot 
study, with a median progression free-survival time of 5.8 months 
and overall survival time of 16.4 months. The median overall sur-
vival time from the first diagnostic was 52.3 months, and two of 
the nine patients (22.2%) are still alive 39 and 51 months after the 
Peptide receptor radionuclide therapy (PRRT) initiation.

In above figure is MRI of 32-year-old woman suffering from 
Glioblastoma multiforme (GBM) manifested 10.6 months after 
initial diagnosis. Following standard treatment consisting of sur-
gery, radiotherapy, and chemotherapy with temozolomide, four 
cycles of 213Bi-DOTA-substance P were applied. The total activ-
ity injected amounted to 8.0 GBq of the therapeutic isotope. The 
T1-weighted enhanced MRI examination revealed shrinkage of the 
tumor by 32%.

Conclusion. Glioblastoma is tumor associated with fatal out-
come. Considering the clear need to improve therapeutic strategies, 
substantial efforts have been made to understand GBM biology. 
The blood-brain-tumor barriers, the intra-, and inter-tumoral het-
erogeneity, and the intrinsic resistance to chemo- and radio-ther-
apies are important barriers to the development of effective treat-
ments. Mentioned molecular mechanisms of GBM resistance to 
therapy were recently reviewed. Low survival rates of GBM are, at 
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least in part, a consequence of the extensive invasion of the brain 
tissue. This infiltration is notably controlled by the interactions be-
tween cancer cells and the surrounding brain microenvironment 

Most therapeutic radiopharmaceuticals are labelled with alpha 
and beta-emitting isotopes. These particles have a tissue penetra-
tion of only a few millimetres, which allows cell irradiation in lim-
ited radius, causing a cytotoxic effect on tumor cells while sparing 
surrounding healthy tissue. Many clinical trials demonstrate the 
efficacy and safety of nuclear medicine approaches, but these have 
only been assessed in phase I or II clinical trials. These results need 
to be strengthened, and phase III are trials are necessary to confirm 
the emerging place of nuclear medicine in the therapeutic arsenal 
against glioblastoma.
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Abstract. Currently, radiation therapy is one of the common methods for 
treating malignant neoplasms. The primary goal of radiation therapy is to de-
liver localized ionizing radiation to the tumor while minimizing exposure to 
healthy tissues. 

The radiation therapy procedure consists of several stages: pre-radiation 
preparation, dosimetric planning, verification of the dosimetric plan, and the 
actual irradiation. Each stage of radiation therapy is critically important, and any 
error at any of these stages can negatively impact the patient’s condition. There-
fore, specialists involved in administering radiation therapy must constantly 
practice their skills. To safely practice all stages of radiation therapy, a virtual 
radiation therapy visualization system (VRTVS) can be utilized. 

In this study, the tools of the VRTVS were examined. Using the system, 
possible emergency situations were simulated and practiced during radiation 
therapy procedures. 

The results of the study showed that the VRTVS is an effective tool for 
training professionals in the field of radiation therapy, allowing not only the 
practice of standard procedures but also the development of skills for solving 
complex and emergency situations.

Keywords: radiation therapy, therapeutic linear accelerator, quality assur-
ance of radiation therapy.

Introduction. Radiation Therapy (RT) is one of the methods 
for treating oncological and a number of non-oncological diseases, 
based on the use of ionizing radiation [3]. The process of preparing 
and conducting radiation therapy consists of several stages:

Topometric preparation. The patient undergoes tomographic 
studies such as X-ray computed tomography (CT), magnetic reso-
nance imaging (MRI), and positron emission tomography (PET), 
which allow for precise determination of the tumor’s location and 
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size. During the pre-radiation preparation stage, immobilization 
methods are used to ensure the patient’s comfortable and reproduc-
ible position from fraction to fraction and to guarantee the correct 
delivery of the planned absorbed dose distribution to the tumor.

Dosimetric planning. Based on the results of imaging, contour-
ing, and prescription, an individual dosimetric plan is developed to 
calculate the absorbed dose in target volumes and organs at risk. 
This process involves the use of specialized software, a treatment 
planning system (TPS), to create the geometry of dose delivery 
and calculate the distribution of the absorbed dose.

Quality assurance (verification) and clinical dosimetry. A check 
is performed to ensure the conformity of the calculated absorbed 
dose distribution in the TPS and the measured absorbed dose dis-
tribution obtained during the implementation of the dosimetric plan 
on the therapeutic machine using various dosimetric phantoms. 
This procedure allows for the verification of the reproducibility of 
the calculated dosimetric plan on the corresponding machine.

Treatment delivery. The patient undergoes a course of RT, 
consisting of one or several irradiation sessions on the therapeutic 
machine to deliver the absorbed dose to the tumor.

The success of radiation therapy hinges on the precision of 
each step, as a mistake at any point can have adverse effects on 
the patient’s health. Given this, professionals involved in radiation 
therapy must continuously hone their practical skills. One effective 
way to achieve this is by utilizing a Virtual Radiation Therapy Vi-
sualization System (VRTVS).

The VRTVS system allows for practicing and refining skills 
in a safe and controlled virtual environment. With its toolkit, us-
ers can develop skills such as patient positioning on the radio-
therapy complex, conducting visualization of diagnostic images, 
reproducing individually developed dosimetric plans, and per-
forming quality assurance steps on modern equipment. Figure 1 
shows the main instruments for conducting radiation therapy ses-
sions in the system.
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Using the system’s possibilities, users can simulate various 
scenarios of radiation therapy procedures, without the risks asso-
ciated with real interaction with patients. These scenarios can con-
sider all possible collisions.

Conclusion. In conclusion, the integration of VRTVS into ra-
diation therapy training programs represents a significant advance-
ment in the field. It supports the continuous professional develop-
ment of specialists, reduces the risk of errors, and contributes to 
better patient outcomes.
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Figure 1. Possibilities of the VRTVS for practicing practical skills  
in conducting radiation therapy sessions
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Abstract. Inspired by the success of nuclear-powered submarines and 
data centers, this paper proposes nuclear energy-powered rehabilitation cen-
ters, a groundbreaking solution using small modular reactors (SMRs) to provide 
clean, reliable energy for advanced medical technologies like Nuclear-Powered 
Pacemakers, pediatric gait robots and prosthetics. These centers can operate 
24/7 to ensuring eco-friendly uninterrupted care for children with cerebral palsy 
(CP), injured military personnel and others in need. 

Nuclear-Powered Rehabilitation Center combines nuclear medicine and 
healthcare, offering a unique opportunity to make a meaningful impact in patient 
care and rehabilitation. It can significantly reduce carbon emissions, contribut-
ing to global efforts to combat climate change while improving the quality of 
care for millions. Through Russia-Asia collaboration, we can bring this vision to 
life, leveraging expertise in nuclear technology and healthcare innovation. Join 
us in reimagining rehabilitation powered by the limitless potential of nuclear 
energy. 

Keywords: Nuclear-powered rehabilitation centers, Small modular reac-
tors (SMRs), Pediatric gait robots, pacemakers, Cerebral palsy, injured military 
personnel, Sustainable,  healthcare, Russia-Asia collaboration, Nuclear energy, 
Advanced medical technologies..

Introduction. Nuclear medicine facilities in hospitals provide 
diagnostic and therapeutic services using radionuclides, including 
in-vivo and in-vitro procedures, internal radiation monitoring, and 
targeted therapies [1]. This study aims to propose nuclear-powered 
rehabilitation centers as a sustainable and innovative solution to 
address the energy challenges faced by healthcare facilities. Re-
habilitation aims to help individuals, including those with disabil-
ities like cerebral palsy or injured military personnel, prosthetics 
achieve their highest level of function, independence, and quality 
of life by providing better treatment and restoring optimal health. 
Worldwide, an estimated one in three people live with a health 
condition that could significantly improve through rehabilitation 
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[2]. By small modular reactors (SMRs), the study demonstrates 
how nuclear energy can provide clean, reliable, and cost-effective 
power for advanced medical technologies like pediatric gait reha-
bilitation robots and prosthetics. 

According to the Cerebral Palsy Alliance Research Founda-
tion (CPARF) in globally about 18 million people have some form 
of cerebral palsy. In Asia, cerebral palsy (CP) affects 2.19 in ev-
ery 1,000 individuals, with a higher incidence observed in children 
from economically disadvantaged backgrounds [3]. Spastic CP, the 
most common type, often requires long-term rehabilitation and ad-
vanced medical care. However, many children lack access to prop-
er treatment due to limited healthcare infrastructure and unreliable 
energy sources in village or underserved areas.

Methodology. The nuclear medicine facility, spanning 473 
square meters (about 5,090 square feet), can be repurposed as a 
spacious and adaptable rehabilitation center [4]. This generous area 
allows for a variety of therapy rooms, exercise spaces, and treat-
ment areas, creating a comfortable and healing environment for 
patients on their journey to recovery. Using data from the World 
Nuclear Association (2023) Nuclear energy reduces CO2 emissions 
by 1,911,082 kg CO2/year compared to coal. 

This study provides strong evidence for the feasibility and 
benefits of nuclear-powered healthcare infrastructure, improving 
accessibility to rehabilitation services, reducing carbon emissions, 
and ensuring uninterrupted care for children with cerebral palsy, 
injured military personnel, and others in need. 

The International Atomic Energy Agency (IAEA), in a publi-
cation dated 4 November 2021, defines Small Modular Reactors 
(SMRs) as nuclear reactors with a capacity of up to 300 MW(e) per 
unit [5]. The average annual energy consumption of a healthcare 
center is 86.01 kWh/m² [4]. This observation can be used as a basis 
for estimating energy consumption in rehabilitation centers.

Power Requirements and Calculations. Assume a medi-
um-sized rehabilitation center has a floor area of 3,000 m².
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Calculate energy consumption = 86.01 kWh/m²/year × 3000 
m² = 258,030 kWh/year.

Average power requirement
kWh year

hours year
, /

, /
=

258 030
8 760

 = 29.5 kW

Peak Power Requirement = 29.5 kW × 3 = 88.5 kW.
The number of centers powered by one SMR is calculated as:

Number of Centers
SMROutput

Center Requirement
= = =

10 000
88 5

113
,

.
kW

kW
centers

Benefits of Nuclear-Powered Rehabilitation Centers:
Uninterrupted power ensures 24/7 operation of critical medi-

cal equipment. Low-carbon energy reduces environmental impact. 
Centers can be deployed in rural or underserved areas. Long-term 
energy savings make healthcare more affordable. Collaboration of 
nuclear energy with advanced medical technologies drives prog-
ress in both fields. A Rehabilitation in village areas is a planning 
concept that goes beyond a single structure, incorporating urban 
design elements to create a nature-friendly community [6]. It com-
bines multi-complexes, sanatoriums, and recreational spaces, with 
a Nuclear-Powered Rehabilitation Center offering sustainable en-
ergy, cost savings, and a healing environment, while improving 
healthcare access and supporting local development [6].

Vision for a Nuclear-Powered Rehabilitation Center
We hope a Nuclear-Powered Rehabilitation Center to promise 

the unique needs of individuals with conditions like Cerebral Pal-
sy, injured military personnel, and other disabilities, while lever-
aging the potential of nuclear medicine and advanced technology. 
By utilizing Small Modular Reactors (SMRs), the center ensures 
a sustainable and reliable energy source to power cutting-edge 
medical devices and therapies. 

This innovative approach not only supports long-term reha-
bilitation and care but also reduces operational costs and environ-
mental impact. Integrating nuclear medicine into treatment plans 
allows for precise diagnostics and therapies, enhancing patient out-
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comes. The center’s design fosters a healing environment, com-
bining advanced medical care with eco-friendly energy solutions, 
making it a transformative model for rehabilitation and healthcare 
accessibility.

The Challenges:
 – Public perception of nuclear energy, particularly regarding 

safety.
 – Lack of regulatory maintain for nuclear-powered healthcare 

facilities.
 – High initial investment costs for nuclear infrastructure.

Solutions:
 – Build trust through education and transparent communica-

tion, highlighting the advanced safety features of SMRs and RTGs.
 – Collaborate with organizations like the International Atomic 

Energy Agency (IAEA) to develop guidelines and standards. 
 – Secure funding from governments, private investors, and inter-

national organizations to offset costs and ensure long-term viability.
Conclusion. A Sustainable Future in Rehabilitation with Nu-

clear-Powered offer a sustainable, reliable, and innovative solution 
for pediatric gait rehabilitation, injured military personnel, and 
others in need. By nuclear technology, we can create healthcare 
infrastructure that is both eco-friendly and improved quality of life 
for vulnerable populations while setting a global standard for fu-
ture healthcare facilities. Collaboration between Russia and Asia, 
this vision can become a reality, transforming lives and building 
a brighter nucleo-healthcare future.
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Abstract. Nuclear medicine plays a crucial role in diagnosing and treat-
ing oncological diseases in Vietnam, where 180,480 new cases were regis-
tered in 2022. Domestic radiopharmaceutical production meets only about 
60% of the national demand, primarily due to the aging research reactor in 
Dalat, owned by the Dalat Nuclear Research Institute (DNRI) – a branch of 
Vietnam Atomic Energy Institute (VINATOM). The geographical distance 
between medical institutions and the reactor further exacerbates reliance on 
radiopharmaceutical imports. The Center for Nuclear Science and Technology 
(CNST) in Long Khanh, equipped with a modern 10 MW reactor supported 
by Rosatom, is expected to significantly enhance radiopharmaceutical produc-
tion. This study assesses the potential impact of CNST on the development of 
radiopharmaceuticals in Vietnam.

Keywords: Radiopharmaceuticals, nuclear medicine, medical iso-
topes,Dalat Nuclear Research Reactor, Dalat Nuclear Research Institute, The 
Center for Nuclear Science and Technology.

INTRODUCTION. Oncological diseases are among the 
leading causes of mortality in Vietnam, with a fatality rate of 
66.6% [1]. Radiopharmaceuticals such as Tc-99m and I-131 play 
a crucial role in diagnosis and treatment. However, domestic pro-
duction remains limited, resulting in shortages and dependence on 
imports [2,3]. Even in Ho Chi Minh City, the second-largest city 
in Vietnam, patients are forced to seek treatment abroad due to the 
lack of radiopharmaceuticals [3]. Expanding domestic production 
of new radionuclides is essential for the advancement of nuclear 
medicine in the country. With over 40 years of operation, the re-
search reactor in Dalat can no longer fully meet the increasing de-
mand for radiopharmaceuticals in modern healthcare. Addressing 
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this challenge, the CNST, supported by Rosatom, presents a prom-
ising opportunity to expand domestic radiopharmaceutical produc-
tion. This advancement is expected to enhance the availability of 
critical medical isotopes, reduce reliance on imports, lower costs, 
and ultimately strengthen the development of nuclear medicine in 
Vietnam.

METHODS AND MATERIALS. The study is based on 
official reports from the Vietnam Atomic Energy Institute (VI-
NATOM), the Ministry of Science and Technology of Vietnam, 
and the Government of the Socialist Republic of Vietnam.

RESULTS AND DISCUSSION. The Dalat Research Reactor 
(DRR) has undergone significant transformations since its commis-
sioning in 1963 as the TRIGA Mark II reactor (250 kW) with U.S. 
support. Following an operational period (1963–1968), it was shut 
down, and its fuel was returned to the U.S. in 1975. In 1979, Viet-
nam collaborated with the Soviet Union to reconstruct and upgrade 
the reactor to 500 kW, renamed IVV-9 [4,5]. The upgraded reactor 
achieved first criticality in 1983 and resumed operation in 1984, 
focusing on radioisotope production, neutron activation analysis, 
reactor physics, and personnel training. Between 2007 and 2011, 
DRR transitioned from Highly Enriched Uranium (HEU, 36% 
U-235) to Low Enriched Uranium (LEU, 19.75% U-235), achiev-
ing first criticality with a full LEU core in 2011. In 2013, all spent 
HEU fuel was repatriated to Russia under the Russian Research 
Reactor Fuel Return Program, supported by the IAEA and the U.S. 
Today, DRR remains a key facility for nuclear research and radio-
pharmaceutical production in Vietnam [6].

On the other hand, the CNST in Long Khanh, Vietnam, is be-
ing developed with the support of Rosatom as part of an inter-
governmental agreement between Vietnam and Russia. The project 
was initiated in 2011, and in 2018, it received approval from the 
Vietnamese government [7]. In 2024, a memorandum of under-
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standing was signed between Rosatom and the Vietnamese Min-
istry of Science and Technology to cooperate in peaceful nuclear 
research [8]. In addition to its technical advancements, the CNST 
will train specialists under Rosatom’s educational programs, and 
VINATOM is actively sending personnel to the Joint Institute for 
Nuclear Research (Dubna, Russia) to train key staff for the project, 
further enhancing Vietnam’s nuclear capabilities [9]. The center’s 
proximity to Ho Chi Minh City will facilitate the distribution of 
radiopharmaceuticals, reducing dependency on imports.

Table 1
 Comparison of the Dalat Nuclear Research Institute (DNRI) 
and the Center for Nuclear Science and Technology (CNST)

Criterion DNRI [6] CNST [7,8,9,10]

Location Dalat, located far from 
major medical centers

Long Khanh, approximate-
ly 80 km from Ho Chi 
Minh City

Reactor power 0.5 MW 10 MW

Year of establish-
ment 1984

Planned construction start: 
2027–2028, Expected com-
pletion: 2031

Main products Tc-99m, I-131, P-32, 
S-35, etc. 11 isotopes

Technology TRIGA Mark II (USSR) Modern reactor (Rosatom)

Production capacity 1,300 Ci (2020), partial 
demand coverage

Full domestic demand 
coverage

Radiopharmaceuti-
cal production Limited (Tc-99m, I-131)

Expected production of 
50–70 radiopharmaceuti-
cals

Project scale 21 ha 100 ha

CONCLUSION. The commissioning of CNST will ensure 
Vietnam’s independence in radiopharmaceutical production, re-
duce reliance on imports, and support the development of medi-
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cine, industry (silicon irradiation), and research. The center will 
become a key hub for nuclear medicine alongside the Dalat re-
search reactor, strengthening Vietnam’s position in this field.
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Abstract. The present study addresses the phosphates’ recovery from 
eutrophic water using iron-functionalized biochar derived from sugarcane ba-
gasse. The biochar, modified with iron, demonstrated high phosphate adsorp-
tion efficiency (98.5% under optimal conditions) and was subsequently used 
as a phosphorus-based fertilizer. Batch experiments optimized parameters like 
dosage, pH, and contact time, while characterization (SEM-EDS, BET) con-
firmed iron integration. The adsorption followed the Freundlich isotherm and 
Pseudo-Second-Order kinetics, indicating multilayer adsorption and chemisorp-
tion. A pot test showed enhanced mustard plant growth, confirming the biochar’s 
potential as a sustainable fertilizer. This research offers an eco-friendly solution 
for phosphate recovery and reuse, addressing water pollution and promoting 
sustainable agriculture.

Keywords: water treatment, biochar, pyrolysis, sugarcane bagasse. 

Introduction. Eutrophication, caused by excessive phospho-
rus (P) release into aquatic ecosystems, is a significant environ-
mental challenge [1]. This study addresses the issue by developing 
a novel approach to recover phosphates from eutrophic water us-
ing functionalized biochar derived from sugarcane bagasse. The 
recovered phosphate is then utilized as a phosphorus-based fertil-
izer for plant growth. The research focuses on modifying biochar 
with iron (Fe) to enhance its phosphate adsorption capacity and 
subsequent use in agriculture.
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The present study aims to: 1) Synthesize and characterize 
iron-functionalized biochar for phosphate recovery from water. 
2) Evaluate the impact of water chemistry parameters on phos-
phate removal efficiency. 3) Utilize phosphate-loaded biochar as 
a P-based fertilizer for mustard plant growth.

Methodology. The raw sugarcane bagasse was collected, 
cleaned, dried, ground, sieved, chemically treated, and stored for 
further use. The bagasse was pyrolyzed at 500°C in the pyrolysis 
reactor (Figure 1) under nitrogen gas to produce biochar, bio-oil, 
and syngas [2]. The biochar was collected and analyzed using tech-
niques like SEM, BET, and FTIR. The biochar was activated with 
iron by treating it with FeCl₃·6H₂O solution, adjusting the pH to 
11, and heating at 60°C. The activated biochar was then neutral-
ized, washed, and dried.

A method using Ammonium Molybdate and Ammonium 
Metavanadate was developed to detect phosphate concentrations 
in water samples [4]. Batch experiments were conducted to study 
the effects of biochar dosage, pH, contact time, initial phosphate 
concentration, and temperature on phosphate adsorption [5]. The 
phosphate-loaded biochar was used as a fertilizer in a pot test with 
mustard plants. Root and shoot lengths were measured to evaluate 
plant growth [6].

Figure 1. Pyrolysis Reactor [3]
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Results and Discussion. As a result, it was established that 
the optimal dosage for phosphate removal was 4 g/L, achieving 
80.25% removal efficiency. Acidic conditions (pH 2) yielded the 
highest removal efficiency (98.5%). The adsorption capacity in-
creased with contact time, reaching equilibrium at 2 hours. Higher 
initial concentrations led to increased adsorption capacity but re-
duced removal efficiency. Adsorption capacity decreased at higher 
temperatures, with optimal performance at 25°C.

The surface morphology of raw and iron-activated biochar 
was analyzed, showing iron integration into the biochar structure, 
further demonstrated in Figure 2 & 3.

It was revealed that iron activation reduced the surface area 
and pore volume of the biochar due to pore blockage. Volatile mat-
ter decreased, and fixed carbon increased after iron activation, and 
the results are presented in Table 1. 

It was observed that the adsorption process followed the Fre-
undlich isotherm model, indicating multilayer adsorption. The 
Pseudo-Second-Order (PSO) kinetic model best described the 

Figure 2. SEM-EDS of Raw Biochar created (designed) by author

Figure 3. SEM-EDS of Activated Biochar created (designed) by author
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adsorption process, suggesting chemisorption as the rate-limit-
ing step.

Table 1
BET and Proximate Analysis created (designed) by author

Charac-
teristics

Raw 
Bio-
char

Iron- 
Bio-
char

Mois-
ture 
Con-
tent

Volatile 
Com-
bus-
tible 

Matter

Fixed 
Car-
bon

Ash
Con-
tent

Pore 
volume 
(cm3/g)

0.05 1

Raw 
Sug-
arcane 
Bagasse 
Powder

12.7 % 67.9 % 16.1 % 3.3%

Pore 
diameter 
(nm)

1.7 1.2 Raw 
Biochar 7.6 % 49.4 % 40 % 3 %

Surface 
area 
(m2/g)

31.6 27.2 Fe-Bio-
char 11.6 % 32.8 % % 2 %

The adsorption process was exothermic and thermodynami-
cally favorable, with a negative Gibbs free energy (ΔG). The mod-
elled data is given below in Figure 4. 

Figure 4. Isotherm Modelling & Gibbs Free Energy created (designed) by 
author
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Experiments show that the addition of iron-activated biochar 
significantly improved the root and shoot lengths of mustard plants, 
demonstrating its potential as a sustainable fertilizer. The pot test 
results are shown in Figure 5 below.

The calculations of cost and benefit analysis were performed. 
It was established biochar production costs:

 – Sugarcane bagasse: 2,200–2,500 PKR/ton.
 – Rice straw: 3,500 PKR/ton.

Maximum phosphate removal efficiency of 98.5% under opti-
mal conditions.

Conclusion. The study demonstrated that iron-functionalized 
biochar is an effective and sustainable solution for phosphate re-
covery from eutrophic water. Under optimal conditions, a removal 
efficiency of 98.3% was achieved. The biochar also showed prom-
ise as a P-based fertilizer, enhancing plant growth. The research 
highlights the potential of biochar in addressing water pollution 
and promoting sustainable agriculture.
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Abstract. Environmental education is a critical component of sustainable 
development, equipping individuals with the knowledge and skills necessary to 
protect natural ecosystems. Traditional teaching methods, while effective, often 
fail to fully engage young learners in an era dominated by digital technology. 
The integration of digital tools such as interactive websites, mobile applica-
tions, virtual and augmented reality, online courses, and gamified learning has 
transformed the way environmental education is delivered. These tools enhance 
accessibility, interactivity, and engagement while providing real-world connec-
tions through live data and citizen science projects. However, challenges such 
as unequal access to technology, misinformation, and screen fatigue must be ad-
dressed to maximize the impact of digital education. The future of environmen-
tal education lies in leveraging artificial intelligence, blockchain, and immersive 
experiences to create adaptive and personalized learning solutions. This paper 
explores the significance of digital tools in fostering environmental awareness 
and outlines how educators, students, and organizations can contribute to a more 
sustainable future.

Keywords: Digital education, sustainability, gamification, virtual reality, 
augmented reality, citizen science, environmental awareness, artificial intelli-
gence in education, e-learning

Introduction. Environmental education goes beyond tradi-
tional classroom instruction; it fosters an ecological mindset that 
encourages responsible decision-making and sustainability prac-
tices. In today’s digital age, engaging young learners requires more 
than textbooks and lectures. Digital tools provide an innovative 
approach to environmental education, making complex ecological 
concepts more accessible and engaging [1].

By utilizing interactive platforms, mobile applications, aug-
mented and virtual reality experiences, and gamified learning 
strategies, educators can transform how students perceive environ-



82

mental issues. These tools not only enhance understanding but also 
inspire students to take meaningful action. This paper explores the 
role of digital tools in environmental education, highlighting their 
benefits, challenges, and future potential in shaping a new genera-
tion of sustainability advocates.

The importance of digital tools in environmental educa-
tion. The use of digital tools in environmental education is essen-
tial for several reasons. First, digital learning resources provide ac-
cessibility, allowing students from various geographical locations 
to engage with environmental content. This is particularly import-
ant in remote or underserved regions where traditional educational 
resources may be limited.

Another key advantage is interactivity. Augmented reality (AR) 
and virtual reality (VR) offer hands-on experiences that make learn-
ing about the environment more immersive. Gamification and sto-
rytelling add an additional layer of engagement, making complex 
ecological concepts easier to grasp. Furthermore, real-world connec-
tions are fostered through digital tools that provide access to live 
environmental data, citizen science initiatives, and virtual field trips.

Key digital tools for environmental education. A variety 
of digital tools enhance environmental education by providing 
interactive, engaging, and impactful learning experiences. These 
include [2]:

 – Interactive websites and platforms;
 – Mobile applications for sustainability;
 – Virtual and augmented reality in environmental education;
 – Gamification and serious games;
 – Citizen science and community engagement.

Challenges in implementing digital environmental educa-
tion. Despite the numerous benefits of digital tools, several chal-
lenges must be addressed to ensure their effective implementation 
in environmental education.

One of the primary issues is unequal access to technology. 
Many students, particularly in low-income communities, do not 
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have reliable internet access or digital devices. This digital divide 
limits the reach of online environmental education resources.

Another challenge is the spread of misinformation. Digital 
platforms must ensure that the content provided is scientifically 
accurate and sourced from credible institutions. Teachers and ed-
ucators play a crucial role in guiding students toward reliable re-
sources.

Screen time fatigue is also a growing concern. While digital 
tools can enhance learning, excessive screen exposure can lead to 
disengagement and physical strain. A balanced approach that com-
bines digital learning with outdoor activities is necessary to main-
tain student engagement.

Finally, scalability and cost are barriers to widespread adop-
tion. High-quality digital tools, particularly VR and AR applica-
tions, require significant investment, making them less accessible 
to schools with limited funding. Governments and educational or-
ganizations must work together to make these technologies afford-
able and widely available.

The future of digital environmental education. Looking 
ahead, the integration of artificial intelligence (AI), blockchain, 
and immersive learning technologies will shape the future of digi-
tal environmental education. AI-powered platforms will personal-
ize learning experiences, adapting content to individual students’ 
progress and preferences. Blockchain technology will enhance 
sustainability tracking, ensuring transparency in environmental 
efforts. The expansion of VR and AR field trips will further revo-
lutionize how students interact with environmental topics, making 
learning more immersive than ever before.

As digital tools continue to evolve, the goal should be to cre-
ate an inclusive and engaging learning environment that empowers 
individuals to take action for a more sustainable future.

Conclusions. Digital tools have revolutionized environmental 
education by making learning more accessible, interactive, and en-
gaging. From mobile apps and virtual reality to gamification and 
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citizen science projects, these tools are equipping the next genera-
tion with the knowledge and motivation to take action for sustain-
ability. However, addressing challenges such as the digital divide, 
misinformation, and cost barriers will be essential for maximizing 
the impact of these innovations.

The future of environmental education lies in innovation, ac-
cessibility, and global collaboration. By integrating digital tools 
effectively, educators, students, and organizations can contribute to 
a more sustainable world. Now, more than ever, leveraging tech-
nology for environmental education is not just an opportunity – it 
is a necessity for creating a greener, more informed future.
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Abstract. The rapid growth of the chemical industry necessitates the de-
velopment of innovative methods for assessing the safety and environmental ef-
ficiency of chemical processes. This paper presents a model for the comparative 
analysis of chemical processes based on the 12 principles of green chemistry. 
The model incorporates an informational block, a functional block, and a report 
output block to streamline assessment. A quantitative evaluation framework was 
developed using mathematical formulas and specific coefficients, which con-
sider mass indicators and physicochemical parameters of processes producing 
the same chemical product. This approach enables a systematic comparison of 
environmental efficiency, contributing to the advancement of sustainable indus-
trial practices.

Keywords: green chemistry, environmental efficiency,chemical processes. 

One of the main challenges of modern chemistry is the assess-
ment of the environmental parameters of chemical processes [1] 
and the integration of this data into a broader context for analyzing 
the life cycle of chemical products, for which numerous tools are 
available. Various approaches and criteria are applied for the quan-
titative evaluation of the environmental performance of chemical 
processes. The choice of assessment method largely depends on 
the specific objectives of process optimization and the area of ap-
plication, making it difficult to develop a universal algorithm suit-
able for different sectors of the chemical industry and scientific-ed-
ucational activities [2].

Nevertheless, various methods and tools have been developed 
to meet specific user needs. These tools utilize well-known indica-
tors, such as Process Mass Intensity (PMI), Environmental Factor 
(E-factor), and target product yield, to evaluate the efficiency of 
chemical processes, ensure the safety of reagents, and minimize 
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the use of toxic substances. Furthermore, new indicators are being 
introduced, such as Eco-Scale, GAPI (Green Analytical Procedure 
Index), and AGREE (Analytical Greenness Metric Calculator) in 
analytical chemistry, as well as iGAL (Innovation Green Aspira-
tion Level), AMGS (Analytical Method Greenness Score), and 
eco-labeling in pharmaceutical chemistry [3].

The Green Chemistry Metrics (GCM) toolkit is successfully 
used to raise awareness of the concept of green chemistry in edu-
cational processes [4]. Additionally, active efforts are being made 
to develop automated algorithms based on this method, which can 
be utilized by chemical raw material manufacturers and research-
ers in the planning of chemical synthesis. This methodology for 
assessing the compliance of chemical processes with the principles 
of green chemistry was developed by a team of scientists from the 
American Chemical Society. The approach includes specific algo-
rithms for each of the 12 principles of green chemistry, based on 
chemical data available from various sources, including the Glob-
ally Harmonized System of Classification and Labeling of Chemi-
cals (GHS) database.

In this study, this method is utilized to develop a new algo-
rithm aimed at improving the assessment and optimization of 
chemical processes in accordance with green chemistry principles. 
The scores calculated for each principle are used to evaluate al-
ternative processes, and a ranking strategy is applied to eliminate 
uncertainty when comparing aggregated data due to different mea-
surement scales [5].

The design stage includes the development of the software 
architecture and the creation of mathematical algorithms with 
a focus on the efficient use of computational resources. The user 
interface is designed with particular attention to intuitiveness and 
high-quality data visualization. During the implementation of this 
stage, a flowchart of the program’s conceptual framework was de-
veloped (Figure 1), incorporating architectural blocks as well as 
blocks for data output and visual interpretation [6].
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The “Green Chemistry Metrics” methodology was used as 
the basis for developing mathematical algorithms to assess the 
compliance of chemical processes with the principles of green 
chemistry. This methodology considers mass indicators, substance 
hazard factors for humans and the environment, as well as energy 
consumption parameters. The original formulas of this method-
ology were modified and adapted to enable the use of data from 
regulatory documents of the Russian Federation, including GOST 
32419-2022: Hazard Classification of Chemical Products. General 
Requirements. For example, the formula for Principle 1, “Waste 
Prevention,” is as follows:

i

n

waste waste

product

m HC

m
� �� �

.

, where

mwaste – mass of substances produced during the synthesis pro-
cess that are not desired for the specific process (excluding water);

HCwaste – hazard coefficient of the waste;
mproduct – mass of the desired substance that the process aims 

to produce.

Figure 1. Block diagram of the software functionality (developed by the 
author)
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Abstract. The current stage of development of chemistry tends to use 
green chemistry methods in laboratory and industrial processes. As a result, im-
proving the safety of the substances used and the processes implemented should 
contribute to the achievement of the Sustainable Development Goals, which 
is a global task for the entire world community. The paper considers a method 
for obtaining polymeric sulfur (sulfur-containing polymers) using high-energy 
chemistry, namely the effect of accelerated electrons. The paper also considers 
various methods of physicochemical analysis that can be used to study the ob-
tained sulfur-containing polymers.

Keywords: sulfur, green chemistry, energy efficiency, Sustainable Devel-
opment Goals.

The concept of sustainable development aims to meet the 
needs of the present without compromising the ability of future 
generations to meet their own needs. In 2015, the United Nations 
adopted 17 Sustainable Development Goals (Figure 1), including 
Goal 12: Ensure sustainable consumption and production patterns. 
Green chemistry, aimed at developing chemical processes and 
products that minimize the use and formation of harmful substanc-
es, reduce the negative impact on the environment and promote 
sustainable development, can act as an effective tool for achieving 
the Sustainable Development Goals [1].

Among the principles of green chemistry, one can mention 
the principle of energy efficiency (preference for reactions at room 
temperature and pressure), the principle of safety (use of substanc-
es that are safe for humans and the environment). Based on these 
principles, it was proposed to use such a method of high-energy 
chemistry as irradiation with accelerated electrons for the polym-
erization of elemental sulfur, which is safer than the use of radio-
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nuclides as radiation sources [2]. High-energy chemistry plays an 
important role in various scientific and industrial fields, including 
materials science, nuclear energy, aerospace industry, etc.

Accelerated electron irradiation does not require high temperatures 
and pressures, and does not involve the use of radionuclides as sources 
of high-energy radiation, which increases the safety of the process.

Electron accelerators are based on the principle of using elec-
tric fields to increase the speed of electrons, which can then be used 
in scientific research, medical diagnostics, material processing, and 
other areas. Electron accelerators can be of various types, including 
linear accelerators and cyclic accelerators [3]. Electron accelerators 
are used to polymerize coatings on the surface of materials, create 
durable and lightweight materials for the aerospace and automotive 
industries, sterilize biocompatible materials, and manufacture thin 
films and insulating materials. This approach is highly environmen-
tally friendly due to the absence of harmful chemicals.

Polymer sulfur is of great importance in chemistry, materials 
science and industry because polymer sulfur has unique properties 
such as high strength and heat resistance.

Figure 1. Sustainable Development Goals
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Elemental sulfur samples were irradiated on the electron ac-
celerator “Elektronika” UELV-10-10-S-70 with a magnetron MI-
470 (CJSC “INTECH”, Novovoronezh), the electron energy was 
7 MeV [4]. To increase the efficiency of polymerization, various 
cross-linking agents were also used. The complex composition 
of the resulting substances requires that considerable attention be 
paid to various methods of physicochemical analysis to determine 
the composition and properties of the polymerization products.

Let us consider these methods, which allow us to study the 
structure, composition and properties of sulfur at different stages 
of polymerization [5].

One important research method could be differential scanning 
calorimetry (DSC), that is, measuring thermal effects (heat absorp-
tion or release) during sulfur polymerization, but conducting such 
studies under accelerated electron irradiation conditions can be 
technically difficult.

X-ray diffraction (XRD) allows the structure of sulfur to be 
investigated at different stages of polymerization, identifying dif-
ferent phases (e.g. S8, S6, polymer chains) and their changes.

The composition of the obtained sulfur-containing polymers 
can be determined using infrared spectroscopy (IR spectroscopy), 
Raman spectroscopy and mass spectroscopy, which allows studying 
its molecular structure. Nuclear magnetic resonance (NMR) allows 
studying the local environment of sulfur atoms, which shows the pos-
sibility of incorporating other elements into the polymer structure. 
The use of scanning and transmission electron microscopy (SEM, 
TEM) allows visualizing the morphology of sulfur at the micro- and 
nanolevel, shows the formation of fibers or films of polymer sulfur.

Rheological analysis, including determination of viscosity and 
study of the mechanical properties of sulfur during polymerization, 
allows us to evaluate the change in the properties of the material 
during the transition to the polymer form.

To conduct the listed studies of elemental sulfur, it is proposed to 
use the equipment of the D. I. Mendeleev Center for Collective Use.
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Abstract. Pollution of natural environments with heavy metals (HMs) is 
a pressing global issue, with lead, cadmium, copper, and other HMs becom-
ing persistent components of urban and industrial air. These pollutants, emitted 
from metallurgical plants, thermal power stations, and highways, can travel long 
distances before settling on soil and vegetation. Soil acts as both a source and 
a filter for HM pollution, impacting agricultural productivity and public health 
through dust dispersion. This study explores the use of vegetation as a bioindi-
cator for soil contamination by mobile forms of HMs. A model experiment was 
conducted using soil from the Upper Bolshaya Sestry River Nature Reserve, 
uncontaminated by anthropogenic or natural HM sources. HMs (chromium, 
lead, cadmium) were introduced in concentrations equivalent to 1–50 maximum 
allowable concentrations (MACs) for acidic loams and clays. Oats, watercress, 
arugula, barley, and wheat were sown to assess germination rates and HM bio-
indication potential. The study identified concentration-dependent germination 
responses and established ranges for effective bioindication. This research con-
tributes to developing methods for monitoring and assessing environmental pol-
lution, supported by the R&D framework of the Russian Hydrometeorological 
Service.

Keywords: heavy metals, soil pollution, bioindicators, environmental 
monitoring, agricultural soils, mobile forms of heavy metals, pollution assess-
ment, geochemical barrier.

Plant germination serves as a vital indicator of soil pollution 
with heavy metals, as the presence of these toxic elements can sig-
nificantly impair seed viability and growth. Heavy metals such as 
lead, cadmium, and arsenic can disrupt physiological processes in 
plants, leading to reduced germination rates, stunted growth, and 
altered biochemical responses. By assessing the germination suc-
cess and subsequent development of various plant species in con-
taminated soils, researchers can gauge the extent of heavy metal 
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pollution and its potential ecological impacts. This bioassay ap-
proach not only highlights the toxicity levels of the soil but also 
provides insights into the broader implications for food safety and 
ecosystem health, underscoring the need for effective soil manage-
ment and remediation strategies.

Pollution of natural environments with heavy metals (HM) is 
one of the main problems of our time. Lead, cadmium, copper, 
nickel, zinc, chromium, vanadium, etc. have become almost con-
stant components of the air of industrial centers and urban agglom-
erations [1]. Dispersed with emissions and dust from metallurgical 
and mining enterprises, thermal power plants, highways, etc., HM 
can be transported over significant distances, after which they set-
tle on vegetation and soil [2].

Soil in the context of HM can be both a primary or secondary 
source of pollution, and a filter or geochemical barrier capable of ac-
cumulating HM [1]. Pollution of agricultural soils with HM is often 
accompanied by a redistribution of their forms of occurrence and ac-
cumulation of vegetation, and pollution of soils of urban agglomera-
tions affects the health of the population due to the rise of soil dust [3].

In this work, the possibility of using various types of vegeta-
tion as a bioindicator of soil pollution with mobile forms of heavy 
metals was considered. For this purpose, a model experiment was 
conducted.

The model experiment was conducted using soil sampled in the 
territory of the Upper Bolshaya Sestry River Nature Reserve, locat-
ed far from both anthropogenic and natural sources of heavy metal 
pollution. Heavy metals were added to the soil in the form of aque-
ous solutions of their salts (chromium sulfate (III), lead nitrate (II), 
cadmium chloride (II)) in quantities equivalent to 1, 2, 5, 10, 25 and 
50 MACs of these heavy metals in pure form for acidic loams and 
clays (in accordance with SanPiN 1.2.3685-21). After introducing 
HM into the soil, oat (Avena sativa L.), watercress (Lepidium sa-
tivum L.), arugula (Eruca sativa Mill.), barley (Hordeum vulgare L.) 
and wheat (Triticum aestivum L.) seeds were sown into it (Fig. 1). 
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The experiment helped to establish specific dependencies of 
the germination parameter of the plants used on the concentrations 
of mobile forms of HM, as well as to determine the range of con-
centrations in which the proposed plants can be used for bioindica-
tion. Data on the germination of wheat seeds were obtained Fig. 2.

Figure. 1. Wheat (Triticum aestivum L.)

Figure. 2.  On the vertical axis, the number of germinated wheat seeds on the 
horizontal axis, the MPC values
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The research was partially carried out within the framework 
of the R&D topic “Development and modernization of methods 
and technologies for integrated background monitoring and inte-
grated assessment of the state and pollution of the environment 
of the Russian Federation and its dynamics (based on integrated 
results of monitoring networks of the Russian Hydrometeorolog-
ical Service)”. 
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Abstract. River pollution can be classified into several types, each with 
its own sources and consequences. The first type is chemical pollution caused 
by the discharge of wastewater from industrial enterprises such as factories and 
plants, which often discharge heavy metals, oil products and chemicals into the 
river, which leads to deterioration of water quality. The second type is biological 
pollution caused by the discharge of untreated or insufficiently treated wastewa-
ter containing pathogenic microorganisms, which poses a threat to human health 
and the ecosystem. The third type is physical pollution, including the presence 
of garbage and plastic waste that accumulate in the riverbed and impede the 
movement of water, as well as negatively affect flora and fauna. Finally, an 
important aspect is noise pollution caused by transport and construction along 
the banks, which also affects the river ecosystem. All these types of pollution 
require a comprehensive approach to solving the problem and active measures 
to protect water resources.

Keywords: heavy metals, sources of pollution, the Moscow River. 

The UNESCO Department of “Green Chemistry for Sustainable 
Development” of the Mendeleev Russian State Technical University 
has long been investigating the sources of pollution of urban areas 
and, in particular, water resources [1]. Pollution of the Moscow Riv-
er is a serious environmental problem caused by a combination of 
factors such as wastewater discharge, industrial pollution and illegal 
dumping. For many years, the river has suffered from pollution by 
chemicals, heavy metals and organic waste, which negatively affects 
the ecosystem and public health. Despite efforts to clean and restore 
the water bodies, including projects to modernize treatment facili-
ties and improve water quality, the river still needs a comprehensive 
approach to solving the problem, including raising public awareness 
and monitoring compliance with environmental standards.
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Monitoring river water pollution is an important task for en-
suring environmental safety and sustainable use of water resourc-
es. Heavy metals (HM) play a special role among other water pol-
lutants due to their unique properties and potential danger to living 
organisms and the ecosystem as a whole. In view of this, it is nec-
essary to determine the degree of river water pollution and assess 
potential sources of pollution.

To assess the content of heavy metals, field studies were con-
ducted at several sections of the river. For this purpose, 3 sam-
pling points were selected (Fig. 1). Water samples were collected 
in different seasons of the year in sterile plastic tubes, after which 
they were subjected to laboratory analysis using atomic absorption 
spectrometry.

Figure. 1. Sampling points on the Moscow River [2]
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The analysis showed a slight excess of permissible concentra-
tions of a number of heavy metals, such as copper and manganese, 
especially in the area of large industrial enterprises and transport 
hubs. Wastewater in urban conditions contains a wide range of 
pollutants, among which may be copper compounds, for example, 
household chemicals, paints – all this can contain traces of cop-
per and manganese, the second is contained in minerals and rocks 
that are found in the geological layers of the Moscow River basin 
[3]. Sewage systems and treatment facilities are not always able 
to effectively remove these pollutants, which is confirmed by the 
city administration. It is also worth noting the high wear of treat-
ment facilities, most of which were built in the 60-70s of the last 
century. Under the influence of the environment, copper gradually 
dissolves and enters the reservoir through rainwater and ground-
water (Table 1.). Thus, the study emphasizes the need for further 
ongoing control and monitoring of the content of heavy metals in 
the Moscow River.

Table 1
HM content (mg/l) in the Moscow River

Sampling point / date Cu Mn Fe Zn

1 / 05.04.24 0,0008 0,0281 0,0485 0,0019

2 / 03.04.24 0,0013 0,0073 0,0263 0,0025

3 / 10.04.24 0,0024 <0,0034 <0,0062 0,0049

1 / 30.07.24 <0,0005 0,0099 0,0158 0,0013

2 / 31.07.24 <0,0005 0,0090 0,0128 <0,0005

3 / 02.08.24 0,0019 0,0056 0,0175 0,0040

1 / 08.10.24 <0,0005 0,0056 0,0194 0,0008

2 / 10.10.24 <0,0005 0,0055 0,0089 <0,0005

3 / 10.10.24 0,0026 0,0088 0,0262 0,0036
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Abstract. The aim of the study is to evaluate the efficacy of aqueous sumac 
(Rhus coriaria) seed extract in the growth and inhibition of some pathogenic fungi 
and identify the chemical compounds contained in the extract by analyzing the ex-
tract. Plants are a major source in many industrial, medicinal and agricultural ap-
plications due to the production of many chemical compounds which are second-
ary metabolites of plants, as opposed to those found in pharmaceutical compounds 
and chemical pesticides. The objective of this study is to determine the phyto-
chemical separation of Rhus coriaria seed extract using GC-Mass technology and 
the role of these compounds as biological control agents in inhibiting the growth 
of some fungi that infect plants, especially field crops. GC-Mass analysis showed 
the presence of many chemical compounds such as eneicosane, ethyl phthalate, 
docosane, tetratriacontane, eicosane, docosane, heptacosane, 5,6-benzoquinoline, 
silicic acid, diethylbis(trimethylsilyl)ester, oxasiloxane and hexadecamethyl. This 
study investigated the effect of different concentrations of aqueous extract of Rhus 
coriaria sumac seeds. plant on the growth of phytopathogenic fungi.

Keywords: Sumac, GC-mass analysis, chemical compounds, phyto-
pathogens.

Introduction. Rhus coriaria.L. belongs to the plant family 
(Anacardiaceae), commonly called sumac due to its strong anti-
bacterial activity. Rhus coriaria is an edible medicinal herb en-
demic to Journal Pre-proof 6 Mediterranean regions, widely 
known and used as a spice in cooking. The fruits are the main 
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part of the sumac plant consumed by humans [1]. Sumac (Rhus 
coriaria L.) is the only native species of the genus Rhus in Iraq. 
The natural distribution of the genus is in the Mediterranean and 
North Africa, as well as Iran, the Caucasus and Central Asia [2]. 
As for the root of the word, some believe that it is derived from 
“Sumaga” in Syriac, which often means “red” [3]. More than 200 
compounds have been identified and labeled from the plant Rush 
coriaria, most of which are associated with medicinal activity [4]. 
Sumac contains many chemical compounds including a number of 
Some of these compounds are of medicinal importance including 
phenolic compounds as sumac contains approximately 15–20% 
polyphenolic compounds most of which are classified as tannins. 
In addition to the presence of gallic acid in small amounts which 
is one of the simple phenolic compounds [5], Among the pheno-
lic compounds that sumac also contains are 4-methoxy-3,5- and 
methyl gallate dihydrobenzoic acid [6]. The toxicity of a phenolic 
compound to microorganisms depends on the location and amount 
of this group or hydroxyl groups attached to the aromatic ring. 
The greater the number of hydroxyl groups, the higher its toxic-
ity. Phenolic compound for microorganisms [7]. Sumac has been 
known on the surface of the globe since ancient times, so that its 
fruits have been preserved as fossils since the Middle Dialogue pe-
riod, but in our modern era, about 120 species of sumac have been 
discovered, spontaneously distributed in dry calcareous earths or 
calcareous silts, and sandy-calcareous, from hot, subtropical and 
temperate regions surrounding the Mediterranean basin, southern 
France (lower and central part of the coastal Alps), southern Italy 
(Sicily), northern Africa (Egypt and Algeria), western Asia (Sina-
ia, Palestine) and especially in the Salfit region, southern Lebanon 
and Syria, northern Iraq. Sumac contains many antioxidants that 
help reduce damage caused by oxidative stress in the body and 
protect cells from damage. Below are some of the antioxidants and 
bioactive compounds found in sumac that are responsible for its 
beneficial properties [8].



103

Materials and Methods. Followed method of Harbon (1984) 
for the preparation of aqueous extracts of sumac seeds. 20 grams 
of dry weight of the plant (sumac seeds) were sterilized with 1% 
sodium hypochlorite solution, dried with filter paper, then dried by 
placing them in an electric oven at 50 degrees Celsius and ground 
with an electric mill. The resulting powder was stored in sterile 
glass jars until used in the preparation of the aqueous extract. and 
placed in a 500 ml glass beaker containing 200 ml of distilled wa-
ter. The plant material was then stirred with an electric mixer on 
a hot plate for 30 minutes and the solution was left for 30 minutes. 
After that, it was filtered with filter paper to separate large plankton 
and the filtrate was transferred to a centrifuge. A Hera-type central-
izer at a speed of 3000 rpm for 10 minutes to precipitate the small-
est phytoplankton and obtain a finely dispersed plant extract [9].

Results and Discussion.The present results revealed the 
bioactive components present in sumac seed extract using gas 
chromatography-mass spectrometry (GC-MS). Table 1 and Fig-
ure 1, expressed in terms of retention time (RT) and concentra-
tion (percentage of peak area), show the presence of 10 bioactive 
phytochemical compounds in sumac seed extract belonging to 
specific compound groups. Among the identified phytochemi-
cals were: a white, waxy, saturated crystalline hydrocarbon solid, 
a teratogenic agent, alkane 87, a long-chain alkane, a hydrocar-
bon used in the petrochemical industry, alkane 91, heptocosan 
91, 5,6-benzoquinoline, silicic acid, and octasiloxane (hexa-
decamethyl). The analysis results were similar to those of the 
10 chemical compounds identified by GC-MS. Several chemical 
compounds were identified. [10].

Table 1 shows the chemical components of sumac seed extract, 
which were identified by mass spectrometry and gas chromatogra-
phy in terms of specificity, peak area, peak time, and percentage, as 
detailed in the table below, also appeared in the spectroscopic anal-
ysis. The results of this analysis are also consistent with Al-Kabaili 
[11].and Saba Shahrivari [12].
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Table 1
Results of spectral analysis using GC-MS chromatogram  

of aqueous extract of Sumac seeds

No RT 
(min)

Area 
(Ab*s)

Area 
%

Name of Chemical 
compounds

Qua- 
lity

CAS  
Number

1 18.791 2865297 9.58 Heneicosane 91 000629-94-7
2 19.946 3323938 11.34 Ethyl phthalate 96 000084-66-2
3 22.831 4038663 13.98 Docosane 87 000629-97-0
4 23.556 2440268 8.93 Tetratriacontane 90 014167-59-0
5 26.467 3673402 14.02 Eicosane 93 000112-95-8
6 27.31 2017958 6.49 Docosane 91 000629-97-0
7 29.768 2109716 10.03 Heptacosane 91 000593-49-7
8 32.471 2486251 8.55 5,6-Benzoquinoline 38 000085-02-9

9 39.526 2202990 7.85
Silicic acid, diethyl 
bis(trimethylsilyl) 
ester

43 003555-45-1

10 46.72 3920045 3.80 Octasiloxane, hexa-
decamethyl 72 019095-24-0

Conclusion/ We conclude that it is possible to use the aqueous 
extract as an alternative or auxiliary biopesticide to control patho-
gens affecting plants and field crops because it contains chemical 

Figure 1. GC-MS chromatogram of aqueous extract of Rhus coriaria seeds
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compounds that have an effective antifungal function. According 
to the above analysis to determine the chemical compounds of the 
extract, sumac is also considered to be an inexpensive and envi-
ronmentally friendly plant compared to commercial chemical pes-
ticides used to control pathogens.

REFERENCES

1. Abdul-Jalil, T.Z., 2020. Rhus coriaria (Sumac): The magical spice, in: 
Akram, M., Ahmad, R.S. (eds.), Herbs and Spices. IntechOpen, pp. 39–52. 
https://doi.org/10.5772/intechopen.  92676”.

2. Sahr. K., S. El-Khatib., 2020. Physicochemical properties and medici-
nal, food and industrial applications of Lebanese sumac (Syrian sumac – 
Rhus coriaria): a review Heliyon, 6 (1), article e03207, 10.1016/ j. he-
liyon. e03207.

3. Nasar-Abbas, S. M., Halkman, A. K. and Al-Haq, M. I. Inhibition of some 
food bacteria by ethanol extract of sumac (Rhus coriaria L.). J. Food Saf. 
24, 2004. 257–267

4. Abu-Reida, I. M., Jamous, R. M. and Ali-Shtaeh, M. S., 2014.  Phyto-
chemistry, pharmacological properties and industrial applications of Rhus 
coriaria L. (Sumac). Jordan J. Biol. Sci. 7, 233–244

5. Van Loo P., De Bruijn A., 1988. On the liquid chromatographic identifi-
cation of flavonoids present in “sumac tannic acid” extracted from Rhus 
coriaria, 25(1).

6. Raine S., Mazza G., 2007. Plant Foods from Human Nutrition, 62(4), 165.
7. Ghazwan TN., 2008. Antibacterial Activity of Extracts of Two Phenolic 

Compounds from Sumac Plant, Department of Life Sciences/College of 
Education – University of Basra – Issue 34 Vol 2., Iraq. 2695ــ1817 ــ 
ISSN

8. Farzad S., Seyedeh TR, Asadollah R., et al., 2014.  “Effect of sumac (Rhus 
coriaria L.) powder on serum glycemic status, ApoB, ApoA-I and total 
antioxidant capacity in type 2 diabetes patients”, Iranian Journal of Phar-
maceutical Research, Issue 4, Vol.13, Page 1249-1255

9. Harbon JB., 1984. Phytochemical Methods. Handbook of Modern Plant 
Analysis Methods. 2nd. Ed. London, New York, Press., New York, San 
Francisco.

10. Nafiseh F., F Sotoudegan, A. A. Sepahy, M. R.Fazeli., 2024. Antibac-
terial and antioxidant properties of sumac aqueous extract on methicil-
lin-resistant Staphylococcus aureus. Research square. DOI: 10.21203/
rs.3.rs-3980124/v1



106

11. Al-Kabaili. M, Muhammad. T, and S. Al-Maghribi., 2017. Isolation of to-
mato wilt fungus Fusarium oxysporum and the effect of some of its iso-
lates on tomato plant growth. Journal of Al-Baath University, 39:11.

12. Saba Shahrivari, Saeed M. Saeed Zebari, Saeed Alizadeh-Salteh, Hadar S. 
Feizi ,Mohammad Reza Morshedloo., 2014. Phytochemical variations in 
antioxidant and antibacterial activities among Zebaria sumac (Rhus cori-
aria var. zebaria) populations in Iraq., Published online doi: 10.1038/
s41598-024-53635-7.



107
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Abstract. The quality of wheat grain is a key priority for Kazakhstan’s 
agricultural sector, as the country is one of the active producers and exporters 
of strong wheat. The protein-gluten structure of the grain, which determines the 
baking properties of flour, largely depends on the Gli (gliadins) and Glu (glu-
tenins) genes. The introduction of molecular genetic marker-assisted selection 
methods, in turn, opens new opportunities for wheat breeding in this direction, 
allowing for precise identification of beneficial gene alleles responsible for high 
grain quality.

However, in Kazakhstan, the application of these technologies faces sev-
eral large-scale implementation limitations, including the introduction of com-
prehensive genetic research at the regional level, a shortage of specialists in this 
field within the country’s breeding centers, and the need for more extensive 
technical support. Despite the extensive study of these wheat quality genes, 
breeding material must be continuously expanded, including through the intro-
duction of foreign genotypes, necessitating their screening and the search for 
donor varieties carrying the desired genetic information.

This review examines the significance of Gli and Glu genes for the quality 
of spring soft wheat, as well as the still relevant prospects for their use in Ka-
zakhstan’s breeding practices. It analyzes key issues in the country’s agricultural 
sector related to grain quality and discusses the potential of molecular mark-
er-assisted selection as a tool for targeted breeding. The use of molecular mark-
ers in wheat breeding enhances selection efficiency, enabling the development 
of varieties with the most successful combinations of target genes that meet the 
high standards of the global market, ultimately increasing Kazakhstan’s export 
potential as a supplier of high-quality grain.

Keywords: wheat, grain quality, Glu and Gli genes, molecular markers, 
breeding, Kazakhstan.

Introduction. Wheat is a strategically important crop for Ka-
zakhstan, which ranks among the world’s leading grain exporters. 
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The dynamics of grain exports show a stable growth in the period 
2019-2023: in 2019, more than 5.2 million tons of grain were ex-
ported to 26 countries, in 2021 the export volume increased to 5.7 
million tons, and in 2023 reached a peak of 7.2 million tons. At 
the same time, there is a temporary decline in exports in 2024 – in 
eight months, they amounted to only 3.1 million tons, which is 1.6 
times less than in the same period of the previous year (see Figure). 
The number of importing countries has also decreased to 12 [1].

The decline in export performance is due to several factors. 
In 2023, Kazakhstan’s agricultural producers faced unfavorable 
weather conditions that resulted in lower grain yields and quality. 
Of the total harvest of 12.1 million tons, about 40% did not meet 
quality standards, and 35% was classified only as Class 3 grain. 
But in general, Kazakh wheat remains competitive in the interna-
tional market, although it needs breeding improvement to meet the 
requirements of production and climate change [2].

So, the quality of flour is directly related to the protein and gluten 
structure of the grain, the main components of which are glutenins and 
gliadins [3,4]. These proteins form gluten, which has a determining 
influence on the rheological properties of dough and the final charac-
teristics of baked goods. High gluten content and an optimal ratio of 
gliadins and glutenins improve the elasticity and flexibility of dough, 
which is especially important for baking and pasta production.

Figure. Wheat exports in tons
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The role of Gli and Glu genes in the formation of grain 
quality. Modern methods of molecular genetic labeling make it 
possible to significantly increase the efficiency of the breeding pro-
cess by identifying genetic determinants of grain quality at early 
stages of selection. The Glu and Gli genes are of particular impor-
tance here [5–7]:

• Glu – encodes the high molecular weight glutenin subunits 
responsible for the structure and elasticity of gluten. These proteins 
are critical to the elasticity of dough, its ability to retain gases during 
fermentation and to create an optimal structure during baking.

• Gli – encodes gliadins, which ensure the extensibility of 
gluten. Gliadins play a key role in improving the texture of the 
dough, giving it the necessary softness and extensibility, which is 
of paramount importance for the production of high-quality bakery 
and pasta products.

Allelic variants of these genes affect baking properties. For 
example, allelic variants of Glu-1 and Glu-3 are associated with 
dough properties and bread baking quality [8], while Gli-A2 genes 
affect gluten extensibility [9]. The optimal combination of these 
alleles provides the balanced rheological characteristics necessary 
to produce high-quality products.

Prospects for application of molecular markers in wheat 
breeding in Kazakhstan. Application of marker-assisted selec-
tion (MAS) is a promising approach to accelerate the development 
of new varieties of spring soft wheat with improved quality char-
acteristics. This method allows:

1. Identify genotypes with favorable combinations of alleles 
of Gli and Glu genes at early stages of the breeding process.

2. Reduce the time and material costs of traditional pheno-
typic testing.

3. Improve the accuracy of selection by a complex of grain 
quality traits.

4. Targeted combination of alleles determining high baking 
properties with genes for resistance to abiotic and biotic stresses [10].
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The introduction of molecular genetic approaches will make it 
possible to create competitive varieties that meet the high require-
ments of the world market.

Conclusion. Identification of Gli and Glu genes in the creation 
of new wheat source material accumulating in its genetic compo-
sition qualitative characteristics of grain is an actual direction of 
research that can increase the accuracy of selection. The develop-
ment of domestic breeding on the basis of molecular genetic mark-
ers will allow not only to ensure consistently high quality of grain, 
but also to strengthen the position of Kazakhstan in the world mar-
ket as a supplier of high quality wheat.
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