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A Genetic Algorithm for Optimizing the Lifetime
of Power Generation Equipment
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Abstract — In this study, we numerically solve an
optimization problem of power generation equipment
dismantling dynamics. The mathematical modeling
aims to make a long-term forecast that determines the
most efficient strategy for commissioning new
capacities. This approach minimizes total costs,
ensuring the required level of electricity demand. The
mathematical formulation of the problem is
represented through the Volterra integral equation of
the first Kind with variable limits. A key feature of the
problem is determining the required parameter within
the integration limits of both the functional and the
constraints. The developed approach to finding an
approximate solution to this problem relies on a genetic
algorithm and factors in the constraints on
commissioning capacity during the forecast period and
on extending the equipment lifetime. The effectiveness
of the proposed approach is illustrated through its
comparison with the existing methods.

Index Terms — Electric power system, equipment
dismantling problem, Volterra integral equation of the
first kKind, genetic algorithm.

I. INTRODUCTION
Mathematical modeling provides the fundamental tools
for describing physical processes in energy systems. At
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present, the dissemination of the Smart Grid concept
largely depends on the successful application of systems
analysis, facilitating a qualitative transition to energy
systems with intelligent infrastructure and the effective use
of modern information technologies. The current scientific
approach to formalizing metamodels, including both their
mathematical descriptions and their “physical meanings”
[p. 79, 1], should be complemented by conceptual models
based on ontologies [1].

Until recently, the primary tools for systems research in
the energy sector were mathematical modeling and
forecasting methods, complemented by systems supporting
strategic decision-making based on semantic models and
visual analytics (including cognitive graphics) [3, 4].
Typically, when substantiating strategic decisions, it is
necessary to formalize the integration of software tools
and a hierarchical knowledge base (both as a whole and
its industry components) of selected energy systems at the
same level, achieving horizontal integration. This process
also involves the systems at different levels, ensuring
vertical integration, which includes internal connections.
The emergence of high-performance computing systems
and supercomputers, along with the increasing complexity
of multifactor models, calls for specialized approaches
capable of formalizing modeling methods to enhance their
computational efficiency. One such approach is related to
metamodeling. The development of metamodels is based
on the ideas of machine learning [p.49, 2], utilizing
scientific knowledge about the physical laws governing the
processes under study.

In the energy sector facing additional difficulties, such
as the hierarchical nature of the processes being modeled,
the need for real-time decision-making and data
processing, and the complex nature of current problems,
there is successful experience in integrating modeling and
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forecasting methods with intelligent technologies
(including semantic modeling tools, agent-based
computing, fuzzy logic methods, and neural networks).
The methodological framework of these approaches is
detailed in [5-8].

In addition to the methods listed, researchers show
sustained interest in algorithms inspired by natural
processes, such as genetic and swarm algorithms. These
algorithms are often used in conjunction with neural
networks as complementary approaches (see, for example,
[9]). Genetic algorithms are employed to determine the
steady-state conditions of electric networks [10], solve
optimization problems [11, 12], and ensure the reliable
operation of electrical systems and equipment [13].

As new technologies advance, the complexity of
designing the configuration of electrical networks
increases. Alternative methods for solving optimization
problems to locate equipment and determine electrical
parameters are discussed in [14]. An analysis of economic
cost characteristics in ensuring reliability revealed the
advantages of a heuristic method based on a genetic
algorithm compared to an adaptive particle swarm
algorithm.

Thus, genetic algorithms, which successfully adapt to
various conditions and constraints, are a powerful tool for
solving non-standard optimization problems in the energy
sector. The purpose of this work is to analyze the
effectiveness of a genetic algorithm when used to optimize
the replacement of obsolete equipment in a large electric
power system (EPS).

Il. PROBLEM STATEMENT

Let us consider the problem of forecasting the electric
power system (EPS) expansion, which involves
formulating a long-term strategy for introducing capacities
in a large (combined) system, given the decommissioning
of obsolete equipment with a known lifetime. We will
assume that all generation capacities have identical
characteristics and will write an aggregated model of EPS
expansion in the form of a Volterra integral equation of the
first kind [15]:

t
[ Bt.s)x(s)ds = p(t), telt,,T1, (1)
t—c(t)
subject to
x(t) = x° (t), telt, —c(t).t,) 2
X(@) =0, teft, T], (3)
where x(t) is the desired total generation equipment

commissioning in EPS at time t; B(t,s) is the coefficient
of intensive use at time t of a power unit commissioned
previously at time s; p(t) is the expert-defined future
dynamics of power consumption (load); c(t) is the

lifetime of the oldest power unit in the EPS at time t ; x°(t)
is the known dynamics of equipment commissioning
within the prehistory [t, —c(t,),t,).

Using models (1)—(3), consider the problem of selecting
long-term capacity input strategies x(t) that, given the
decommissioning of obsolete equipment, ensure a
specified demand p(t) , while minimizing the total costs

over the forecast period for new capacity installation and

operation of power generation units. The problem
formulation is as follows:
Find

c*(t) =arg min I (x(t).c(t)) ., Q)
where

to t—c(t)

I(x(t),c(t)):]a‘“{ .t[ ul(t—s)uz(s)x(s)ds}dtJr
(5)

T
+ j a ok (t)x(t)dt,
fo
C={c(t)|c<c(t)<T, c'() <1, te(t,T1}, (6)
under the constraints on the phase variable x(t) (1)—(3).

The first term in (5) corresponds to operating costs, the
second represents the costs of capacity introduction for the
entire forecast period. The constraint c'(t) <1, which

originates from the non-decreasing nature of the function
t—c(t), means that the rate of aging for the oldest

component cannot exceed the rate of natural aging.
The notation used is as follows: u, (t —s) is the increase

coefficient at time t for the operating costs of equipment
commissioned at time s; u,(t) is the specific (unit)
operating costs of equipment commissioned at time t;
k(t) is the costs of commissioning a power unit at time t

(capital costs); a'™* is the costs discount coefficient,
O<a<1. These functions, aswell as T, ¢, B(t,s), p(t)
, and the power units x°(t) commissioned during the
prehistory [t, —c(t,).t,) are considered known (defined by

experts).
The assumptions made in the model calculations are as
follows. The forecast period is 50 years, from 2000 to
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TABLE 1. Dynamics of Equipment Commissioning Within
the Prehistory, MW

Year x°(t) Year x°(t)
1963 6 239 1982 4093
1964 5437 1983 5087
1965 4883 1984 5515
1966 4602 1985 8311
1967 5149 1986 4083
1968 5494 1987 6 662
1969 8 166 1988 5787
1970 7 556 1989 1800
1971 6 206 1990 4000
1972 6 058 1991 2100
1973 5649 1992 700

1974 5719 1993 2700
1975 7225 1994 2400
1976 6 144 1995 1000
1977 5062 1996 1350
1978 4910 1997 640

1979 8199 1998 830

1980 9 647 1999 850

1981 5 946 2000 680

2050, ([t,,T]1=[2000,2050]). The lifetime c(t) is 38
years (the real mean equipment lifetime in the Russian
power industry). Data for equipment commissioning
within the prehistory are given in Table 1. Since the system
characteristics remain invariable over the forecast period
(the system is stationary), the function B(t,s) depends only

on the difference t—s. Therefore, one can assume that
B(t,s) =p(t—s)=p(t) . This function remains at 1 until
t=230, then drops down to 0.9 over 50 years, vanishing
after 70 years. Power consumption p(t) for 2000 is

consistent with the reported data (177 907 MW). Between
2001 and 2050, the demand for electricity is expected to
grow at a rate of 2% annually at the beginning of the
forecast period, declining to 1% by the year 2050.

The data assumed for specific costs are given in Table 2.
They reflect the projected increase in specific capital costs
and the potential reduction in specific fuel consumption
due to the transition to relatively expensive,
environmentally friendly power plants. The values of costs
are not adjusted for inflation.

The coefficients of growth in operating costs
u(t—s)=u,(t) as the equipment ages are given as
follows:

@ 1, 1< 30,
u(t) =
' 1.037%, t>30.

Thus, after the standard equipment lifetime is achieved, an
exponential increase in operating costs is expected. The
costs discount coefficient a is 0.97.

Solving problems (1)—(6) based on real-life data with
various parameter variations is discussed in detail in [15,
16]. These studies utilize a heuristic algorithm to find a
long-term generation capacity input strategy. They rely on
a class of piecewise linear functions, reducing the problem
to a linear programming formulation, which is solved using
the General Algebraic Modeling System (GAMS). GAMS
is a software environment designed for modeling linear,
nonlinear, and mixed-integer optimization problems [17])
with the OSL solver. In this paper, we propose solving the
same problem using a genetic algorithm.

I11. APPLICATION OF GENETIC ALGORITHM TO
PROBLEM (1)—(6)

Genetic algorithms are a type of evolutionary
computation that solve optimization problems using
natural evolution techniques such as inheritance, mutation,
selection, and crossover. The basic operators of genetic
algorithms include selection, crossover, and mutation.
Crossover (the process of combining two parents to create
offspring) plays a central role in genetic algorithms. Due to
the flexibility of the algorithm, it can be applied to a wide
range of problems.

The stages of the simplest genetic algorithm include:

1) Creation of the initial population;

2) Evaluation of the fitness for each individual in the
population;

3) Crossover of the individuals;

4) Mutation of the individuals;

TABLE 2. Specific Operating and Capital Costs, USD/kKW

Year u, (t) k(t)

1960 220

1970 200

1985 175

1995 175 900

2005 170 850

2010 165 800

2020 160 900

2030 150 1000
2040 140 1100
2050 130 1200
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Fig. 1. Dynamics of average fitness.
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Fig. 2. Dynamics of best fitness.

5) Formation of a new generation.

These steps are repeated until the result meets the
specified requirements or until one of the following
conditions is satisfied:

e The number of generations (cycles) reaches a

predetermined maximum;

e The allotted solving time reaches a predetermined

maximum;

¢ A predefined stopping criterion is met.

Consider the application of a genetic algorithm to
problem (1)—(6), using data from [15, 16]. In the first step,
an initial population is created. According to the data from

[16], the forecast period in the problem spans 50 years,
from 2000 to 2050 ([t,,T]=[2000,2050] ), which means

that each individual will consist of a set of 50 “genes,” i.e.,
values corresponding to the maximum equipment lifetime
in the forecast year. These genes are generated randomly
but following the lifetime constraints specified in (6). The
number of individuals in a population for problems solved
using genetic algorithms is chosen arbitrarily. However, a
larger population provides greater genetic diversity and,
consequently, the potential for more optimal solutions. In
this case, each population consisted of 100 individuals.
After creating the population, it is necessary to calculate
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the fitness value for each individual. Since the optimization
problem aims to minimize equipment operation costs, the
fitness of a particular individual is computed as the inverse
of the costs associated with the use of that individual's
genes in the objective function (5).

Once the fitness of each individual in the population is
evaluated, they are ranked from the most to the least fit.
Then, random individuals are paired and crossed to create
a new population. In this problem, a single-point crossover
is employed, where a single random point is selected on
both parent gene sequences. The genes are cut at this point,
and the segments beyond the point are exchanged between
the parents, resulting in two new offspring that inherit
genes from both parents. The parent selection operator
used is panmixia— both parents are chosen randomly from
the population with equal probability. The crossover
probability was set to 0.7. After two parents are selected,
there is a 70% chance they will produce two offspring that
are transferred to the next population, and a 30% chance
that the parents themselves will be passed to the next
population unchanged. Before crossover, it is necessary to
ensure that the constraints specified in (6) are not violated.

To prevent stagnation in local optima and premature
convergence of the population in genetic algorithms, the
concept of mutation is implemented. Mutation is typically
applied after crossover and involves changing an
individual's genes to randomly selected values within the
specified constraints, with a predetermined probability.

9.00E-11
8.00E-11

7.00E-11

6.00E-11

5.00E-11

4.00E-11

Value of &

3.00E-11

2.00E-11

1.00E-11

200

Since each gene of an individual can undergo mutation, it
should occur with a sufficiently low probability to avoid
turning the method into a purely random search. In this
problem, mutation was set to occur with a probability of
0.01 and was designed not to violate the lifetime
constraints specified in (6).

Next, it is necessary to select individuals that will
participate in the next iteration of the algorithm from those
resulting from crossover and mutation. To ensure that the
new population is at least as good as the previous one and
that optimal solutions are not lost during evolution, the
concept of elitism is implemented. This involves
transferring five individuals with the highest fitness values
directly to the next generation without any changes. The
remaining members of the population are filled with
individuals produced through crossover and selected via
tournament selection: a subset of the best solutions is
randomly chosen, their fitness values are compared, and
the winner is transferred to the new population. The size of
one tournament is 2, the individuals are compared
pairwise.

The stopping criterion for the algorithm is population
degeneration, i.e., a situation where diversity within the
candidate solutions decreases to such an extent that most
individuals become very similar or even identical. To
monitor this, each iteration compares the fitness of the best
individual in the current population with that of the best
individual in the previous generation. If the difference

250 300
Generations
Fig. 3. Dynamics of population diversity o .
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between these fitness values is less than a predefined
threshold, the algorithm terminates and outputs the
individual with the highest fitness observed throughout the
entire cycle. As an additional constraint, the maximum
number of generations was 500. Ideally, during
degeneration, only one most fit individual and its genetic
equivalents remain in the population.

The convergence of the algorithm was assessed using
graphs of fitness variation over generations. The best and
average fitness values were calculated for each population
(see Figs. 1 and 2).

The population diversity metric was defined as the
standard deviation of fitness values among individuals:

1 -2
o= W;(fi—f) : @)

where f, isthe fitness of the i-th individual, f isthe mean

population fitness, and N is the population size. Since the
fitness function was defined as the inverse of the cost
value, the absolute values of ¢ were extremely small (on
the order of 10™"). Nevertheless, the dynamics of o across
generations allow for the correct assessment of relative
diversity and identification of premature convergence
tendencies: a drop of o toward zero indicates population
degeneration, while stable values point to the preservation
of variability (Fig. 3).

To check for the premature convergence, the population

c(t)
46 1

40 A
38 4

36 1

Maximum lifetime

34

32 A

diversity metric ¢ and the best fitness were monitored.
The algorithm was considered prematurely converged if o
approached zero and no improvement in the best fitness
was observed over the subsequent 50 generations.

In this study, the fitness reached all-time high values
within the first 100 generations, with the most significant
improvement occurring around generation 30, where o
also dropped sharply to near-zero. After this point, the best
fitness remained stable while diversity fluctuated near
zero. This indicates that the algorithm quickly found near-
optimal solutions and that further increases in diversity do
not improve the performance. Therefore, despite the low
o values, the algorithm demonstrates rapid and correct
convergence rather than premature stagnation, which is
supported by the fact that the algorithm consistently
produced near-optimal solutions after 20 consecutive
simulations.

To assess the accuracy of the sample mean, a 95%
confidence interval was calculated. The confidence
interval for the mean improvement value p with a sample

size of n=20 was determined using the formula:

X X+t

S S
by N Wt )
where X is the sample mean, s is the sample standard

deviation, t is a critical value of Student’s t-

o/2,n-1

distribution at a significance level of o =0.05 and n-1

30

——a*(D)

(1)

—a—5() === () =38

Fig. 4. Dynamics of optimal equipment lifetime.
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degrees of freedom.

The statistics obtained for the sample of 20 simulations
were the following: the sample mean improvement
X =1.450 and the standard deviation s =0.368. Ata 95%
confidence level and 19 degrees of freedom, the critical
value of Student’s t-distribution was t,,. ,, = 2.093.

Thus, the 95% confidence interval for the mean
improvement value is

0368 _  <1.450+200323%8 ie.,

V20 - V20

1.277 <pu<1.623. This suggests that with the 95%

probability, the true population mean improvement lies
within the calculated interval.

1.450-2.093

IV. RESULTS OF THE COMPUTATIONAL EXPERIMENT

The results of the conducted computational experiment
and those obtained earlier [16] were compared in [18].

Figure 4 [18] shows the dynamics of the lifetime c; (t)

obtained using the genetic algorithm. This strategy reduces
the initial value of the objective function 1(38) (the

average equipment lifetime assumed in 2000) by 1.72%.
The lifetime dynamics c,(t) were determined by a

systematic exhaustive search within the class of piecewise
linear functions [16]. As a result, the total costs decrease

by 1.47%. The lifetime dynamics c,(t) were obtained by

reducing the original problem to a linear programming
problem and solving it using GAMS [17]. The integral
costs for this strategy are lower than 1(38) by 1.52%.

Thus, the use of the genetic algorithm provides a variation
of equipment lifetime c(t), exhibiting the best result

among those presented.

V.FURTHER DEVELOPMENT OF THE WORK AND
CONCLUSIONS

The modern approach to operating complex dynamic
objects is implemented through the concept of digital twins
[19]. This concept involves not only the use of
mathematical models based on physical laws of operation
but also virtual data reflecting the structure, performance,
technical condition, and other production characteristics.
Thus, digital twins facilitate both creating a virtual
prototype of a real-life technical device or technological
process and testing control strategies for its lifecycle,
considering the specific stage of the dynamic object's
evolution. A key feature of today’s energy sector is

intelligent systems, which are currently defined as the unity
of cyber-physical systems, software, and hardware,
including those implementing the concept of digital twins.

The relevance of developing a methodological approach
to constructing digital twins that relies on ontological
engineering of the subject area is undeniable. Systems with
a large number of sensors to monitor their operation are
susceptible to interference or damage. Adapting semantic
modeling techniques for resource-constrained devices can
be useful for solving such problems [20]. The availability
and performance of ontologies based on semantic
modeling, particularly focusing on applications in
resource-constrained devices are discussed in [20]. The
study highlights the necessity of developing suitable
ontologies and importance of their availability for the
energy domain [22].

A key challenge in modeling complex systems is
managing the combinatorial complexity of operational
parameters, configurations, and potential failure
conditions. Genetic algorithms offer a powerful approach
to address this challenge, enabling the exploration of large
solution spaces and the discovery of optimal or near-
optimal strategies for system operation and control. In this
context, genetic algorithms represent system components,
operational decisions, or control parameters as genes
within candidate solutions, while chromosomes represent a
full configuration or control strategy for the system over a
defined period.

For complex dynamic systems, genetic algorithms can
interact directly with the digital twin: the twin provides
realistic evaluation of each candidate solution, simulating
system behavior under physical and operational
constraints.

A promising tool for implementing a conceptual
approach to modeling complex dynamic systems is high-
level Petri nets. A method for interpreting coloured Petri
nets is proposed in [23] to design static and dynamic event
processing systems within the framework of the Semantic
Web based on the SPARQL language [24]. The ontology
of coloured Petri nets is considered at the level of TBox
(terminological box) and ABox (assertion box).
Specifically, a general description such as “There is X
such that P(X)” contains the subject X and predicate

P(X) fromthe TBox, aswellas x. , P(x;) fromthe ABox,
where x. belongs to X, and P(X) is a predicate that

performs different functions in both the TBox and ABox.
Additional insights from [25] enrich the syntactic
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description of the Petri net with semantic information by
transitioning to categorical attribute statements [26], which
are free from ontological assumptions, where an object
Y =P(X). This enables the relationship between X and
P(X)
Integration of Petri nets into digital twin models within the
energy sector is explored in numerous studies, with
researchers employing varying levels of model complexity
and considering the hierarchical structure of energy
systems [27]. In particular, [28] presents an aggregation
process based on the Unified Modeling Language (UML),
illustrated in [Fig. 4, 28] titled “DDHPN Integration in
Digital Twin Model.” A dedicated block presented in this
Figure suggests the use of empirical methods to optimize
operating parameters. This optimization process relies on
inputs from two other components: the “Energy Behavior
Model” and the “Production Demand Information” blocks.
Optimization of operating parameters can be handled
through a genetic algorithm. By encoding Petri net states
or transition priorities as genes, the genetic algorithm can
optimize control strategies dynamically, identifying
sequences of events or operational adjustments that
maximize system performance or reliability.

Thus, the approach to constructing digital twins using
coloured Petri nets and optimizing them with the genetic
algorithm ensures a comprehensive framework for
simulating, analyzing, and optimizing complex dynamic
systems. This approach facilitates iterative exploration of
operational strategies, automated adaptation to changing
conditions, and the discovery of solutions that might be
difficult to identify using conventional methods.

This study numerically solves an optimization problem
of the generation equipment dismantling dynamics. The
mathematical formulation of the problem is represented
though the Volterra integral equation of the first kind with
variable integration limits. A genetic algorithm was
implemented and tested for solving the problem. The
algorithm factors in the constraints on both the
commissioning of generation equipment during the
forecast period and the extension of the equipment lifetime.
The effectiveness of the proposed approach was
demonstrated through its comparison with the previously
used methods.

to be interpreted in terms of logical relations.
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Probabilistic Modeling of Steady-State Thermal-
Hydraulic Conditions in Tree-Configured
Pipeline Networks
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Abstract — This study focuses on a problem of
probabilistic modeling of steady-state thermal-
hydraulic conditions of a tree-configured pipeline
network, which occur under the influence of random
external factors. An original algorithm designed to
ensure acceptable accuracy and high computational
efficiency is proposed to solve the probabilistic
modeling problem. Alongside the models introduced in
the study, the main tenets of the proposed approach are
presented and finite formulas for calculating the main
statistical characteristics (means, variances, and
covariances) of all operating parameters (flow rates,
pressures, and temperatures) are explained. Numerical
calculations demonstrate the superior capabilities of
the proposed algorithm compared to other alternative
methods, including matrix stepwise and statistical
testing methods, in terms of both accuracy and speed.

Index Terms — Probabilistic modeling, tree-like
configuration, pipeline networks, thermal-hydraulic
conditions.

|. INTRODUCTION

Modeling the operating conditions of pipeline networks
of various types and purposes (heat, water, gas, and others)
is essential for their design, operation, and dispatch control.
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This process involves determining pressures, flows, and
temperatures of the working medium for all components of
the calculated scheme, under their given characteristics and
boundary conditions at the points of interaction with the
environment. These problems are normally solved to
analyze the consequences of changes in the topology,
parameters of heat networks, and boundary conditions, to
assess the extent to which the consumer loads will be
supplied while adhering to technological limitations on
equipment operating conditions and other requirements. In
real-world environments, however, boundary conditions —
which include consumer loads, pressures and temperatures
at points of connection to upper-level sources or networks,
outdoor air temperatures, and others — are stochastic in
nature. Therefore, the operating parameters should be
considered as random variables, and the degree to which
they satisfy the stated requirements should be assessed
probabilistically.

Probabilistic models and methods have recently become
increasingly widespread in their application to various
types of gas [1-12], heat [12-20], water [15, 21-24], and
oil systems [4]; as well as to water disposal [25], integrated
energy systems [7-11, 26, 27], and others. These methods
and models are also employed when accomplishing various
modeling tasks, including 1) reliability analysis of pipeline
systems [1-4, 13]; 2) optimization of pipeline systems and
their operating parameters [5, 6, 21, 22]; 3) integration with
electric power systems and pipeline systems of other types
[7-11, 14]; 4) analysis of operating conditions [10-12, 15,
20]; 4) load modeling and forecasting [16, 17, 23, 24]; 5)
state identification and estimation [18, 19].

Most researchers rely on the Monte Carlo method
(MCM) to obtain probabilistic characteristics [1-5, 17, 22].
In some cases, depending on the objectives, the studies rely
on: the Nataf transformation in combination with the point
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estimation method [9, 10]; Markov random processes [13];
the Poisson spatio-temporal process [24]; the cumulant
method [12, 23] using the Gram-Charlier decomposition
[11, 14]; the Neumann-Scott rectangular pulse model [24],
neural networks [18, 19], and others. Extensive experience
has been accumulated in the field of probabilistic modeling
of electric power systems [26, 27].

Probabilistic modeling of the pipeline systems using
traditional methods, for example, the Monte Carlo method
(MCM) [28], is associated with large expenditures of time
and computational resources even for small-sized pipeline
systems. The Melentiev Energy Systems Institute of the
Siberian Branch of the Russian Academy of Sciences
(Irkutsk, Russia) has developed analytical models and a
matrix stepwise method (MSM) [30-32] for various sets of
boundary conditions (specified by their means and
variances). These tools can be applied to arbitrarily
configured pipeline systems (multi-loop, tree-like, mixed),
significantly increasing the calculation speed compared to
the MCM. The topological method [33] was proposed
[32]for probabilistic modeling of hydraulic conditions of
tree-configured pipeline systems. This method is reduced
to the use of finite formulas instead of relatively labor-
intensive matrix operations, which further boosts the
calculation speed. The importance of this case stems from
the fact that a great number of pipeline systems of various
types and purposes (heat, water, gas, and others), or a
significant part (in terms of the number of components or
total length) of real-world networks, have a branched (tree-
like) configuration.

In this study, we examine the problem of generalizing
the topological method to problems of probabilistic
modeling of steady-state thermal-hydraulic conditions in
branched pipeline systems. These conditions are defined
by the distribution of flow rates, pressures, and
temperatures.

Il. STEADY-STATE THERMO-HYDRAULIC MODEL

The term thermo-hydraulic conditions (specifically as a
non-isothermal case) refers to the distribution of flow rates,
pressures, and temperatures of the working medium across
the components of the calculated scheme when the
hydraulic characteristics of the equipment do not depend
on temperature, which is typical, for example, of water
heating networks, water supply networks, medium- and
low-pressure gas networks, and others.

The vector-matrix form of the system of equations for
hydraulic and thermal conditions for a system of arbitrary

configuration is as follows:

Ax=Q, @)

ATP=vy, )
y=1(9, ®)

AXt +AXt =QT +QT, (4)
t=AT, (®)

L =9(xt.%). (6)

Here (1)-(3) are a model of steady-state hydraulic
conditions, in which: (1) is the equation of material balance
at the nodes of the calculated scheme (Kirchhoff's first
law); (2) is the equation of Kirchhoff's second law in a
nodal form; (3) is the equation reflecting the laws of
pressure drop during the flow of the medium on the
branches of the calculated scheme. The thermal conditions
model contains the equations of heat balance at nodes
(under equal heat capacities of all flows) (4), the condition
for complete mixing of flows at the nodes (5), and equation
representing the temperature drop as the medium flows
through the branches of the calculated scheme (6).

The notation used in these equations is as follows: A is
the mxn incidence matrix of nodes and branches with

elements a; =1(-1), when node j is the initial (final) for
branchiand a; =0, if branch i is not incident to node j; m,
n are the number of nodes and branches in the calculated
scheme; Q is the m-dimensional vector of nodal flow
rates with elements Q, >0 for external inflows, Q; <0 is

for sinks, and Q; =0 for simple junction nodes; P is the m
-dimensional vector of nodal pressures; x, y are the n-
dimensional vectors of flow rates and pressure drops on the
branches; A, A, are the (mxn) incidence matrices of
outgoing and incoming branches relative to the nodes of
the scheme, respectively, sothat A=A +A,; t,, t, arethe
n -dimensional vectors of temperature at the start and end
of the branches; X is the diagonal matrix with elements

X, i=1n, on the main diagonal; Q*, Q™ are the m-
dimensional diagonal matrices of nodal inflows and
outflows with Qj; =max{Q;,0},

diagonal, at

elements
Q; =min{Q;,0+ on the

(Q"+Q)e, =Q, where e, is the m-dimensional unit

main

vector; T isthe m-dimensional vector of external inflow
temperature; T is the m-dimensional vector of mixed
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flow temperature at nodes; f(x), g(xt,t,) are the n-
dimensional vector functions with elements f,(x;) and
0, (X, t;.t,), respectively, i=1n, that represent the
pressure and temperature drop on branches; t, is the
ambient temperature.

The system of equations (1)—(3) for hydraulic conditions

is solvable for unknown flow rates and pressures if the flow
rate Q; or pressure P, is specified as a boundary condition

at each node, with the pressure specified at least at one
node. The system of equations (4)—(6) for thermal
conditions is solvable for unknown temperatures if the

temperatures T of the external inflows at the source and
the flow distribution x, Q are specified [34].

Analytical models and methods for probabilistic
modeling of hydraulic conditions for the general case of an
arbitrarily—configured pipeline system are given in [29,
30], while [31] and [32] focus on thermal conditions. In

Frequency %

Flow rate, I/h

a)

[33], a topological method is proposed for calculating the
means and variances of the hydraulic parameters of a tree-
configured pipeline system with one source, when
n=m-1.

1. INITIAL PREMISES AND STATEMENT OF THE PROBLEM

Figure 1 shows the actual graphs of the time
distribution for the frequencies of nodal flow (Fig. 1a) and
nodal pressure (Fig.1lb). The first graph serves as a
representation of a disturbance (a boundary condition),
while the second illustrates a response (an operating
parameter). Analysis of these processes shows [29] that the
frequency distribution in any cross-section of both
processes is quite satisfactorily approximated by normal
distribution, their variance remains relatively constant over
time, and the autocorrelation function stabilizes fairly
quickly at zero. The hypothesis of the normal distribution
law is not refuted by the goodness-of-fit test ¥ at a 10%

significance level. Thus, the problem of probabilistic

Frequency %

Time, h

Pressure, m H,0
b)

Fig. 1. Change in the frequency distribution of operating parameters during the day: a) for nodal flow; b) for nodal pressure.
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Fig. 2. An example of a tree diagram numbered for calculation using the topological method.
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modeling of steady-state thermal-hydraulic conditions can
be reduced to finding the parameters of a normal
distribution for a random vector of the conditions based on
the known parameters of normally distributed boundary
conditions, as random variables, and consists of the
following.

The given parameters include a scheme of a tree-like
pipeline  network; hydraulic and thermophysical

characteristics of all its components (i =1n branches)
accurate to coefficients; means and variances of nodal
pressure (P,) and temperature (T,) at the source with

node index m, nodal loads (Qj) at the remaining nodes (

j=1m-1), and ambient air temperature t,. It is

necessary to determine means and variances of the
remaining operating parameters, i.e., flow rates at branches

(%, i=1,n), nodal pressures (P;) and temperatures (T,)
for j=1,m-1, as well as temperatures at the start (t,; )

and end (t,; ) of the branches, i =1,n.

1V. BASIC PRINCIPLES OF THE TOPOLOGICAL METHOD AND
ITS APPLICATION IN PROBABILISTIC HYDRAULIC
CALCULATION

Figure 2 shows an example of a tree diagram numbered
in accordance with the following principles [33]: 1) the
nodes and branches are numbered sequentially from the
last tier of nodes to the root of the tree with the source of
flow (k is the tier number); 2) the root of the tree has the
number m, while the nodes most distant (by the number of
branches) from the root have the first numbers; 3) the
branch index is assigned to coincide with the index of its

end node; 4) in this case, i=e,=j,and s >e, i=1n,
where s;, €; are the indices of the start and end nodes of

the i-th branch.

Let us illustrate the use of the topological method by an
example of probabilistic calculation of the hydraulic
parameters for a tree-configured network, under the
following conditions: the specified parameters at the root

m

node (source) are the mean (|5) and the variance

(D(P,)) of the nodal pressure, and at the remaining

m

nodes, these are the corresponding characteristics of the
nodal flow rates (31. , D(Qj), j =1n.Itis necessary to

determine the means and the variance-covariances of the

operating parameters X, v, P, i=1n,and Q..

By virtue of the introduced numbering of the calculated
scheme components, the means of flow rates on the
branches can be calculated sequentially using the formula

X=Y%+Q, i=1n, W)

zel;
where 1 is the set of branches outgoing from node i and
the condition i>z el is satisfied, thus, by the time of
calculation X, all x,, zel; are already known. The

mean of the nodal inflow from the source is determined as

Q=2.%,. ®)

zely
The mean of pressure losses and nodal pressures are
calculated using the formulas

Vi~ (%), i=1n. ©)
P=PB,-y, i=nl. (10)

In (10), the calculation begins for the nodes of tier k =1
when s, =m and P, is known. When calculating P, for
k>1, the values of P,; are also known, since s;>i .

Thus, the calculation of unknown means of operating
parameters is reduced to two passes through the tree: 1) the

forward pass (i :l,_n) to determine vectors X, Y and
means of the nodal flow rate at the root of the tree Q,
using relations (7)—(9); 2) the backward pass (i :ﬂ) to
calculate P,...,P, , using relation (10).

Variances and covariances can also be calculated using
the finite formulas, relying on the fact that in the case of
the tree-configured network at issue, matrix A, after
deleting row m, acquires a triangular structure.

Variances of flow rates and pressure losses on the
branches are determined from the formulas

D(x)=D(Q)+>.D(x,),i=1n.

D(y,)~(f,)?D(x), i=1n,

where f,; =0of, /0x is the derivative at point X; .

11)

(12)

Variances of nodal pressures are determined from the
relation

D(R)=D(R,)+D(y)+2f;D(x) ;. i=n.1,(13)
where the value of f; accumulates recursively —
fin=0 fy,=f1 (14)
Variance of the flow rate at node m is determined as

2,si+fxl,i7 i:n_,l.
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D(Q,)=>.D(x,)- (15)
zely,
As shown in [33], covariances can be simultaneously
calculated

cov(x, X,) =cov(x,,x)=D(x), i<zeR;, (16)

cov(y,,y,) ~ f . f,

X, X,z

cov(x;, X,),
- , a7
i#zz,i,z=Ln-li<zeR,,
where R is the set of branches belonging to the path
from the root of the tree to node i.

V. PROBABILISTIC MODELING OF THERMAL CONDITIONS BY
THE TOPOLOGICAL METHOD

Equations (4)—(6) of the thermal conditions for a
hydraulically connected circuit with the root of the tree at
node m can be written in the following index form:

zxits,i _TrrTQm =0, (18)

el
> oxt—xt,, -T,Q; =0, j=Lm-1, (19)

iely

ts,i:Tj' j:Siy i:l,_n, (20)
te,i =0 (ts,i’xi’to)’ [ :L_n. (21)
Given (20), it follows from (18) that
T,2.%-T,Q,=0, and since > x=Q,, then

iely iely
T =T*, D(T,)=D(T}). It also follows from (20) that
the means and variances of temperature at the beginning of
all branches are calculated as
L;=T, D(;)=D(T). (22)
Statistical characteristics for f,; can be obtained from

(21). Neglecting the nonlinear distortion of the function,
we have

i=s.

£ ~9,(@E.%.E), i=1n. (23)
The expression for the variance
D(t,;)=E(&2,) =EIl(t,; —%,)’]1, where E denotes the

mean, is obtained on the basis of the linearized

approximation of (21) E_vte,i ~ gt,s,i Esi t Oio&io + g:(,i éx,i )

09, 0g; 0g;
where 0y =i, i, i =i. In this case,
tot; ot, o

! —_
G =

D(t.;) =~ (gt's,i )2 D(t,;) + (gtlo )2 D(t,) +

+(95, )2 D(X) + 29, 95, cov(t;, %),
since random values of t, do not depend on the operating

(24)

parameters and cov(t,,t;;) =cov(ty,x)=0. In addition,

cov(t,;,x,)=0 for iel, and z=1n, since t,=T,,

m

i €1, and the quantity T_ is statistically independent.

Now the means and variances of temperature of the
inflows to the nodes of the next (first) tier are known
jel,. From (19), given (20), it follows that

TJ[in—QjJ—xjte,j:O and x, =Y x-Q,. In this

ielj iely
case, we have T, =, ;, D(T,)=D(t,,).
For the branches of the second tier i e I, where jel
, according to (22), we have T, =T,, D(t,;)=D(T,). The

variances D(t,;), iel; are determined in accordance

i
with (24). However, here, cov(t;;,x;)#0 already. Given

that t,=T=t;, we have

cov(t,;, X)) =cov(T;, %) =cov(t, ;, %), ie ;. Inthis case,

Cov(te,j ! Xi) = E(E.’te,jéx,i) ~ E[(gt,s,j&ts,j + gt’OE_vtO + g;,jéx,j)éx,'

e I, from where

cov(t,;, %) = Oy ; Cov(t, ;, %) +
+0,; Cov(X;, %), iel;,
or, given (16), we have
cov(t,;, %) =g ; cov(t, ;, %)+ 9, ;D(X), iel}, (25)
since we assume cov(t,,x;) =0, j isthe index of the node
from which the i-th branch originates. Therefore, for the
second and subsequent tiers, the value cov(t;;,x) must be
calculated in advance.
Thus, the calculation of the probabilistic parameters of
temperature distribution for a hydraulically connected tree-

like scheme is reduced to a single pass through its
components, starting from the root of the tree downstream.

VI. TOPOLOGICAL ALGORITHM FOR PROBABILISTIC
CALCULATION OF THERMAL-HYDRAULIC CONDITIONS

Based on the aforementioned, we propose the following
topological algorithm for integrated probabilistic modeling
of the hydraulic and thermal conditions of a tree-
configured network with one source, which is reduced to
two passes through the tree of the calculated scheme.

1. Forward pass (from consumers to a source). For

i=1n, calculate X, D(x) using (7), (11) and Y,
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D(y,) using (9), (12); for t=1,n-1, t=i, calculate
cov(x,,X,) and cov(y,,y,) using (16) and (17); determine
Qn. D(Q,) using (8), (15).

2. Backward pass (from a source to consumers). Assume
f,n=0, T =T, D(T,)=D(T;). For each i=n[,
determine P, D(P) using (10) and (13), having

previously calculated fy, by (14); determine :-Fs,i'
D(t,;) =D(T,;) t_e,i ~ gi(z,i’iiig) using (23), and D(t,;)
using (24), having previously calculated cov(t;,x) by
(25).

VI1l. A NUMERICAL CASE STUDY

Let us present the calculation results for the distribution
parameters of thermal-hydraulic conditions for the
calculated scheme shown in Fig.1l. The hydraulic

characteristics of the branches have the form
f(%) =50 1% 1%, i=1,n, where S,; is the hydraulic
resistance of the i-th branch, and the thermal characteristics
are  t, =t,+(t,; —t, )exp(-r /),

r, =(nd,l,K;)/c is the thermal resistance; d,, I, , K; are

izl,_n, where

the diameter, length, and heat transfer coefficient for the i-
th branch; = is the pi number; ¢ =1 kcal/(kg° C) is the
specific heat capacity of the coolant (water). The
expressions for the derivatives are f/ =2s ;X ;
gt’s,i =e ; gt,O,i =1-e " ; and
9 = (t —t)(r / x7)e™™™ , respectively.

The values of boundary conditions are f, =-20°C,
D(t,)=1, P,=60 m H.0, D(R,)=0.04, T, =105°C,

D(T,)=6.4, Q={20; 35; 27; 18; 25; 35; 40; 80} and

TABLE 1. Means and Variances of Nodal Pressures and Temperatures, Calculated Using Different Methods

Topological method

Monte-Carlo method

am o) T o) am o) ¢ of)
1 46.20 0.91 97.22 5.83 46.24 0.95 97.13 5.33
2 42.67 143 98.08 5.80 42.73 154 98.01 5.38
3 45.47 1.34 98.85 5.99 45.50 1.37 98.76 5.65
4 49.95 1.36 95.38 7.89 49.88 1.39 95.04 8.03
5 47.20 0.80 102.77 6.18 47.24 0.83 102.73 5.74
6 53.43 0.20 102.24 6.14 53.44 0.21 102.19 5.71
7 53.76 0.18 103.99 6.29 53.77 0.18 103.96 5.86
8 50.93 0.64 102.79 6.18 50.91 0.65 102.76 5.76

TABLE 2. Means and Variances of Flow Rates and Temperatures at the End of Branches, Calculated Using Different Methods

Topological method

Monte Carlo method

X, m¥/h D(x) tki , °C D(tk;) X., m¥h D(x) tki , °C D(tk;)
1 20 2.37 97.2 5.83 19.94 2.35 97.1 5.33
2 35 3.80 98.0 5.80 34.87 4.13 98.0 5.38
3 27 8.23 98.8 5.99 26.93 7.95 98.7 5.65
4 18 13.83 95.3 7.89 18.03 13.90 95.0 8.53
5 107 19.56 102.7 6.18 106.66 19.98 102.7 5.74
6 35 8.17 102.2 6.14 34.95 7.83 102.1 571
7 182 30.11 103.9 6.29 181.64 31.42 103.9 5.86
8 98 17.64 102.7 6.18 98.01 18.07 102.7 5.76
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D(Q)={2.37; 3.8; 8.23; 13.83; 5.15; 8.17; 2.37; 3.8}.
Hydraulic and thermal resistances of the branches are s, =

{0.0025; 0.0036; 0.0023; 0.003; 0.0005; 0.0002; 0.0001;
0.0009} and r={0.33; 0.48; 0.31; 0.4; 0.38; 0.18; 0.53;
0.62}, respectively.

The results of calculations by the topological and matrix
stepwise methods completely coincide. Tables1 and 2
show the results of comparison for the topological and
Monte-Carlo methods (with the number of realizations of
random values of boundary conditions N =1 000), when
used to calculate means and variances of the thermal-
hydraulic parameters.

The Tables indicate that the variances and means of all
operating parameters remain below 1%, with discrepancies
in the variances of these parameters not exceeding 10%.
With an increase in the number of realizations of random
values of the boundary conditions in the Monte Carlo
method by an order of magnitude (N =10 000), the
discrepancies according to the calculation results for means
and variances remain within the same limits (1% and 10%,
respectively), while the calculation time increases by more
than an order of magnitude, which is in full agreement with
the theory [28].

Figure 3 shows graphs of the computation time for
different methods (topological, matrix stepwise, and
Monte Carlo methods) as a function of the network
dimension (the number of nodes) under comparable
algorithmic conditions in the Maple mathematical

log;;

software. As seen in the Figure, as the number of network
nodes rises, the computation time increases proportionally
for all methods. However, the topological method requires
several times less computation time than the matrix
stepwise method and several orders of magnitude less time
than Monte-Carlo method, even for N = 1 000, and this gap
expands as the network dimension grows.

The obtained results enable the construction of intervals,
or confidence regions, that contain operating parameters
with a given probability, as well as the assessment of the
probabilities of violating the required or permissible
operating parameters. For example, let the minimum
permissible pressure (under the condition that connected
consumers are provided with a specified flow rate) be
P=50 m Hy0. In this case, the probability that the
pressure at node 4 will be less than this value is
p(P, <P)~0.52, and at node 8 — p(R, <P)~0.12. This
means that for a consumer at node 4, the probability of not
receiving the target product is significantly greater than for
a consumer at node 8. The probabilities of compliance with
regulatory or contractual requirements can be similarly
analyzed for other operating parameters or their
combinations. For example, for the minimum required
temperature at consumption nodes T =100°C, adjacent
nodes on the third branch have different probabilities of
meeting this requirement, p(T,<T)~0.68 and

p(T, <T)~0.13.

4
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2 ’r‘
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1 3
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Fig. 3. llustration of comparative calculation efficiency for different methods: 1 — Monte Carlo method (N =1 000), 2 —
Matrix stepwise method, 3 — Topological method; t — calculation time, s; m — the number of nodes in the calculated scheme.
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VI1I1l. CONCLUSIONS

In this study, the independent problem of probabilistic
modeling of steady-state thermal-hydraulic conditions of a
tree-configured pipeline system has been formulated for
the first time. A new algorithm has been developed to solve
this problem through the combined calculation of all
statistical parameters of the hydraulic and thermal
conditions within a single computational process. This
algorithm involves traversing the components of the
calculated scheme and using finite formulas instead of
labor-intensive matrix operations in the general case of an
arbitrarily configured pipeline system. The numerical
example demonstrates the acceptable accuracy of the
results obtained by the proposed method, highlighting its
superior computational efficiency compared to other
alternative methods.
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Abstract — The study focuses on unbalanced power
distribution networks operating within integrated
hardware and software solutions in Automated
Systems of Electric Revenue Metering (ASERM)
designed to automate and digitalize electricity
monitoring and metering processes. Unbalanced load
flows in power distribution networks cause significant
active power loss and, consequently, compromise the
efficiency and techno-economic performance of these
networks. This study seeks to minimize technical power
loss in power distribution networks through the
development of an Automatic Control System (ACS)
within the ASERM structure for balancing the
three-phase network. Previous studies show that
modern ASERM implementations lack technologies
capable of solving the problem. We propose a method
for designing a digital ACS controller whose primary
function is to maintain the required phase power levels
in specific sections of the network in real time.
Conceptually, the method is based on the idea of
redistributing load flows between power distribution
network phases by appropriately switching
single-phase customers to minimize deviations of phase
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powers from their set values. To achieve the effective
control, criterion functions are built to serve as quality
metrics of ACS performance and algorithms are
designed to govern the operation of the digital
controller and generate controls to be applied to the
controlled object. The controls are represented as a
digital code containing data on the coordinates of
electricity meters of three-phase network customers
that are to be switched to another phase. The findings
from the study aim at improving the automation and
digitalization of power distribution networks (PDN)
and enhancing their reliability.

Index Terms — Power distribution system, network
balancing, digital controller.

|. INTRODUCTION

It is well known that current and voltage unbalance in
power distribution systems causes significant electricity
loss [1-3]. According to the published research, in
networks with distributed loads, deviations (unbalances) of
phase currents from their average value result in
substantially increased technical loss. Experimental
evidence from power supply systems shows that technical
loss in power transmission lines and their feeding
transformer substations (TS) accounts for more than 6% of
the total amount of electricity fed into power distribution
networks [1]. Furthermore, power quality deteriorates,
increasing the likelihood of failure of household appliances
and industrial equipment. Various methods and devices are
proposed for load balancing in power distribution networks
[4-9]. Their practical application, however, is hindered by
the technical complexity of creating automated balancing
systems for three-phase distribution networks with a large
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Fig. 1. Schematic diagram of a power distribution network with Em,, and PCS,, .

number of electricity consumers. The technical
implementation of these solutions requires the creation of
separate local subsystems at the points where loads are
connected to network phases. These subsystems must
include individual units for performing measurement,
parameter monitoring, and data processing. The design of
such subsystems involves rather complex processing
algorithms based on measurements of a set of data-driven
parameters. For example, the technique reported in [4]
requires measuring the active power of the neutral
conductor of the line, as well as voltage and current signals
of the neutral conductor at the points where loads are
connected to the network. The reactive power control
[4] wuses the positive-, negative-, and
zero-sequence currents of the loads. Modern electricity
meters [10, 11] operating within the Automated System for
Electric Revenue Metering (ASERM) lack such
measurement capabilities, which makes it problematic to
use the above technologies in modern ASERM systems.
The studies [12, 13] contribute a possible solution to the
problem through the creation of a digital automated control
system for load balancing within the data concentrator
(DC) of the ASERM.

This paper aims to further advance the approaches
proposed in [12, 13].

system in

I1.PROBLEM STATEMENT

We consider a three-phase four-wire power distribution
network connected to a feeding transformer substation

(TS) and a group of n electricity meters { Em, } installed
at single-phase consumers. Its schematic diagram is shown
in Fig. 1, where k and v are index variables denoting,
respectively, the phase numbers A, B, C (k = 1,_3) and the
load (electrical appliance) numbers of the PDN customers
(v= 1n ); |~k and L]k are the sinusoidal instantaneous

current and voltage at the input of the k -th phase; Zkv is

the load impedance with coordinates (k,v); I,, and U,,

v

are the instantaneous current and voltage of the load Z,;

J. is the instantaneous current in the v -th section of the

v

neutral conductor; Sk is the complex power of the K -th

phase; Skv is the complex power consumed by the load of

the customer with coordinates (k,v); PCS,, is the
phase-current switch of meter Em, .

The following assumptions are made:
1)  The three-phase PDN operates under current and
voltage unbalance;

2)  The electricity meters ( Em, ) are equipped with
phase-current switches ( PCS, );

3) The data concentrator (DC) polls the main
three-phase electricity meter (Em™) and the groups of

customer meters connected to phases A, B, C at discrete
time instants t=t, (§=12,...), recording the following

quantities in the ASERM database:
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e Active powers and reactive powers

pkv
consumed by customer loads with coordinates (k,v);

qu

e Active powers p, and reactive powers g, consumed
by the corresponding phases at the input of the three-phase
network.

The technical power loss in the TS and the network are
largely determined by the effective (root mean square,
RMS) currents J,, J,, ..

sections of the neutral conductor. The smaller these

., J, flowing in the corresponding

currents, the higher the level of network unbalance and the
lower the power losses. Therefore, the quality and
efficiency of the PDN can be evaluated by the following
objective function:

E=3J,. ®

Minimizing the efficiency index E is equivalent to
optimizing the load flow of an unbalanced PDN, in which
the unbalance of the total power consumed by each
network phase is reduced to a minimum. To this end, it is
advisable to design a power loss control system based on
the balancing of phase loads and relying on criterion
functions [12] and computational methods [14, 15].

In our earlier studies [12, 13], due to the complexity of
controlling technical power loss, we implement the
balancing process only for the initial section of the PDN,
since a large share of load unbalance-related loss occurs in
the transformer substation. In an unbalanced load flow, the
effective values of the above currents can become
significant due to the phase-current unbalance. The smaller
these values, the higher the balancing level of the network

effective currents in the neutral conductor of a three-phase
network can serve as an objective (criterion) function, i.e.,
a metric of the quality and efficiency of the distribution
system. By minimizing this criterion, it is possible to
optimize the load flow of the PDN. To this end, we propose
using an automatic control system for technical losses in
the
component is a microprocessor-based digital controller.

distribution network, whose main functional
The primary function of the digital controller is to process
load-state data to determine the coordinates of those
customers whose loads must be switched from more
heavily loaded phases to less loaded ones [12, 13] to
minimize the criterion function. Consequently, control u is
generated for the facility, which includes a group of loads

with electronic electricity meters { Em, } installed at the

customers of the three-phase network. Control signal u is
the digital code of a command containing information on
the coordinates of the corresponding customer meters and
the phases of the three-phase network where the required
switching operations must be performed. This control
information is transmitted via a communication channel to
the customer meters, which must be equipped with special
devices — phase-current switches (PCS). The practical
implementation of this principle of redistributing load
flows between network phases is feasible, since
phase-current switches have already been designed and
tested [7, 8]. It should be noted that modern ASERM
systems can use microprocessor-based electricity meters
that allow synchronized real-time measurements of the
required data with accuracy ofup to 2% [10, 11]. The meter

readings are recorded at the moments of their remote

and the lower the active power loss. Thus, the sum of the  polling.
S 11 51 2 SI N
> > —p------- —
S. 21 522 521"-’
_ > . > I S — —
TS _ LLNS, 1 LNS, . LNSy
531 532 53 N
> ——»------- o
M N N
- — e en <

Fig. 2. Schematic of a power distribution system divided into N modules.
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Fig. 3. Schematic of a local network section LNS, .

The task is to determine the structure and operating
algorithm of the digital controller that ensures the
minimization of technical power losses in the PDN based
on ASERM data.

I1l.  CONCEPT OF POWER L0SS CONTROL IN THE
NETWORK

Further research reveals that a more effective method for
controlling technical loss is based on the decomposition of
the PDN into a number of local network sections (LNS),
each combining a group of adjacent loads (customers) that
are invariant (independent) with respect to certain

electrical variables of the PDN. Such variables may include
the total power consumed by the local PDN sections, as
well as the total currents of the customer loads connected
to the phases of the LNS. Selecting the composition of an
LNS, it is essential to ensure the presence of at least one
single-phase customer electricity meter. Figure 2 shows a
schematic of a PDN divided into LNSs.

Here, S-ki is the total complex power of the network
module with coordinates (k,&), where & is the serial

number of the module.
Figure 3 illustrates the concept of the local network
section ( LNS, ) for a subsection of the k -th phase.

ASERM ——> CCu
database
v
A
v T l T v
LDR, LDR,  p------ LDRy_4 LDRy
A A 4 A

=T == ==== : _______ [ S L """" b jm==——=- J. """" L :" ________
E LNS, ' E LNS, i E LNSy_4 | E LNS, !

Fig. 4. Schematic of the digital controller system.
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Fig. 5. The functional structure of the power loss control system.

Here, va is the complex power of the load of a customer
in LNS, with coordinates (k, v) . The total power

consumed by LNS, is

N
Skiﬁ = ZSE\, ! (2)
v=1

where N, is the number of loads in the € -th local network
section.

This approach enables the study on the operation of each
local section independently of the others. Moreover, it
facilitates designing an individual local digital controller
(LDC) for each section, whose main function is to ensure
the balancing process of the corresponding LNS. Local
controllers allow for parallel data processing, which
significantly speeds up computations. The independent
LDCs are coordinated by a central control unit (CCU)
relying on information from all LDCs and the ASERM
database (Fig. 4).

Based on the preliminary processing of data obtained
from customer electricity meters, the CCU:

o Determines the composition of the LNS in the PDN;

e Calculates setpoints for all digital controllers;

e Generates controls (u) for the controlled object,
consisting of a group of phase-current switches { PCS,, }

and customer meters { Em  }, using the results of the

LDCs’ operation. Control commands can be transmitted
via a communication channel (CC) using PLC or GSM
technologies. Figure 5 shows the functional structure of the
power loss control system.

In our earlier studies [12, 13], due to the complexity of
controlling technical power loss, we implement the
balancing process only for the initial section of the PDN,

since a large share of load unbalance- related loss occurs in
the transformer substation.

Based on the preliminary processing of data obtained
from customer electricity meters, the CCU:

o Determines the composition of the LNS in the PDN;

o Calculates setpoints for all digital controllers;

e Generates controls (u) for the controlled object,
consisting of a group of phase-current switches { PCS,  }

and customer meters { Em, }, using the results of the

LDCs’ operation. Control commands can be transmitted
via a communication channel (CC) using PLC or GSM
technologies. Figure 5 shows the functional structure of the
power loss control system.

In our earlier studies [12, 13], due to the complexity of
controlling technical power loss, we implement the
balancing process only for the initial section of the PDN,
since a large share of load unbalance- related loss occurs in
the transformer substation.

The technical implementation of the CCU and the LDCs
can be carried out using a microprocessor-based controller.

IV. SCENARIO ANALYSIS OF THE CONTROLLED OBJECT

The balancing process for each local network section (
LNS, ) is carried out as follows. The input data for the

problem are the measured active powers p;, and reactive
powers q;, consumed by the loads of LNS, . The total

complex power of LNS, can be calculated as

N
S =2 (Pe, + 05, ) = See™™ ®)

3
v=l
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where S,. and ¢, are the magnitude and phase of the

complex power S,., respectively, and j=+-1 is the
imaginary unit. Next, the average power S, over the

phases of the considered LNS, is determined as

_ SlE_ + S2§ + 535
—3 .

The deviations from the average value S, , i.e., the phase

(4)

g

mismatches for the local network section, are then
calculated as

€ =S =S,
6 =S, —S., 5)
€ = 83& — S‘i ,

which forms the mismatch vector e, =[elé,e2§,e3§] tis

important to note that the quantities e, , e,. and e, , as

3
defined by (5), essentially represent control errors
(mismatches) that should tend toward zero during the
control process. Based on the computed entries of vector
e. , the following cases can be distinguished:

Case 1.
e =[elé,e2&,e3i} is positive, another is negative, and the

One entry of the control error vector

third is zero. For example, e, >0, e, <0, e, =0

(Fig. 6a). In this case, phase A is overloaded. Therefore, its
loads should be switched to phase B (denoted as A — B).
Phase C remains unchanged, since €,. =0.

Case 2. Two entries of the control error vector e, are
positive, and the third is negative. For example, e, >0,
x>0, e, <0 (Fig.6b). In this case, phase A is

overloaded, while phases B and C are underloaded. To
balance the loads, switching should be performed as
A—Band A— C.

Case 3. One entry of the mismatch vector e, is positive,
and the other two are negative. For example, e, >0,
e, <0, e, <0 (Fig.6c). Here, phases A and B are

overloaded, and phase C is underloaded. Therefore, loads
from phases A and B should be reassigned to phase C
(denoted as A — C and B — C).

Thus, the identification of the required phase-switching
operations in the power distribution network requires a

scenario analysis of the signs of the quantities e,. , k = 1,3
. Loads from phases with positive control errors e, should

be switched to phases with negative control errors.

V.CRITERIA FOR OPTIMIZATION OF THE CONTROL
PROCESS

There is evidence to suggest that identifying
(evaluating) the quality metrics of processes in the power
distribution network, as defined by expression (1), poses
major computational challenges. Therefore, the criterion
(penalty) function used for balancing all local network
sections is as follows:

f, :|elé|+|ezé|+|esé| ,

(6)

€k, Crg €xg c
A ‘ " A b) 4 J
UH‘
L’]{ (.’1{
L’2$
2 €3¢ H 3 . 2 3 )
0 » ko | » ko > K
1 3 1 2 1 I_I
C3§
Caf €2t
(.‘3{

Fig. 6. Possible control error €, scenarios.
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the parameters of this function are the magnitudes of the
powers consumed by network users equipped with single-

phase electricity meters. The penalty function f,

characterizes the level of symmetry of the local network
section LNS, .

The minimization problem is then formulated as
min f. = f_, @)
where fg is the optimal value of the criterion function

with respect to the above-mentioned parameters.

It is important to note that solving the extreme-value
problem (7) ensures a reduction in the value of metric E.
Issues related to formulating the criterion functions and
solving the extreme-value problem are addressed in [12,
13].

The value of the criterion fg determines the quality of

control for LNS,, i.e., the level of load balance in this local

section. To assess the quality of power loss control for the
entire PDN, we introduce a generalized (global) objective
function F defined as

F=>f. 8)
e=1

Analysis shows that a sufficiently high level of
balancing, i.e., the desired quality of power loss control, is
achieved by solving the minimization problem

minF =F", 9)

where F~ is the optimal value of the global criterion F,
which reflects the overall symmetry of the entire
distribution network formed by local network sections.

VI. FUNCTIONAL TASKS OF DIGITAL CONTROLLERS

The above considerations make it possible to specify the
functional tasks of the digital controllers. The main
functions of the local digital controllers (LDCs) are as
follows:

1) Receiving data on the complex powers S.ki consumed
by the corresponding customer loads of LNS, ;

2) Calculating the magnitudes of powers S,, and their
average value S, by equations (3) and (4), respectively;

3)Evaluating the entries of the control error vector
& = [elé,ezé,esé] and the value of the criterion function

f. by equations (5) and (6), respectively;

4) Solving the minimization problem (7) for the criterion
function f,;

5)Proposing actions for controlling the electricity
meters of LNSE based on the solution of the minimization

problem;
6) Transmitting the quality metrics (balancing level)

determined by the value fg and controls proposed for the

object to the central control unit (CCU).

The main functions of the CCU include:

1) Forming the input data for the control problem based
on ASERM data for network balancing;

2) Determining the composition of the local network
sections (LNS) according to a specified algorithm based on
the input data analysis;

3) Setting the setpoints for the LDCs and transmitting
the necessary data to them;

4)Receiving the relevant control data for the group of
objects (phase-current switches, PCS, and meters, Em)
from the LDCs;

5) Analyzing the data of the vector f = [ fl*, | PR f;]

obtained from all LDCs and evaluating the generalized
objective function F by expression (8);

6) Generating control commands for the object to switch
selected customers from one phase to another based on the
analysis of the data received from the LDCs.

The control commands are selected based on the
following condition:

£ £, g=1N, (10)

where fimax is the maximum allowable value of fg.

Control commands to the object are issued only for those
LNSs where condition (10) holds.

VII. CONCLUSION

This study proposes a method for automatic control of

technical power loss in 0.4 kV power distribution
networks. The method leverages phase-load balancing
based on ASERM data. To solve the control problem, a
three-phase network is arbitrarily divided (decomposed)
into local network sections (LNSs) that are invariant with
respect to the currents and powers consumed by the
network customers. The extent to which load is balanced
in an LNS is assessed by a criterion function introduced as
a function of the unbalance in the current phase powers,

which are determined as the sums of the powers consumed
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by the customers of the local sections. The coordinates of
the customer electricity meters identified by
the The
computational procedures employ a group of local digital

are

minimizing criterion  function. required

controllers (LDCs) whose operation is coordinated by a
central control unit (CCU). Based on the results obtained
from the LDCs, the CCU generates and transmits control
commands to the controlled object in order to carry out the
required operations for switching customer electricity
meters from one phase to another. The findings of the study
may prove instrumental in the design of an ASERM
subsystem for power loss control in power distribution
networks.
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An Investigation of Soil Radiation Levels in the
Territory of Ulaanbaatar City
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Abstract — This study focuses on the gamma
spectrometry analysis of soil samples collected from
180 locations across every kilometer in the densely
populated areas of Ulaanbaatar city to determine the
activity concentrations of natural radioactive isotopes,
including radium-226, thorium-232, potassium-40, and
the man-made radioactive isotope cesium-137.
Following the analysis, the radium equivalent activity
was calculated, and the equivalent dose rate of the soil
was measured with a dosimeter at the locations, thereby
revealing the background radiation level of the city's
soil. The objective of the study was to establish the
external and internal hazard indices, outdoor external
dose rate, indoor external dose rate, annual outdoor
effective dose rate, annual indoor effective dose rate,
and excess lifetime cancer risk at selected locations
across every kilometer within the densely populated
areas of Ulaanbaatar city. It is important to note that
the gamma spectrometry analysis of the samples was
conducted by the accredited laboratory of the Nuclear
Physics Research Center (NPRC) at the National
University of Mongolia (NUM). The findings were
processed, plotted on a map of Ulaanbaatar city, and
published for each soil in Ulaanbaatar, indicating that
the activity and content of the isotopes are generally
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within the permissible limits. In the future, this study
will be expanded to create an ecological atlas of soil
radiation in the capital city of Ulaanbaatar. This
investigation will be an important baseline for future
monitoring of soil radiation levels.

Index Terms — Absorbed dose rate, equivalent dose
rate, radiation hazard indices, radium equivalent
activity.

I. INTRODUCTION

Numerous studies assessed soil radiation levels in
Mongolia, focusing on the concentrations of natural
radioactive isotopes such as uranium-238 (*®U), thorium-
232 (?*2Th), and potassium-40 (*°K) [1-3]. However, these
investigations were geographically restricted. For example,
measurements in the “Southern-Central zone” near
Ulaanbaatar were limited to a few roadside locations and
were not synthesized into comprehensive radiation maps
[1-3]. Although soil geochemical maps for elements like
As, Pb, Zn, and Mo exist for Ulaanbaatar, these datasets
lack data on radioactive elements [4]. Furthermore, the
studies conducted in 2001-2007 to measure gamma dose
rates and soil radioactivity in Western Mongolia, Zuunmod
(Central region of Mongolia), and Ulaanbaatar were also
limited in scope and could not be regarded as a systematic
survey [3, 5, 6]. Consequently, there is a significant lack of
a comprehensive, multi-point radiation pollution map for
the Ulaanbaatar area.

To address this gap, we propose a systematic study of
previously un-surveyed areas within Ulaanbaatar,
including the Songinokhairkhan and Nalaikh districts, as
well as the surrounding ger areas [1-3, 6-9]. The
methodology involves collecting multiple soil samples
from various locations, with precise geolocation data
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recorded using GPS. These samples are analyzed by
gamma spectrometry to determine the activity
concentrations of 238U, 22Th, K, and the anthropogenic
isotope ¥¥7Cs [3, 10, 11]. Gamma spectrometry is a crucial
and well-established technique for environmental radiation
monitoring, which facilitates the direct quantification of
specific radioactive isotopes in soil and ensures accurate
assessment of environmental radiation levels [1, 7, 8, 15—
19, 24]. This method is already extensively applied in
Mongolia for geophysical and environmental research,
utilizing equipment with specifications tailored to the
specific application.

This methodology provides reliable and sensitive
detection of y-emitting radio nuclides found in soil [7]. Its
high sensitivity and precision, along with compliance with
international standards, such as 1SO 18589-3, make it the
preferred technique for environmental monitoring, post-
accident assessment, and evaluation of the impact of
nuclear facilities [7, 8]. Crucially, the accurate radiation
dose assessments offered by this method are fundamental
for evaluating potential health risks to the human
population.

Previous applications of this methodology in
Ulaanbaatar involved measuring isotopes, including %°Ra,
232Th, 4K, and *¥Cs, in soil samples [3, 11-14]. Key
findings revealed that the activity concentration of “°K in
landfill areas was twice the global average. The radium
equivalent activity (Rae) ranged from 69 to 183 Bag/kg
overall, reaching 338.3 Bqg/kg at specific landfill sites.
Associated hazard indices were reported as 0.2 for the
external hazard index (Hex) and 0.5 for the internal hazard
index (Hin), with an estimated long-term cancer risk
ranging from 0.8x10-3 to 1.58x10-3 [11]. These results
underscore the necessity of systematic and repeated studies
across multiple locations in Ulaanbaatar to thoroughly
assess the effects on public health.

A critical area for such monitoring is the
Songinokhairkhan district, particularly the soil near its ash
ponds and landfills. While the Narangiin Enger landfill is
studied, more detailed measurements are needed to analyze
the soil around ash ponds and thermal power plants,
focusing on multiple sampling sites within adjacent
residential areas. In Mongolia, these activities are guided
by national standards, including:

o MNS 5626:2006: A standard for the detection of
radioactive isotopes in soil, ash, coal, and construction
materials using gamma spectrometry [20].

. MNS 5840:2008: A standard for the calibration
of ionizing radiation survey meters used for environmental
monitoring [21].

o MNS 5246:2003: A standard for the of radon
concentration assessment in air, applicable to traditional
and modern dwellings [22].

The existing studies on soil radioactivity in Mongolia,
which measure isotopes such as 23U, 2%2Th, and “°K, are
predominantly limited to the southern and western regions
of the country. These investigations often focus on specific
sites like uranium deposits or waste sites, relying on a
limited number of samples, which leads to inadequate
statistical analysis and constrained environmental
assessment. Consequently, there is currently no integrated,
spatially detailed radiation map for Ulaanbaatar city as
existing knowledge is based solely on small-scale studies
with limited sampling points [1-3, 6, 9-11].

Generating a reliable radiation map of Ulaanbaatar
requires a substantially larger and more representative
dataset. In response to this gap, the Institute of Thermal
Engineering and Industrial Ecology (ITEIE) at the
Mongolian University of Science and Technology (MUST)
initiated a systematic research program in 2014 [12-14].
This ongoing effort involves multi-point sampling,
repeated measurements, and strict adherence to national
and international standards [8, 20-23]. In line with this
initiative, our study collected and analyzed samples
according to IAEA recommendations, implementing
rigorous quality control protocols. A key priority was to
utilize the resulting data for assessing a social risk and
evaluating the long-term health effects on the local
population.

Radioactivity is a natural phenomenon originating from
terrestrial radio nuclides found in rocks, soil, sediments,
and construction materials. The naturally occurring
radioactive materials (NORMS), such as radium decay
products, are typically long-lived and contribute
significantly to the overall radioactivity of soil, which is
primarily determined by the parent rock composition. The
concentration of radioactive isotopes in soil serves as a key
indicator of environmental radioactivity, which has direct
implications for the health of humans, flora, and fauna.
Ulaanbaatar presents a unique environmental landscape. In
the ger districts of the city, raw coal is the primary source
of thermal energy, producing a significant amount of waste
ash. Estimates reveal that less than 50% of this ash is
disposed of in designated containers. The remainder is
often indiscriminately dumped in streets and ravines,
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Fig. 1. Sampling locations for soil radiation measurement in the densely populated areas of Ulaanbaatar city.

creating potential point sources of contamination, which is
a result of insufficient public awareness of the
consequences. In this study, the activity concentrations of
26Ra, 2%2Th, “°K, and *’Cs in soil samples are measured
using gamma-ray spectrometry with a high-purity
germanium coaxial detector (HPGe). The mean values of
specific activities are estimated at 24.7 + 8.2 Bg/kg (with a
range of 13 to 79) for ??°Ra, 18.5 + 3.9 Bg/kg (with a range
of 2 to 40) for 22Th, and 720.2 + 88.1 Bg/kg (with a range
of 422 to 966) for “°K. These results indicate that the mean
activities of 2°Ra and 2%?Th are below the world average of
35 Ba/kg and 30 Bg/kg, respectively. The presence of the
anthropogenic isotope *3’Cs was found to be low in most
locations.

Il. METHODS, SAMPLE COLLECTION AND PREPARATION

1. Gamma Spectrometry Analysis

Soil radioactive isotopes were analyzed in the accredited
gamma spectrometry laboratory of the Nuclear Physics
Research Center (NPRC) at the National University of
Mongolia (NUM). The method involves detecting gamma
quanta emitted from natural and man-made radioactive
isotopes using a gamma spectrometer equipped with a

high-resolution semiconductor detector, and determining
the activity concentration of the isotope by the number of
impulses recorded by the detector of these gamma lines,
using the detector's absolute detection efficiency. The
study aimed to assess the radiation level at selected points
across every kilometer within the densely populated areas
of Ulaanbaatar city. This involved measuring the gamma
radiation dose and the specific activity of the isotopes,
including ?°Ra, 2°2Th, “°K, and %’Cs. The analysis also
included assessing the content of uranium and thorium per
tonne and potassium per percentage at 180 points across
each kilometer. The samples were analyzed using gamma
spectrometry, with the results processed, plotted on a map
of Ulaanbaatar city, and published for each element. For
each sample, the precise location of collection was
established by GPS. The points selected for sampling are
shown in Fig. 1 [12-14].

2. Sample Collection and Preparation

In the 180 locations selected for sampling, 1-2 kg of
samples, were excavated from a 0.15x0.15 m? area,
removing large rocks from the surface, and from a depth of
5 cm of soil. To reduce gamma radiation scattering, the
samples were ground to a diameter of less than 1 mm,
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Fig. 2 Activity concentrations of 226Ra, 232Th, and 40K in the soil of Ulaanbaatar city.

dried, placed in a Marinella container, weighed, and
prepared for measurement in a germanium detector [23].

I1l. RESULTS AND DISCUSSION

1. Activity concentrations of 2?6Ra, 2%2Th, and “°K in the
soil of Ulaanbaatar

The activity concentrations of %Ra, 22Th, “°K, along
with their values for the 180 soil samples, are shown in
Fig. 2. The activity concentration of “°K is shown using the
left-hand axis, while the activity concentrations of ??°Ra
and 2%2Th are plotted using the right-hand (secondary) axis.
This was done to make the graph easier to read because

their values differ greatly. All values are given in Bg/kg.
The mean values and ranges of the activities for ?*°Ra,
232Th, and “°K, respectively, are 24.7 + 8.2 Bg/kg (with a
range of 13 to 79 Bg/kg), 18.5 + 3.9 Bg/kg (with a range of
2t0 40 Bg/kg) and 720.2 + 88.1 Bg/kg (with a range of 422
to 966 Bg/kg). The highest value of 2?°Ra activity
concentration was observed in the southeastern part of the
ash pond of power plant No. 4, located at 47.53°43.7” N
latitude and 106.53°43.7” longitude in the territory of the
20th Khoroo of Songinokhairkhan district (point 90,
sample 5180). The man-made radioactive isotope ¥Cs
was almost absent in the soil samples, and at some
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Fig. 3 Radium equivalent activity of soil in Ulaanbaatar city.
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Fig. 4. Mass concentrations of uranium, thorium, and potassium in the soil of Ulaanbaatar city.

locations, it was very low, which is why it is not discussed
further.

2. Radium Equivalent Activity

The method of calculating the activity of natural
radioactive nuclei based on radium equivalent activity,
which was proposed by Beretka and Matthew [15], is
widely used to assess radiation hazards.

Radium equivalent activity is defined by the following
formula:

Ra,, = Ay, +1.43A,, +0.077A, Q
where Ara, A, and Ak are the activity concentrations of
226Ra, 22Th, “K in Bg/kg, respectively [15-17, 19, 24].
Radium equivalent activity is the sum of the activities of
naturally radioactive 2?°Ra, 22Th, and “K isotopes
converted to radium activity and is the main measure for
assessing radiation levels. The maximum permissible level
of radium equivalent activity is 370 Bg/kg. The mean
radium equivalent activity is 106.6 = 12.3 Bg/kg ranging
from 82.5 to 166.0 Bg/kg, which is 2.2 times lower than
the permissible level [12-14]. This value corresponds to a
dose rate of 1.5 mGy/year at about 1 m above the ground
level. The assessment results for radium equivalent activity
are shown in Fig. 3.

Figure 3 shows that the mean radium equivalent activity
is 106.6 + 12.3 Bg/kg, ranging from 82.5 to 166.0 Bg/kg.

The highest value of radium equivalent activity (166.0
Ba/kg) was observed in the southeastern part of the ash
pond of power plant No. 4 (point 90, sample 5180). This
high level is due to the radioactive contamination of coal
ash in the environment, while radium equivalent activity is
normal compared to the maximum permissible level. This
investigation provides crucial information for future
monitoring of the soil radiation level.

3. Mass Concentrations of Uranium, Thorium, and
Potassium
The following equation is used to calculate the mass
concentration of naturally occurring radioactive elements
(Fig.4) in a sample based on the specific activity
concentration of their isotopes [20]:
1% (K) = 310 Bg/kg of “°K,
1 gftonne (U) = 12.35 Bag/kg of ?*°Ra,
1g/tonne (Th) = 4.06Ba/kg of 232Th.
Figure 4 displays the mass concentrations of uranium
and thorium in g/tonne on the primary (left) axis, while the
mass concentration of potassium, expressed in percent, is
shown on the secondary (right) axis. The uranium mass
concentration varies from 0.7 to 6.4 g/tonne, with the mean
value of 2.0 + 0.7 g/tonne. The thorium mass concentration
is in the range of 0.5 to 9.9g/tonne, with the mean value of

@
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Fig. 5 External (Hex) and internal (Hin) radiation hazard indices in Ulaanbaatar city.

4.6 £ 1.0 g/tonne, and the potassium mass concentration
lies within the range of 0.3 to 3.1 %, with the mean value
of 2.3+ 0.3 %.

4. External and Internal Indices

Radiation resulting from decay is absorbed by the
human body, producing external radiation, while
radioactive dust penetrates the body through the respiratory
and digestive systems, where it decomposes, causing
internal radiation. Directly dependent on the amount of
external and internal radiation, ionization processes that
occur in body tissues change human biochemical and
functional processes, increasing the probability of various
diseases. Additionally, radiation sickness leads to genetic
changes and lifelong infertility. The effects on humans
when the dose rate is less than 1.00 mSv/year were
calculated using the equation derived by Krieger [18]. He
proposed the model for calculation of external hazard
index Hex based on infinitely thick walls without windows
and doors to serve as a criterion. The external hazard index
due to gamma radiation was calculated using following
formula [15]:

ex=i+i+i_l, (3)
370 259 4810
where 370 Bg/kg of ??°Ra, or 259 Bg/kg of *2Th, or 4 810

Ba/kg of 0K produce the same gamma dose rate, Raeq is

related to the external y-dose and internal dose due to radon
and its daughters [8, 19]. The assessment results for
external (Hex) and internal (Hin) radiation hazard indices in
Ulaanbaatar city for the soil samples are demonstrated in
Fig. 5.

The mean value of the external hazard index obtained
in the study is 0.29 + 0.03 mSv/y, ranging from 0.22 to
0.44 mSvlyr, which is 2.3 times lower than the permissible
limit [12-14, 19].

The maximum permissible activity concentration of
226Ra is 185 Bg/kg. When studying the possibility of
developing cancer in internal organs, the internal hazard
index is calculated. The index is assessed to reduce the
maximum permissible concentration of 2%Ra to half the
values appropriate for the external exposure alone. The
gaseous short-lived decay product of 2%Ra, called Radon
(%%2Rn), poses a threat to the respiratory organs. In addition
to the external hazard index, internal exposure to radon and
its products is quantified by estimating the Hi,. If the
maximum concentration of 2?%Ra is half that of the
permissible limit, then Hi, is less than unity. The Hi, due to
the radio nuclides was estimated using the formula
proposed by Beretka and Matthew [15]. The internal
hazard is expressed by the following formula:

in:'L\*E‘+i+iS1. (@)
185 259 4810
The internal radiation hazard index in Ulaanbaatar city is
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Fig. 6. Outdoor absorbed dose rate compared to permissible limit.

shown in Fig. 5. Our findings indicate that the internal
radiation hazard index stands at a mean value of
0.34 + 0.05 mSv/year (ranging from 0.19 to 0.43 mSv/yr),
which is 2.3 times lower than the permissible limit.

5. Absorbed Dose Rate

The contribution of natural radio nuclides to the
absorbed dose rate (Dout, Din) in air depends on the natural
specific activity concentrations of 28U, 232Th, and “°K. The
greatest part of the gamma radiation comes from terrestrial
radio nuclides. There is a direct connection between
terrestrial gamma  radiation and  radionuclide
concentrations. If a radionuclide activity is known then its
exposure dose rate in the air at 1 m above the ground can
be calculated [19, 25]. The conversion factors used to
compute the absorbed gamma dose rate (Dout, Din) in air per
unit activity concentration in Bg/kg corresponds to 0.462
nGy/h for 2%Ra, 0.604 nGy/h for 222Th, and 0.0417 nGy/h
for 40K,

The dose rate absorbed in the air can be determined by
the radioactivity in the soil. It was calculated for a height
of 1 m above the ground surface. A computer program
employed was based on the volume integral method using
the following conversion factors:

D,, = (4.62A,, +6.04A, +0.417A)x107, (5)

where Doy is the absorbed dose rate in the outdoor air,
nGy/h; Ara, Ath, Ak are activity concentrations of ?Ra,
232Th, and 4°K, Ba/kg,

D, =(9.2A,, +11A,, +0.8A.)x107", (6)
where Diy is the absorbed dose rate in the indoor air, nGy/h.
The absorbed dose rate (Dout) Values range between 40.3
nGy/h and 79.0 nGy/h with a mean value of 52.6+5.9
nGy/h. This mean value is lower than the value of the world
average absorbed dose rate of 84 nGy/h [8, 24]. The results
of the Doyt comparison with the permissible limit are shown
in Fig. 6.

6. Annual Effective Dose Rate, Eer

The United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) (2000) used the annual
effective dose, Eerr (Eouw, Ein), Of 0.7 Sv/Gy for the
conversion coefficient from absorbed dose in the air to
effective dose received by adults, and 0.8 for the outdoor
occupancy factor [25]. The annual effective dose in mSvly,
resulting from the absorbed dose values (Dout, Din), Was
calculated using the following formulas [19, 25]:

E, =14x10°D,,. 7

The annual effective dose obtained (Fig.7) ranges
between 0.07 mSv/y and 0.11 mSv/y with a mean value of
0.07 £ 0.01 mSvl/y [13]:
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Fig.8. Excess lifetime cancer risk (ELCR) in Ulaanbaatar, Mongolia.

Figure 7 shows variations in annual effective dose rate at
different points of Ulaanbaatar and the permissible limit.

[8, 25]. Therefore, the obtained mean value from this study

area, 0.31 + 0.04 mSvly, ranging from 0.24 to 0.47 mSv/y, /. Health Effects of Radiation

is lower than the world average value [8, 12-14]. The high Radiation can damage human cells, causing skin burns,
value of Ej, was observed in the southeastern part of the  hair loss, and cancer. Pregnant women are particularly
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TABLE 1. Comparative Results of Radiation Studies Conducted on Soil Samples from Ulaanbaatar City in 2014 and 2024

Mean values Range
Parameters
2014 2024 2014 2024
1. Activity concentration of isotopes, Bg/kg
“Ra 21.245.9 24.748.2 11-40 13-79
#2Th 20.245.0 18.5+3.9 10-49 2-40
“K 708.4+117.8 720.2+88.1 277-1002 422-966
Ray 104.5£12.6 106.6+12.3 58-129 82-166
2. Content of elements
U, g/ton 1.740.5 2.0+0.7 0.9-3.2 0.7-6.4
Th, g/ton 5.041.2 4.6+1.0 2.4-12.0 0.5-9.9
K, % 23404 2.340.3 0.9-3.1 0.3-3.1
3. Radiation hazard indicies — H
Hex 0.28+0.03 0.29+0.03 0.16-0.35 0.22-0.44
Hi, 0.34+0.05 0.36+0.05 0.19-0.43 0.26-0.66
4. Absorbed dose rate — D, nGy/h
Dou 51.4%6.1 52.6+5.9 28-64 40.3-79.0
D 98.4£11.8 100.7+£11.4 52.8-123 77-153
5. Annual effective dose rate — E.z mSv/y
Eou 0.07£+0.01 0.07+0.01 0.04-0.09 0.07-0.11
Ei 0.30+0.03 0.31+0.04 0.16-0.38 0.24-0.47
6. Excess lifetime cancer risk (ELCR)
ELCR, 107 0.25+0.03 0.26+0.03 0.13-0.31 0.20-0.39

vulnerable to radiation, as fetuses are sensitive to radiation.
The additional or extra risk of devloping cancer stems from
exposure to a toxic substance incurred over the lifetime of
an individual. Excess lifetime cancer risk (ELCR) is
calculated using the following formula:

ELCR=E,, xDLxRF, 9)

where Eox, DL, and RF are respectively the annual
effective dose, duration of life (70 years), and risk factor
(0.05 Sv* for public exposure, ICRP-2007 [27]), i.e., fatal
cancer risk per Sievert. The calculated range of ELCR is
0.20x10° to 0.39x10° with a mean value of
(0.26 + 0.03)x1073. The mean value of ELCR in the study
area is lower than the world average of 0.29x1072[24, 26].
Figure 8 shows the sampling points, excess lifetime cancer
risk (ELCR), the permissible limit (PL), and the mean value
determined in our study.

Table 1 presents a comparison between the findings
from our study conducted across 180 locations in
Ulaanbaatar in 2024 and the results from our earlier study
carried out in 2014 [12-14].

The 2024 radiation survey at 180 sites in Ulaanbaatar
showed generally slightly higher levels than the 2014
survey, all of the above figures as well as the average,

minimum, and maximum values in the text, are presented
using the 2024 survey data.

IV. CONCLUSION

1. This study can be used as a baseline for future
investigations while the data obtained in this study may be
instrumental in natural radioactivity mapping. These
findings can also be employed as reference data for future
monitoring possible radioactive pollution. The activity
levels of natural terrestrial radionuclides — 23U, 2%2Th, and
4K — were measured using gamma-ray spectrometry
system. The soil samples were collected from selected
locations of Ulaanbaatar city.

2. The mean radium equivalent activity stands at
106.6 + 12.3 Bg/kg, ranging from 82.5 to 165.9 Bg/kg. Its
maximum value is 2.2 times lower than the maximum
permissible level. The uranium mass concentration lies in
the range of 0.9 to 3.2 g/tonne, with the mean value of
1.7.5 £ 0.5 g/tonne. The thorium mass concentration falls
within the range of 2.4 to 12 g/tonne, with the mean value
of 5.0 £1.2 g/tonne. The potassium mass concentration
ranges between 0.9% and 3.1%, with the mean value of
2.4 + 0.4 %. The activity concentrations and the content of
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uranium, thorium, and potassium in the studied soils are
found to be normal.

3. The highest value of radium equivalent activity
(165.96 Bg/kg) was observed in the southeastern part of the
ash pond of power plant No. 4, located at 47.53°43.7”
latitude and 106.53°43.7” longitude in the territory of the
20th Khoroo of Songinokhairkhan district (point 90,
sample 5180). This high level is due to the radioactive
contamination of coal ash found in the environment.
However, the radium equivalent activity remains within
normal limits compared to the permissible level.

4. Our study shows that the mean value of the external
hazard index is 0.28 £ 0.03, varying between 0.16 and
0.35, which is 2.8 times lower than the permissible limit.
The mean annual indoor effective dose obtained is
0.30 + 0.03 mSv/y, ranging from 016 to 0.38 mSv/y, which
is 1.2 times lower than the permissible limit.

5. The calculated range of ELCR is 0.20x103t0 0.39x10~
3with a mean value of (0.26 + 0.03)x1073. The mean value
of ELCR in the study area is lower than the world average
0f 0.29x10°3,

6. All measured radiological parameters are below the
permissible limit. Hence the natural radioactivity of soil
does not pose any harmful radiation risks to residents or
tourists.
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Abstract — This article presents a scientometric review
that quantifies the contribution of the three-
dimensional energy transition, that is decarbonization,
digitalization, and decentralization, to the research
field of energy systems over the period 2001 to 2025.
Records were retrieved from Scopus using a two-level
query that first captured the general energy systems
domain and then stratified it into the three components.
Standardized preprocessing, cleaning, and keyword
harmonization were applied. Descriptive indicators
trace publication growth and portfolio shares, and
network mapping with VOSviewer visualizes keyword
co-occurrence and topic evolution. Results show
substantial expansion of the field and a shift of the
research mainstream toward the 3D topics.
Decarbonization accounts for approximately half of the
corpus, digitalization for about one fifth, and
decentralization for a smaller but persistent share.
Integration between energy transition components
increases over time, with the strongest coupling along
the decarbonization and digitalization axes, and a
compact but growing 3D core emerges. Topic maps
indicate an early policy and renewables nucleus,
followed by acceleration in storage, hydrogen, power
electronics and control, data-driven operations, cyber
security, and market mechanisms for local flexibility.
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. INTRODUCTION

The transformation of energy systems in the early
twenty-first century is increasingly described as the
convergence  of  three  interrelated  directions:
decarbonization, digitalization, and decentralization
(hereafter, the 3D paradigm) [1, 2]. Decarbonization
entails reducing the carbon intensity of energy supply
through the large-scale deployment of renewable energy
sources, improvements in efficiency, and the
implementation of carbon capture, utilization, and storage
(CCUS) technologies. Digitalization establishes a
technological layer, spanning sensors, the Internet of
Things (loT), artificial intelligence and machine learning
(Al/ML), digital twins, and distributed ledgers, that
enables enhanced observability, forecasting, and
automated control [3]. Decentralization reconfigures
system architecture and governance by expanding
distributed energy resources (DER), microgrids, and
energy communities, thereby broadening prosumer
participation and facilitating local market mechanisms. At
the intersection of these three dimensions arises a complex
agenda involving the integration of high shares of
renewables, the provision of flexibility and cyber-
resilience, and the development of new regulatory and
market frameworks, rendering a system-level account of
the energy transition a subject of intensive scholarly
inquiry. In parallel, a broad socio-technical literature on
energy transitions has matured, refining conceptual
categories and temporal scales of change and emphasizing
the roles of institutions, practices, and justice in transition
trajectories [4, 5].

The salience of this topic is driven both by the
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acceleration of climate policy and international Net-Zero
targets and by the rapid diffusion of digital technologies for
power-system operation alongside the growth of
distributed generation. These processes position the 3D
paradigm not as a set of isolated trends but as an
interdependent framework in which digitalization acts as a
horizontal enabler of operational control and integration of
renewables/DER, while decentralization imposes new
requirements on digital infrastructure, flexibility markets,
and data protection [3, 6]. In this configuration, the
contribution of the scientific community (its publication
scale, thematic clusters, dynamics, and geography)
becomes an indicator of the conceptual and technological
readiness of the energy transition as well as a source of
evidence for policy and industry [7, 8].

At the same time, existing reviews and bibliometric
studies tend to focus either on the general field of the
energy transition and its associated trajectories, including
issues of renewable integration and market design [9], or
on specific subsectors. The latter reveals thematic
fragmentation: energy storage is examined through the lens
of resource management under renewable uncertainty [10];
microgrids and hybrid architectures constitute a rapidly
evolving domain with its own clusters and trends [11]; and
energy communities are analyzed as an institutional and
socio-technical form of decentralization with an emerging
conceptual and empirical core [12]. Concurrently, the
literature records an acceleration of digital themes in power
systems—smart grids, forecasting algorithms, and data-
driven optimization—together with a reframing of market
and tariff design [13]. Regional studies identify
pronounced asymmetries of attention and capability and
underscore the need for normalized comparisons and
methodologically comparable approaches, for example, for
Sub-Saharan Africa [14]. Taken together, this evidence
suggests that, despite the breadth of the literature and the
rapid development of digitalization and decentralization
themes, there remain few integrated studies in which the
scientific contribution across all three components of the
3D paradigm is assessed comparatively within a single,
reproducible bibliometric framework.

The energy transition within the development of energy
systems has been examined using scientometric methods
[15, 16]. By constructing publication co-citation networks,
these studies visualize the evolution of scientific
knowledge in the energy-systems domain and identify the
research and technology development front.

In light of the above, the aim of the present study is to

assess and compare the scientific contribution to each
component of the 3D paradigm - decarbonization,
digitalization, and decentralization - based on a
bibliometric analysis of the international publication
corpus for 2001-2025. The objectives are: (1) to quantify
the scale and dynamics of research across the three
components; (2) to construct and interpret keyword-based
thematic maps and clusters; (3) to identify zones of
thematic integration at the interfaces among the 3D
components, together with associated research gaps. This
design leverages established bibliometric methods while
situating the inquiry within the socio-technical theoretical
perspective on energy transitions.

Il. DATA AND METHODS

The empirical basis for the analysis is a Scopus-derived
dataset spanning 2001-2025. The temporal scope captures
the early emergence of the transition discourse and its
subsequent consolidation. To ensure comparability, the
corpus is restricted to English-language publications and
standard scholarly document types (journal articles,
conference papers, reviews, and book chapters). Records
include bibliographic metadata, abstracts, author and index
keywords, citation counts, and source information.

The query design follows a two-level logic. At the first
level, which is intended to capture the general field, we
employ a set of terms that reflect standard disciplinary
vocabulary and the principal levels of analysis in energy
studies: “energy system,” “power system,” ‘“energy
transition,” “power industry” or “power grid,” “energy

ELINT3

sector” or “power sector,” “energy policy” or “energy
planning,” and “energy transformation.” This umbrella
layer is designed to ensure that the search retrieves the core
literature on energy systems while remaining neutral with
respect to specific technologies or policy instruments.

At the second level, the corpus is structured by the three
components of the 3D paradigm. This follows the
established interpretation of decarbonization,
digitalization, and decentralization as three interrelated
drivers of energy system transformation [1]. For the
decarbonization block, the keyword set includes “global

2 < EERNA3

warming,” “carbon neutral,” “greenhouse gas,” “climate
change,” (“carbon dioxide” OR “C0O2”) AND emission,
“zero carbon,” “low carbon,” hydrogen, renewable, and
“clean energy.” These expressions represent canonical
markers of the climate mitigation agenda as codified in
IPCC assessments and widely applied in bibliometric and
policy analysis [17]. The inclusion of both policy-oriented
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Fig. 1. Structure of search queries in the Scopus international database of peer-reviewed scientific literature.

labels (for example, net zero and low carbon) and
technology terms (for example, hydrogen and renewables)
increases the likelihood of capturing documents that
discuss mitigation pathways, technology deployment, and
emissions outcomes within the same analytical frame.

For the digitalization block, the keywords are
“digitalization,” “digitization,” “digital transformation,”
“Industry 4.0,” “smart grid*,” “smart meter*,” “digital
“IoT” or of things,” “artificial
intelligence” or “big data,”
“blockchain,” “cloud computing,” “edge computing,”

twin*,” “internet

“machine learning,”
“demand response,” and “energy management system.”
This set covers both infrastructural layers of digital energy
systems and algorithmic or data-centric approaches,
aligning with the IEA’s framework and survey literature on
smart grids and digital energy [18], [19]. The use of
truncation where appropriate (for example, “smart grid*,”
“digital twin*”) allows for terminological variants while
preserving specificity.

For the decentralization
“decentralization” or

terms are
“distributed
generation,” “distributed energy resources,” “DER,”

block, the
“decentralisation,”

“microgrid*,” “mini-grid*,” “prosumer*,” “peer-to-peer
energy,” and “community energy*.” This vocabulary
captures the architectural and organizational shift toward
distributed resources, local markets, and energy
communities, and it is grounded in foundational microgrid
literature together with recent reviews of community-based
energy models [20 - 22]. The combination of technical

descriptors (for example, microgrids and DER) with socio-
institutional concepts (for example, prosumers and energy
communities) enables the retrieval of both engineering-
centric and governance-oriented strands of the
decentralization discourse.

Taken together, this two-level dictionary balances recall
and precision. The first level secures comprehensive
coverage of the energy systems domain, while the second
level supports a reproducible stratification of the corpus
into thematic clusters aligned with the 3D paradigm of the
energy transition. The explicit linkage to established
reports and reviews provides conceptual legitimacy and
facilitates comparability with prior bibliometric studies.

All terms are searched in TITLE-ABS-KEY fields.
Global filters harmonize the selection across blocks:
publication year greater than 2000, English language, and
exclusion of non-energy biomedical areas not germane to
the present inquiry. The detailed query structure in the
international database of peer reviewed scientific literature
Scopus is shown in Figure 1.

Retrieved records are exported in standardized formats
and subjected to a consistent preprocessing pipeline.
Normalization includes lowercasing and harmonization of
British and American spellings (e.q.,
decarbonization / decarbonisation) followed by
lemmatization. Abbreviations such as RES or DER are
unified and connected to the related terms (e.g. RES =
renewable energy resources). Document duplicates are
removed primarily via DOl matching; in the absence of
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Fig. 2. Annual publication counts and relative shares on energy-transition research in energy systems together with 3D

components (decarbonization, digitalization, and decentralization) over 2001-2025.

DOls, fuzzy title matching with year and source tie-
breakers is applied. Subject-area filters are verified to
reduce contamination from adjacent but out-of-scope
fields.

The descriptive component comprises annual publication
counts and citations, which collectively trace phases of
emergence, consolidation, and accelerated growth. To
compare the three components, records are tagged by block
after de-duplication, allowing computation of portfolio
shares within the transition-themed corpus. Headline
proportions from the working dataset indicate that
decarbonization accounts for approximately half of the
output, digitalization for roughly one fifth, and
decentralization for a smaller, though steadily expanding,
share. Country-level contributions are summarized through
publication counts and a simple impact proxy (citations per
publication), acknowledging that more refined field-
normalized indicators would strengthen cross-national
comparisons.

I1l. RESULTS AND DISCUSSION

Using the query structure outlined in the previous
section, bibliographic records were retrieved from the
Scopus database for the period 2001 to 2025. The corpus
reflects the state of indexing as of 10 December 2025;
consequently, data for 2025 remain slightly incomplete.
Figure 2 shows quantitative publication growth and
relative shares on energy-transition research in energy
systems together with 3D components (decarbonization,

digitalization, and decentralization).

The analysis indicates a pronounced expansion of
publication activity in energy research overall and a sharp
intensification of the Energy Transition 3D strand within
that corpus. Total publications in the energy systems
domain increased from 3,849 to 54,330, while the Energy
Transition 3D subset grew from 469 to 33,761. The share
of 3D in the overall corpus rose steadily: from 12% in 2001
to 30% in 2010, approximately 43 to 49% in 2016 to 2020,
surpassing one half in 2021 (52%), and reaching 62% by
2025. These figures point not only to quantitative growth
but also to a qualitative shift in the center of gravity of
research agendas toward decarbonization, digitalization,
and decentralization within energy systems.

The internal structure of energy transition research shows
asymmetric yet coordinated growth across all three
components. Publications on decarbonization increased
from 354 to 26,280, and its share within Energy Systems
rose from 9% to 48% by 2025, with a sustained
acceleration after 2018. Digitalization is the fastest
growing component in relative terms: from 72 to 11,245
publications and from 2% in 2001 to 21% in 2025. A key
inflection occurred around 2010 to 2012, when the share
rose from 8% to 15 to 16%, followed by stabilization at 18
to 21% during 2019 to 2025. This inflection marks the
point at which the digitalization concept entered broad
circulation in the research literature. Decentralization rose
from 63 to 4,601 publications, with its share increasing
from 2% to a peak of 10 to 11% in 2018 to 2023, then
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moderating to 9% in 2024 and 8% in 2025. This pattern
may reflect both a reorientation of research effort toward
decarbonization and digitalization and potential lags in the
indexing of 2024 to 2025 work on distributed energy and
community models.

A phase-based representation is also observed on Fig. 2.
Phase 1 (2001 - 2009) shows a gradual rise in the 3D share
from 12% to 25% at modest absolute volumes. Phase 2
(2010 - 2016) exhibits a structural break: the 3D share
increases to about 43%, digitalization moves rapidly from
the periphery toward the quasi-core (from 8% to 17%), and
decarbonization consolidates its dominance (21 to 26%).
Phase 3 (2017 - 2021) is characterized by consolidation,
with Energy Transition 3D occupying 44 to 52% of the
total corpus and all three components growing in tandem.
Phase 4 (2022 -2025) features a deepening of
decarbonization’s dominance (share rising from 39% to
48%), a persistently high contribution from digitalization
(19 to 21%), and a plateau in decentralization, including a
modest decline from 11% to 8%. Taken together, these
results indicate that by the mid-2020s the energy transition
had shifted from a discrete thematic niche to the principal
research mainstream within energy systems, with
decarbonization setting the overall scale, digitalization
providing speed and controllability, and decentralization
driving architectural transformation and institutional

100%

80%

60%

Decentralization

innovation.

Dividing the Energy Transition 3D corpus into mutually
exclusive  subsets:  single-component  publications
(decarbonization only, digitalization only, decentralization
only), pairwise intersections  (decarbonization—
digitalization, decarbonization—decentralization,
digitalization—decentralization), and the three-way core
itself we quantify the extent of thematic integration by
year. The results indicate a marked rise in integrative work.
Aggregating by periods, the share of publications that
engage at least two components grows from 6.5% in 2001—
2009 to 17.8% in 2010-2016 and 20.8% in 2017-2025;
within this, the three-way core increases in absolute terms
from 44 to 1,279 to 5,996 records and reaches about 3.1%
of the 3D corpus in the latest period. Pairwise overlaps are
led by decarbonization—digitalization (rising to 8.9% in
2017-2025), followed by decarbonization—
decentralization (6.1%) and digitalization—decentralization
(2.7%). Despite this consolidation, single-component
contributions remain the majority: decarbonization-only
accounts for roughly 52.0% of the 2017-2025 3D corpus,
digitalization-only for 20.6%, and decentralization-only
for 6.7%. Taken together, the evidence points to a
progressive coupling of research agendas across the 3D
paradigm, with the strongest integration occurring along
the decarbonization—digitalization axis and a smaller, but
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Fig. 3. Overlaps among the 3D components in the Energy Transition 3D corpus in energy systems, 2001-2025:
(a) Venn diagram showing total publication shares; (b) yearly share distribution.
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growing, three-way core.

Figure 3 (a) illustrates that decarbonization remains the
system-forming strand, accounting for just over half of the
3D corpus in singleton form. Integration occurs primarily
along the decarbonization—digitalization axis (8%), with
smaller but nontrivial overlaps for decarbonization—
decentralization (6%) and digitalization—decentralization
(3%). The three-way core is compact (3%), suggesting that
genuinely triadic studies are still a minority relative to
single-component contributions. Taken together, the
composition points to a field where decarbonization sets
the dominant research baseline, digitalization acts as the
principal transversal enabler, and decentralization
contributes a focused but more specialized body of work
interfacing with the other two components.

Using VOSviewer [23], thematic maps for each
component of the 3D energy transition (decarbonization,
digitalization, and decentralization) were generated from
the top 1,000 keywords drawn from the component-
specific article subsets, applying a publication citation
threshold greater than 20 (see Fig. 4-6). The color scale
encodes the average publication year over 2001-2025,
where blue indicates earlier years and yellow indicates
later years, which allows the temporal evolution of
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periphery structure with a pronounced temporal gradient.
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2010s the discourse shifted from a climate policy frame
toward the scaling of renewables and their system
integration.
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oriented. Adjacent, relatively larger nodes include solar
energy, photovoltaics, solar power generation, energy
storage, electric battery, smart grid, demand response, and
microgrid. Their green coloration signals continued growth
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Fig. 5. Digitalization: keyword co-occurrence map within energy-systems research, 2001-2025.

related materials represent comparatively recent and fast-
growing subfields. Second, power electronics and system
control: electric power system control, inverters, dc-dc
converter, controller, frequency control, together with
algorithmic methods such as particle swarm optimization,
stochastic models, and neural networks. These areas reflect
a transition from simply adding renewables to actively
managing flexibility and power quality at high variable
renewable shares.

Bridging topics include integrated energy system,
vehicle-to-grid,  uncertainty  analysis, and  cost
effectiveness. Their relatively late average year suggests
strengthening attention after 2018 at the interface of
engineering and economics.

Figure 5 shows the “Digitalization” thematic map,
which exhibits a clear core-periphery structure and a
pronounced temporal gradient. At the center are early,
high-frequency nodes such as smart grid, demand
response, energy management system, renewable energy
source, energy efficiency, internet of things, and links to

electric power distribution and electric utility.

From the mid-2010s onward the core becomes
increasingly technology and algorithm oriented. Larger,
later clusters appear around deep learning, artificial neural
network, internet of thing, support vector machine, and
forecasting, including short-term load, wind, and solar,
together with uncertainty analysis and optimization. This
pattern reflects a shift toward data-driven methods for
prediction and operational planning. In parallel, a cyber-
resilience contour strengthens, centered on network
security, cyber-attack, intrusion detection, anomaly
detection, state estimation, and phasor measurement unit,
with yellowish hues signaling acceleration in 2018-2025.
At the interface of markets and ICT, clusters on
blockchain, smart contract, energy trading, transactive
energy, and demand-side management trend later,
indicating the institutionalization of digital transactions
and local flexibility markets. Connections to electric
vehicle, charging, electric battery, and storage
management point to the integration of DER within the
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Fig. 6. Decentralization: keyword co-occurrence map within energy-systems research, 2001-2025.

digital control layer. Overall, the evolution proceeds from
the classical smart-grid and demand-response paradigm to
a mature digital ecosystem in which machine-learning
methods, cybersecurity, platform solutions, and transaction
mechanisms are central.

Figure 6 represents the decentralization topic map as a
compact technical core with a clear temporal gradient from
engineering-focused foundations toward market and
community themes. Early, high-frequency nodes cluster
around microgrid, renewable energy source, energy
storage, photovoltaic system, wind energy, and electric
power transmission networks, together with control and
protection topics such as electric power system control,
controller, reactive power, fault detection, stability, dc
microgrid, and dc-dc converter. This pattern reflects the
initial emphasis on distributed architectures, power
electronics, and operational reliability for integrating
variable renewables. From the mid-2010s the map
broadens toward system operation and planning, with
energy management system, demand response, decision
making, uncertainty analysis, and techno-economic
analysis gaining prominence. Later-year clusters
concentrate on power markets, transactive energy, energy

trading, blockchain, prosumers, and community energy,
indicating a shift toward market design, participation
models, and institutional arrangements for local energy
systems. A parallel strand in the upper left highlights
network security and cyber-attack detection, signaling
growing attention to cyber-resilience of distributed
infrastructures. Taken together, the evolution moves from
hardware and control of microgrids to socio-technical
integration  through  markets, communities, and
cybersecurity.

To aid interpretation, the decentralization map can be
read in conjunction with the decarbonization and
digitalization maps (cf. Fig. 4-5). Several high-frequency
constructs recur across figures and anchor the triad: energy
storage, photovoltaic system and wind energy link
decarbonization to decentralization; smart grid, demand
response, and energy management system connect
decentralization with digitalization; microgrid appears in
all three as the canonical distributed architecture. The
temporal gradients are also coherent: the 2016-2020
window marks a shared inflection where data-driven
forecasting and control (Fig. 5) intersect with large-scale
VRE deployment and storage build-out (Fig. 4) and with
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the maturation of microgrid operation and protection (Fig.
6). At the same time, each map retains distinctive late-
emerging contours: hydrogen and electrocatalysis in
decarbonization;  machine-learning  methods  and
cybersecurity in digitalization; and market and community
constructs such as transactive energy, energy trading, and
community energy in decentralization. Together these
correspondences and divergences indicate progressive
coupling of the three components around a common
operational stack, while preserving domain-specific
frontiers.

IV. CONCLUSION

This scientometric assessment shows that research on
energy system transformation has moved from a peripheral
niche to the principal mainstream, with the three-
dimensional framework now structuring the field.
Decarbonization functions as the system forming axis,
digitalization has matured into a transversal enabler of
forecasting, control, and market participation, and
decentralization advances through distributed energy
resources, microgrids, and energy community
architectures. The internal composition of the literature
displays increasing pairwise integration and a small but
expanding triadic core, which indicates convergence of
technological, digital, and institutional trajectories.
Thematic maps show a temporal shift from policy and
resource framing to technology intensive fronts, including
storage and hydrogen, power electronics and system
control, machine learning methods, cyber security, and
transactive energy, consistent with the operational
challenges of high shares of variable renewables. Given the
secular growth of global publishing and uneven country
contributions, future work should incorporate field
normalized impact indicators, country level baselines, and
analyses of collaboration networks, and should triangulate
bibliometric evidence with patent and demonstration
datasets. The study has limitations related to a single
database, an English language focus, and indexing latency
for 2025, and it outlines a reproducible path for future
comparative analyses.
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Machine Learning for Identifying Characteristics
of Isolated, Clustered, and Pulsed VVapor Bubbles
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Boiling Conditions
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Abstract — This paper presents an automated system
for analyzing high-speed video of non-stationary
nucleate boiling on an opaque steel surface. The method
leverages the DenoiSeg deep learning network for
robust bubble segmentation under challenging
conditions (reflected light, optical distortions) and
introduces an algorithm for tracking bubbles and
calculating time-dependent characteristics.

The system identifies and classifies bubbles into three
types (isolated, clustered, and pulsating) to extract the
essential boiling parameters, including nucleation site
density, surface area fraction, maximum diameter, and
nucleation frequency. Validation against manual key
frame analysis confirms the system's accuracy. The
results not only verify the significant prevalence of
clustered and pulsating bubbles but also, thanks to
extensive data processing, reveal trends hidden by
stochastic noise, such as the growth of the maximum
diameter of clusters with increasing surface
temperature. The developed tool provides a reliable
foundation for building predictive heat transfer models
for non-stationary boiling regimes.
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Index Terms — Nucleate boiling, machine learning,
image segmentation, time-averaging, nucleation site
density, maximum bubble diameter, nucleation
frequency.

|. INTRODUCTION

Nucleate boiling in a flow of subcooled liquid is one of
the most effective heat removal methods, with widespread
applications in power engineering, electronics cooling, and
other fields used three CNN models to segment
overlapping bubbles, followed by a generative
adversarial network (GAN) for hidden bubble part
reconstruction [1]. However, boiling properties under
non-stationary regimes involving rapid heater temperature
changes remain insufficiently studied [2-4].

In recent decades, high-speed videography has been
increasingly used to investigate nucleate boiling
characteristics. It is impossible to extract parameters of
individual bubbles and statistical boiling characteristics
from the resulting large volumes of video data without
modern automated image and video processing tools [5—
10].

The objective of this work is to develop an automated
system for identifying bubbles on the heater surface in
high-speed video frames captured in reflected light under
non-stationary heating conditions, and to obtain
characteristics of isolated, clustered, and pulsating bubbles.

II.LITERATURE REVIEW

Numerical modeling of heat and mass transfer during
boiling is a powerful tool for understanding underlying
mechanisms [4, 11-13]. Boiling heat flux correlations rely
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on experimentally determined characteristics such as
nucleation site density, bubble diameter, and frequency
[14, 15]. Generalizing these correlations for non-
stationary, high-temperature-rise-rate regimes remains a
significant challenge.

When acquiring new experimental data, it is essential to
account for the stochastic nature of vapor generation and
the extremely wide parameter scatter of individual bubbles
coexisting under identical conditions [16-19]. Measuring
the lifetime and dimensions of individual bubbles with
sufficient accuracy, while simultaneously gathering
statistical data on a sufficiently large number of bubbles,
requires processing tens of thousands of bubble images
across thousands of frames. Consequently, it is not
surprising that with the widespread adoption of high-speed
videography in nucleate boiling experiments, methods for
machine-assisted processing of video frames have been
actively developed.

Heuristic algorithms based on threshold binarization,
edge detection, or background subtraction have in some
cases allowed for the automation of nucleate boiling video
processing [5, 20, 21]. Dark bubbles on a light background
are typically obtained when filming in transmitted light
using a transparent heater [22, 23]. However, it is well-
established that the surface roughness and wettability of
the heater, as well as its thickness, heat capacity, and
thermal conductivity, have a profound influence on boiling
characteristics and the removed heat flux. Therefore, it is
essential to obtain experimental data with heater properties
that closely approximate those of the heat-transferring
surfaces in industrial heat exchangers. Bubbles on a steel
heater surface in reflected light are visible to the human eye
because they create glares and refract light; however, they
do not differ from the background in intensity level and
often lack distinct boundaries.

In some cases, algorithms based on correlating video
frames with pre-selected bubble templates have shown
sufficient effectiveness [24, 25]. The method for cross-
correlation of successive video frames is used in the PIV
(Particle Image Velocimetry) method for studying the
motion of bubbles with more or less constant sizes and
shapes [26]. However, cross-correlation is computationally
expensive. More importantly, it is poorly suited for bubble
clusters, which exhibit immense diversity in forms and
structures.

More flexible methods for bubble identification are
machine learning techniques implemented in various
neural network models. Convolutional Neural Networks

(CNNs) have demonstrated strong performance [6, 7, 9,
10]. Compared to a multilayer perceptron, a CNN contains
far fewer weights, making it less resource-demanding and
less prone to overfitting. There are several recent works on
application of models based on You Only Look Once
(YOLO) architecture to detection of bubbles in bubbly
flows [8, 27]. Hessenkemper et al. [28] used three CNN
models to segment overlapping bubbles, followed by a
generative adversarial network (GAN) for hidden bubble
part reconstruction.

Nevertheless, preparing a sufficient amount of labeled
data for training a deep neural network from scratch is a
task as labor-intensive as manually processing a series of
experiments. One way to overcome this obstacle is to use
pre-trained neural networks, which may require only a few
dozen images specific to a given experiment for fine-
tuning. This approach is proposed by the authors of the
VideoSAM model for segmenting the vapor phase in high-
speed video frames [29, 30]. Another approach is
unsupervised learning. It is used, in particular, in the
DenoiSeg (Denoising & Segmentation) model [31], where
the same network is trained to produce both a segmented
image and an image denoised from random noise at
different outputs. The segmentation output is trained in a
supervised manner, while the denoising output is trained
unsupervised. There are also examples of successful
training of a neural network model designed for
recognizing individual bubbles in bubbly flow on
generated images [7].

Most existing heat transfer models for nucleate boiling
assume that bubble interaction is negligible until at least
one-third of the heater surface is covered and can therefore
be disregarded. However, several studies [32, 33] have
demonstrated that bubbles can activate nearby nucleation
sites, meaning bubble clusters can form at the very early
stages of boiling. The shape of clustered bubbles is far from
spherical, and their size may not correspond to the amount
of heat withdrawn from the heater for a given bubble, as
heat and vapor transfer occurs between bubbles. In addition
to isolated and clustered bubbles, the authors of [33]
identified pulsating bubbles. Once formed, these bubbles
remain on the surface for 10 to 100 times longer than
ordinary bubbles, periodically growing and shrinking in
size.

This work tests the hypothesis of the suitability of
available neural network architectures, particularly
DenoiSeg, for automating the processing of non-stationary
boiling videos on an opaque heater. The developed
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automated system is validated by comparison with manual
processing results. In doing so, it verifies previous
conclusions based on manual processing results, regarding
the significant proportion of clustered and pulsating
bubbles at all stages of nucleate boiling.

I1l. METHODOLOGY

A. Process Outline

During the experiment on non-stationary boiling, high-
speed videography of vapor structures on the heater surface
was performed. Each experimental run was defined by two
key parameters: the flow subcooling (ATsup) and the heater
temperature rise rate. The temperature rise rate, which
reaches up to 16 000 K/s in this study, was determined
relying on the average power generated by the electric
current passing through the heater.

The entire processing pipeline for the video frame
sequence from a single experiment consisted of three
stages:

1. Neural network-based segmentation to define two

classes (background and vapor phase).

2. Bubble detection and cataloging.

3. Calculation of time-dependent, averaged boiling

characteristics.

In this process, bubbles were accounted for separately
according to three types: isolated, clustered, and pulsating.

B. Experimental Setup

The experimental data were obtained at the “High-
Temperature Circuit” Multi-Access Research Center. A
description of the facility and the results of processing
individual experiments are provided in [33, 34]. The
automated high-speed video frame processing system
developed in this study was tested using experimental data
for water bubble boiling, characterized by a subcooling of
23-103 K at a pressure of 0.29 MPa, on a technically
smooth (machined) steel surface with a maximum
roughness of 4 um, and at an average flow velocity of
0.52 m/s.

Videography of the vapor structures on the heater
surface was performed through the opposite transparent
channel wall and a 3 mm layer of water. One or two high-
power LED lamps were used for illumination. The light
passed through the same transparent wall from above and
below the camera at an angle of approximately 45° to the
heater surface. This configuration created one or two glares
on each isolated bubble and, due to the scattered light
component, made it possible to distinguish the overall

structure of the background and vapor cavities.

A Phantom V2012 high-speed camera was used for
filming, with a resolution of 5.5 pm per pixel. This setup
allowed for the recording of bubbles with a size of
approximately 10 um and larger. Frame rates of up to
350 000 Hz were available at a resolution of 128x128
pixels. However, preliminary video analysis established
that no bubbles with a lifetime of less than 10 ps were
observed; it was therefore decided to reduce the frame rate
to 180 000 Hz. This allowed for capturing frames with a
size of 256%256 pixels, corresponding to a 1.4 mm x 1.4
mm area on the heater surface plane. The size of individual
bubbles on the surface did not exceed 0.3 mm.

For subsequent image segmentation and vapor structure
identification, frames were extracted from the video of
each experiment, covering the period from the appearance

of the first bubble, Tyg (Onset of Nucleate Boiling) until

the moment when vapor agglomerates detached from the
surface, moved out of the depth of field, and began to
obscure other bubbles nucleating on the surface.

C. Neural Network-Based Segmentation

The identification system was based on the DenoiSeg
neural network architecture [31], which exists in two
forms: as a plugin for ImageJ and as a Python module. This
work utilized the ImageJ plugin, extended with a macro for
batch processing of video frames. The DenoiSeg neural
network is a U-Net architecture with four outputs, three of
which are dedicated to segmentation, and the fourth to
denoising. The target output for the denoising branch is
generated automatically, and this output is used for training
on unlabeled images. This process adjusts the network's
weights that constitute the feature maps, ultimately
improving the segmentation results as well.

Our analysis, based on training the network on diverse
experimental video datasets, indicates that a segmentation
accuracy of >95% requires a model specialized for a single
surface type. For a given surface, the training data can
encompass variations in key parameters such as flow
subcooling, heater temperature rise rate, and video capture
settings (illumination, focus, exposure, framing). The total
training dataset comprised 491 images, of which 68 were
annotated. Another 35 annotated images were used for
validation and to prevent network overfitting.

When tested on boiling frames from a structured
surface, the model trained on data from a technically
smooth surface detected approximately 70% of bubbles.
While the Python implementation of the DenoiSeg model
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allows for adaptation or fine-tuning to address this, the
ImageJ plugin version lacks this functionality. Training a
new model from scratch for the structured surface is
therefore a viable alternative, especially since the process
required less than 10 hours on a PC equipped with a single
NVIDIA GeForce RTX 4060 Ti GPU.

Figure 1 provides an example of the visual validation of
the trained model, showing a comparison of the original
frames with their corresponding manually labeled frames
and the frames obtained via segmentation by the trained
neural network. Although noticeable differences exist
between the manual labeling and the results of the
automatic segmentation, the statistical characteristics of
the bubbles do not exhibit significant distortion.

Furthermore, in the frames marked with numbers 1, 2,
and 3, the neural network detected even small bubbles. In
the left part of the original frame 3, optical distortions are
present, caused by the movement of fluid layers at different
temperatures, which had developed during the slow
heating process. This did not hinder the automatic
identification of bubbles in this area. Frame 4 features large
bubbles with a pronounced dry spot area, where the heater
surface is visible without any distortion. The neural
network misidentified these areas as background.
Nevertheless, the overall error rate across various
conditions ranged from 0.5 to 5%.

D. Bubble detection and cataloging

The next step after image segmentation was to compile,
for each experiment, a list of all bubbles that existed from
the onset of vapor generation until the detachment of large
vapor agglomerates. The characteristics determined for
each bubble included its type, the coordinates of the center
of mass of its two-dimensional image at the moment of
nucleation, the initial and final frames, the maximum
achieved size, lifetime, and nucleation frequency.

The maximum achieved size (effective diameter) D; of
an individual bubble was determined based on the
maximum area A reached during its lifetime:

4A
D, = ‘/—' . L)
s

The bubble lifetime, in seconds, was calculated as the
lifetime in frames divided by the frame rate. Since bubble
interactions made re-nucleation at the same site infrequent,
determining the waiting time for each individual bubble
was not feasible. Therefore, the nucleation frequency f; of
an individual bubble was defined as the reciprocal of its
lifetime.

These individual characteristics were determined by
analyzing the intersections of regions (objects) marked as
vapor (white) across consecutive frames, starting from the
frame preceding the appearance of the first bubble. Three
bubble types were identified: isolated (also referred to as
single), clustered, and pulsating.

An isolated bubble is the most common type
considered in the majority of boiling models. It refers to a
bubble that nucleates in an area not occupied by other
bubbles due to the accumulation of sufficient surface
superheat near an active site, undergoes phases of
hydrodynamic and thermal expansion, then shrinks and
either condenses on the surface or detaches.

In image processing, an isolated bubble is
algorithmically defined as a continuous sequence of
segmented objects that do not undergo merging or splitting.
The sequence must satisfy two criteria: 1) the intersection
between two consecutive objects is non-empty, and 2) the
displacement of their centroids does not exceed 5 pixels.
This threshold, corresponding to a velocity of
approximately 5 m/s, was determined through visual
inspection of the video dataset. The first object in such a
sequence has no intersection with any object in the
preceding frame.

Clustered bubbles are defined by their participation in
interactions such as merging, splitting, or rapid
displacement. These processes enable vapor and heat
exchange between bubbles, so a bubble's size may no
longer directly reflect the energy received from the heater
alone. While touching yet distinct bubbles can be identified
during manual frame-by-frame analysis, they appear as a
single, irregularly shaped region in a segmented binary
image, representing a bubble cluster.

Unlike an isolated bubble, a cluster exhibits three critical
features that affect its contribution to heat transfer models:
1) internal vapor and heat transfer, 2) a complex, non-
spherical shape with a thickness significantly smaller than
its in-plane diameter, and 3) a shortened effective lifetime,
typically confined to the interval between interactions.

A pulsating bubble is defined by its resumption of
growth after beginning to shrink, undergoing multiple such
cycles until it is displaced or absorbed by a cluster. It
typically attains a smaller maximum size and exhibits a
lower growth rate compared to an isolated bubble at the
same nucleation site. This is because, lacking a dormant
phase for energy accumulation, it cannot initiate the rapid
hydrodynamic growth and micro-layer evaporation
characteristic of an isolated bubble. Consequently, an
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individual pulsating bubble transfers less heat. Despite this,
the collective contribution of pulsating bubbles to the total
heat flux can be significant, as their small and stable sizes
allow for high surface packing density.

In automated processing, a pulsating bubble is identified
similarly to an isolated one, with a key distinction: the
sequence starts from an object intersecting a single,
shrinking bubble from the previous frame. Consequently,
each growth-shrinkage cycle was logged as a separate
“bubble” entry in the dataset.

E. Calculation of Time-Dependent, Averaged Boiling
Characteristics

Surface cavities contribute to the population of active
nucleation sites as the increasing surface temperature
expands the range of permissible curvature radii [35].
However, they can be activated earlier upon contact with
another bubble. On the other hand, once the required
surface temperature is reached, a bubble might be absent
from a nucleation site for a stochastic waiting period.
Furthermore, on an engineered surface, the spatial
distribution of cavities with different curvature radii is
random. For these reasons, even the most precise bubble
count on a single frame from a small surface area does not
provide reliable data on the overall nucleation site density
on the heater at a given temperature. Further increasing the
camera's field of view is only possible by reducing the
frame rate. Therefore, the hypothesis of equivalence
between spatial and temporal averaging with a certain time
step was adopted; that is, the ergodicity of the bubble
system on the heater surface was assumed. The temporal
averaging window, At, must exceed the average bubble
lifetime (approximately 0.03 ms) and be less than the time
required for the surface temperature to increase by 10 K
(0.5 ms at a surface temperature rise rate of 20 K/ms).

The boiling characteristics in each individual
experiment were calculated for time instances t €

[TONB + %,TONB + Aty, Tonp + % + 2At, Tonp + % +

3Aty, ..., Tosy —% ] where At <At . This study used
values of At=0.55 ms and At =0.16 ms. Statistical
processing was performed for four bubble categories: S —
single (isolated), C — cluster, P — pulsating, A —all. The last
category is the union of the first three. The processing
yielded the following time-dependent functions:
nucleation site density, Na, (t), maximum diameter, Dy, (1),
nucleation frequency, fyi(t) and fraction of surface area
occupied by bubbles, Fy;(t), where 1e{S,C,P,A}. The

values of these functions for each bubble category | and
time t were determined based on a sublist J; (t), comprising
all bubbles of category | present in at least one frame from

i (t) = (t—%) f toi(t)= (t+%j f. —1, where f. is the

frame rate. Henceforth in this subsection, the index | is
omitted for brevity, as the processing was performed
identically and independently for each category.

When compiling the sublist of bubbles for the category
under consideration, the value p,(t) — the fraction of

frames within the interval [i, (t),i,(t)], in which the bubble

with index j was present — was calculated for each j-th
bubble. Note that 0 < p; (t) <1. The nucleation site density

at time t is simply the sum of p;, (t) , divided by the frame

area Ac:
1 (1)
N () ==-p; (1). @
A =
In particular, if all J (t) bubbles existed throughout the
J(t)

entire considered interval, then N, (t) :T. If all J ()

bubbles appeared strictly sequentially from a single

nucleation site, then N, (t) = %

When calculating the averaged maximum diameter
values, the maximum diameter of each bubble was

multiplied by a weighting factor equal to p; (t)D?, because

the amount of heat transferred from the heater surface to
the liquid during the formation and subsequent
condensation of a given bubble is approximately
proportional to its volume. Thus,

MO)

2.P;(HD]

D, () = 15— ®3)
2P (D]
j=1

The nucleation frequency, as a characteristic of an
individual bubble, was also averaged using a weight
proportional to its volume and presence fraction p, (t):

I(t)
2P, Of,D]
f, ) = 55— )
2P (D]
j=1
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Fig. 1. Validation of individual video frame segmentation results. Raw: original frames, gt: manually labeled ground truth,
NN-result: neural network segmentation result. Experimental conditions: 1, 2 — ATsu = 53 K, dT/dt = 3600 K/s; 3 —
ATsup = 103 K, dT/dt = 330 K/s; 4 — ATsub = 23 K, dT/dt = 9900 K/s.
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The areas occupied by individual bubbles in a single
frame are non-intersecting segments. However, when
determining the surface area involved in the heat transfer
process due to boiling, each bubble was considered with
the maximum area it achieved during its lifetime. At the
stage of statistical processing of the bubble list,
information about the shape of the region covered by the
bubble at that moment was unavailable, and it was
approximated as a circle with a diameter D;. Such circles
with maximum diameters for different bubbles can
overlap, and this must be accounted for.

To estimate the fraction of area occupied by bubbles as
accurately as possible, a two-dimensional array
corresponding to all pixels in the frame was created. The
array was initialized with zeros. Then, for each bubble
from J (t) the value p, (t) was added to all array elements

corresponding to pixels within the circle of diameter D;
centered at the bubble's center of mass, with the constraint
that no element value could exceed 1. Subsequently, F,(t)

was calculated as the sum of all elements in this array,
divided by the total frame area in pixels.

IV. RESULTS

To validate the developed automated video data
processing system, its results were compared with those
previously obtained through manual processing. For
comparison, two experiments with a high surface
temperature rise rate (12 000-16 000 K/s) and flow
subcooling of ATs, =23 K and 103 K were selected.

The manual processing was conducted as follows. In
each experiment, approximately 10 key frames (KF) were
selected during the initial phase of nucleate boiling. For
each key frame, a list of bubbles present in it was compiled.
For each bubble, its lifetime, maximum diameter, and type
(isolated, clustered, or pulsating) were determined by
reviewing the video forward and backward from the key
frame. The values of nucleation site density, maximum
diameter, nucleation frequency, and the fraction of surface
area occupied by bubbles of each type and the generalized
“All” category were determined using formulas analogous
to those in the previous section, with pj(t) = 1.

As is seen in Fig. 2(a, b), the total number of bubbles of
all types aligns almost exactly between the automated and
manual processing methods. An exception is the Na values
for t—1,,;>0.8 ms at AT, =103 K, where manual

processing yields higher values. This discrepancy is
associated with differences in handling clustered bubbles:

during automated processing, an entire cluster of touching
bubbles was counted as a single bubble, whereas during
manual processing, bubbles distinguishable in the original
frame were counted as separate bubbles of the clustered
type. The results of the automated processing, covering a
longer time period, allow for determining the limiting
value of nucleation site density at which saturation occurs.
For both experiments considered, this value was
approximately 90 mm=,

The fraction of the heater surface area occupied by
bubbles of all types (Fig. 2 (c, d)), and particularly by
clustered bubbles, is on average higher in the manual
processing results compared to the automated results. The
total area occupied by a bubble cluster might have been
overestimated during manual processing because the area
of each bubble within the cluster was calculated as the area
of a circle with a diameter equal to the bubble's largest
visible dimension. Although the overlap of these circles
was accounted for, the actual overlap might have been
greater. Furthermore, as seen in Fig. 2 (a, b, c, d), the
automated processing attributes a higher relative
contribution to pulsating bubbles and a lower one to single
bubbles compared to the manual processing. This is
because bubbles that did not fully condense but underwent
a sharp change in size or structure during the transition
from shrinking to growing were classified as single in the
manual processing, whereas in the automated processing
they were identified as pulsating.

The averaged maximum bubble diameter (Fig. 2 (e, 1))
shows close agreement between the manual and automated
processing results, especially for the combined category of
all bubble types. Clustered bubbles in the automated
processing reach larger sizes within the same time interval,
which is associated with the distinction between treating an
entire cluster as a single entity versus individual bubbles
within a cluster. The discrepancy between these two
approaches could have been significantly more
pronounced if D represented a simple arithmetic mean.
The use of a weighting function proportional to the bubble
volume during averaging renders small bubbles within a
cluster negligible compared to the single bubble that
absorbed them upon merging. The differences in Di values
for isolated and pulsating bubbles obtained manually and
via neural networks are not unidirectional, as they are
linked to the differences in bubble type classification.

The most significant discrepancies between the manual
and automated processing are observed in the nucleation
frequency values (Fig. 2 (g, h)). In principle, a close match
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Fig. 2. Verification of neural network (NN) results against manual key frame (KF) analysis for bubble statistics at flow
subcoolings of 23 K (a, ¢, e, g) and 103 K (b, d, f, h). Compared parameters: (a, b) nucleation site density, N, ; (c, d) surface area

fraction, F, ; (e, f) maximum diameter, D,, ; (g, h) nucleation frequency, f,.
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for this parameter could only be expected for isolated
bubbles. For clustered bubbles, the manual processing
yields the lifetime of individual bubbles within a cluster,
which characteristically shows little difference from the
lifetime of single bubbles. In contrast, the automated
processing for clustered bubbles essentially provides not
the nucleation frequency, but the frequency of interactions.
The lifetime and nucleation frequency of pulsating bubbles
were not determined in the manual processing. In the
automated processing, this value corresponds to the
pulsation frequency.

Thus, the observed discrepancies are minor and largely
attributable to differences in the definition of clustered and
pulsating bubbles. It should also be noted that, due to the
use of temporal averaging over the interval At and the
presence fraction p;j (t) for each bubble within this interval
in the automated processing, the values of the flow
characteristics at the specific time t, corresponding to a key
frame could not exactly match the characteristics derived
solely from that key frame, even if the characteristics of
individual bubbles had been identified identically. Owing
to this temporal averaging, the results of the automated
processing provide a more accurate representation of the
boiling characteristics averaged over the entire heater
surface than the results of the manual processing.

V.DIscuUssION AND CONCLUSIONS

This study has developed and validated an automated
system for quantifying bubble dynamics in non-stationary
nucleate boiling on an opaque surface. By integrating the
DenoiSeg convolutional neural network for robust
segmentation in reflected light with a novel tracking
algorithm, the system reliably extracts time-dependent
characteristics (nucleation site density, area fraction,
maximum diameter, and nucleation frequency), while
classifying bubbles into isolated, clustered, and pulsating
types.

Methodological Validation: Comparison with manual
key frame analysis confirmed the system's accuracy. The
principal discrepancies are attributed to the more consistent
and physically-grounded definitions of bubble interactions
within the automated algorithm. Its primary advantage is
the ability to process large datasets, yielding statistically
robust results and enabling trend analysis that is infeasible
manually.

Physical Insights: The analysis confirms the significant
prevalence of clustered and pulsating bubbles across all
tested conditions. Crucially, the automated processing

revealed previously obscured trends, such as the distinct
evolution of bubble diameters: while the maximum
diameter of clustered and pulsating bubbles increases with
surface heating, that of isolated bubbles decreases due to
heightened nucleation site density. This underscores the
necessity of accounting for bubble type in heat transfer
models.

Method Extendibility: The developed framework is
inherently adaptable. By training the model on new or
augmented datasets, it can be applied to segment boiling
on structured surfaces or under different system conditions,
such as pressure, flow velocity, heater temperature rise
rate, and flow subcooling. The subsequent feature
extraction would follow the same validated pipeline,
ensuring consistency. Applying this methodology to large-
scale data collection will enable the systematic
identification of key differences in boiling behavior across
various surfaces and conditions, distinguishing
fundamental trends from stochastic fluctuations.

In conclusion, we have developed and validated an
automated tool that enables detailed, physics-based
analysis of non-stationary boiling. This methodology paves
the way for creating the large, consistent datasets required
to refine heat transfer correlations for complex boiling
regimes.
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Abstract — The study assesses the potential of Russia's
wood and agricultural waste for bioenergy. A
technology for producing composite refuse-derived fuel
(RDF) pellets from this feedstock is proposed, along
with an economic evaluation. Optimal blend ratios are
identified to ensure the pellets comply with the state
standard (GOST) 33103.2-2017 and exhibit high
mechanical durability (=93%). Economically viable
production is achievable when lignin is sourced as a
zero-cost by-product and raw material prices remain
below specific thresholds. Pellets with higher lignin
content demonstrate the best economic performance.
The results highlight that feedstock composition and
preparation are critical factors influencing pellet
quality, energy value, and cost-effectiveness, which are
essential for advancing sustainable bioenergy in Russia.

Index Terms — Bioenergy, composite fuel, economic
efficiency, energy potential, mechanical durability,
RDF pellets, torrefaction, wood and agricultural waste.

I. INTRODUCTION

At present, the depletion of natural resources represents
one of the most serious threats facing society. Rapid
population growth intensifies demand for water, energy,
and food, exacerbating this challenge and stimulating the
search for sustainable solutions. Biomass utilization
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emerges as a promising avenue for mitigating both the
energy crisis and environmental degradation [1]. As a
renewable feedstock, biomass possesses significant
potential, low environmental impact, and a high degree of
versatility in application. At the international level,
biomass is recognized as a carbon-neutral energy source
and a renewable fuel [2]. Rather than being regarded
merely as waste or unused material, biomass should be
valued as a resource capable of yielding various products
and energy with minimal environmental footprint. A
circular economy approach enables maximization of
resource efficiency while promoting the sustainable use of
biomass [3]. The feedstock base for biomass-derived fuels
consists primarily of waste streams from the forestry and
agricultural sectors [4]. These wastes are actively
employed in the production of pelletized fuel, which is
subsequently utilized for heating and cooking in
Scandinavian countries, Canada, Russia, and many other
regions worldwide [5].

Pelletization of such feedstock is a complex process
accompanied by several technical challenges related both
to inherent biomass properties and to granulation
technology. Biomass materials — such as sawdust, straw,
and husks, -typically exhibit low bulk density and
heterogeneous moisture content, necessitating preliminary
preparation and drying [6]. Furthermore, biomass particles
demonstrate low natural adhesion; insufficient heating
during pelletization may therefore lead to pellet
disintegration. When processing herbaceous biomass (e.g.,
straw, hay), material adhesion to die walls can occur,
hindering continuous operation. To overcome these issues,
various binders are commonly employed [7-9].
Pelletization is an energy-intensive process, consuming
approximately 50-100 kWh per tonne of product [10].

Notably, wood and agricultural residues impose
significant environmental burdens; yet simultaneously,
they constitute a largely underutilized energy resource that
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can be valorized via refuse-derived fuel (RDF)
technologies. RDF pellets have found widespread
application in co-firing with coal at large-scale thermal
power plants [11]. The quality of such pellets is governed
by the technical standards EN 1SO 17225 — Solid Biofuels.
RDF pellets produced from agricultural residues (e.g.,
straw, miscanthus, rice husk, olive pomace, etc.) must meet
specific requirements, including mechanical durability
(>90%), ash content (<8%), and limited chlorine and sulfur
levels to prevent slagging and corrosion during
combustion.

Despite the progress achieved, the formulations of RDF
pellets from wood and agricultural waste remain
insufficiently optimized, which limits their integration into
sustainable energy systems [12]. This is attributed to the
need for various preparatory procedures for different types
of waste and the use of different binders, such as
torrefaction [13]. The use of RDF is expanding in Russia
and globally, yet it is still constrained by limitations in the
waste-to-energy sector.

The main challenges in biomass pelleting are associated
with feedstock characteristics and equipment settings. It is
important to note that optimizing blends with local biomass
is crucial and highly relevant for Russia, which faces
significant obstacles — limited resource availability and
economic feasibility.

In this context, this paper implements a regionally-
oriented approach with three interconnected objectives: 1)
assessment of the extractable energy potential of wood and
agricultural waste for bioenergy needs; 2) development of
a technology for producing composite RDF pellets from
locally available waste with an optimal ratio ensuring
compliance with quality standards; 3) a techno-economic
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assessment aimed at determining the maximum acceptable
feedstock prices and waste integration scenarios under
which RDF pellet production becomes commercially
viable in current Russian market conditions.

Il. ASSESSMENT OF THE POTENTIAL OF WOOD AND
AGRICULTURAL WASTE FOR BIOENERGY APPLICATIONS

According to data from Rospotrebnadzor (the Federal
Service for Surveillance on Consumer Rights Protection
and Human Wellbeing), in 2022, Russia generated 5.94
million tonnes of wood waste and 2.97 million tonnes of
crop production residues [14].

Figure 1a illustrates the regional distribution of wood
waste across federal districts in Russia for 2022. These
values were estimated based on national statistics on total
waste from the forest processing industry (FPI) [14]
combined with regional data on timber harvesting volumes
[15, 16]. The largest volumes of wood waste originated in
the most forested federal districts—namely, the Siberian
Federal District (SFD), accounting for 30.3% of the
national total, and the Northwestern Federal District
(NWFD), contributing 26.3%. In contrast, wood waste
generation in the Southern (StFD) and North Caucasian
(NCFD) Federal Districts was negligible (<1% each).

Crop production is a sector characterized by a high
waste-to-product ratio: the vyield of the primary
(marketable) product typically constitutes no more than
30% of the initial biomass input. Figure 1b presents the
regional distribution of crop residues in Russia for 2022,
calculated using national data on agricultural waste
volumes [14] and regional data on cultivated areas for
major crops in 2022 [17]. The largest quantities of crop
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Fig. 1. Volumes of wood waste (a) and'crop residues (b) in Russia in 2022, by Federal District.
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TABLE 1. Energy Potential of Wood Waste and Crop Residues

Energy potential, Mtoe

Potential share of total fuel demand, %

Federal Fuel consumption,
District Mtoe Wood Ag-waste Wood Ag-waste Total
CFD 99.60 0.26 0.01 0.26 0.01 0.28
NWFD 63.36 0.56 0.00 0.89 0.00 0.89
StFD 27.18 0.00 0.01 0.02 0.05 0.06
NCFD 10.86 0.00 0.00 0.01 0.03 0.04
VFD 99.29 0.34 0.02 0.34 0.02 0.36
UFD 121.45 0.16 0.01 0.13 0.01 0.14
SFD 71.82 0.65 0.01 0.90 0.02 0.92
FEFD 36.72 0.16 0.00 0.45 0.00 0.45
RF 530.28 214 0.07 0.40 0.01 0.42

residues in 2022 were generated in the Volga Federal
District (VFD), representing 28.6% of the national total,
followed by the Siberian (SFD), Central (CFD), and
Southern  Federal Districts — each contributing
approximately 19.1%. Notably, residues from cereal and
grain-legume crops — which are among the most promising
feedstocks for bioenergy applications accounted for 55—
70% of total crop residues in 2022 [14].

Depending on the specific economic activities
prevailing in different regions of Russia, the ratios of both
generated and utilized waste vary significantly. For
instance, the Southern Federal District (StFD) is
characterized by a well-developed agricultural sector,
utilizing on average 64% of Russian agricultural waste,
whereas the Siberian (SFD) and Northwestern (NWFD)
Federal Districts are primarily oriented towards forestry.
According to official statistics, these regions utilized
82.5% of wood waste in 2022 [18].

Despite the substantial total volume of wood and crop
residues — 11.2 million tonnes — their combined energy
potential remains relatively low. Due to economic and
technological constraints, only up to 6 million tonnes are
currently considered feasible for energy recovery.
Consequently, in 2022 the energy potential of wood and
crop residues amounted to just 0.42% of Russia’s total fuel
consumption [19].

It should be noted that the highest energy potential from
these two waste streams is concentrated in the Siberian
Federal District (SFD: 0.66 million tonnes of oil
equivalent, Mtoe) and the Northwestern Federal District
(NWFD: 0.56 Mtoe), owing to their dominant share of
wood waste generation. The Volga Federal District (VFD)
ranks third (0.36 Mtoe), with a less developed forest
processing industry but a more advanced agro-industrial
complex (Table 1).

Dry and grind
mechanically the
collected waste to . Achieve optimal waste
reduce size Blend the waste Make pl’OXLl’IlﬂIPT and iti P fi 1let
Select waste for A ultimate analysis of Compostlions Ior pelie
pelletization Blendmg pellets production
Start process AﬂalYSIS End
I N I I S
Sample collection of Analysis
waste Pretr;at gyéa.stg att3 00°C Form the blended Analyze mechanical
Gather samples of or 5 muntes mixture into solid fuel properties of pellets

waste

shape using pressing
and granulating
equipment

Fig. 2. The procedure to produce RDF.
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Fig. 3. The appearance of RDF pellets: a) pine sawdust-to-lignin ratio of 58% / 42%; b) straw-to-mixed-grasses ratio of
25% / 75%; c) torrefied sunflower husk-to-straw ratio of 15% / 85%.

I1l. PELLETIZATION OF WOOD AND AGRICULTURAL
WASTE

Despite the relatively modest energy potential of wood
and crop waste, the pellet production market demonstrates
a stable growth trend. Among the principal wood-derived
feedstocks are by-products of the forest industry —
primarily sawdust and lignin, the latter being a residue
from hydrolysis and pulp-and-paper production. Promising
agricultural waste in the Russian context include sunflower
husk, straw (both individually and in combination with
mixed grasses), and mixed grasses commonly harvested as
livestock fodder.

The experimental study focused on producing composite
pellets from the selected wood and agricultural residues:
pine sawdust, lignin (supplied as waste from the Baikal
Pulp and Paper Mill), sunflower husk, straw, and mixed
grasses. These raw materials underwent preliminary
preparation — including drying, size reduction, and
conditioning — to enable granulation into dense, solid
pellets suitable for subsequent physicochemical
characterization.

Figure 2 illustrates the step-by-step process for RDF
pellet production, encompassing raw material collection,
size reduction, drying, torrefaction (* — if necessary for a
specific material), granulation (pelletizing), proximate and
ultimate analysis, and analysis of mechanical properties,
and finally the determination of optimal waste ratios in
composite RDF pellets.

It should be noted that feedstock pretreatment prior to
pelletization varies depending on the waste type. Straw
comprising dried stems and leaves of cereal crops
remaining after threshing can reach lengths of 60 cm to
1.5m, with considerable variation in stalk thickness;
therefore, it was milled, and the 3-6 mm fraction was
selected for further study. Mixed grasses were freshly cut
and exhibited high initial moisture content (~60%); they

were air-dried to an equilibrium moisture level of ~6%.
Pine sawdust was dried in a ventilated room to air-dry
condition and sieved, after which the 3-6 mm fraction was
retained. Lignin from the Baikalsk Pulp-and-Paper Mill
(BPPM) is a plastic, clay-like, finely dispersed material
with moisture content up to 85%; samples were oven-dried
at 105°C to near-absolute dryness (3% moisture).
Sunflower husk, the outer shell of sunflower seeds (6—
8 mm long, 4-5 mm wide), is difficult to mill in its raw
state, and unprocessed husk yields mechanically unstable
pellets. Hence, sunflower husk was first torrefied in a
screw reactor at 300 °C for 30 minutes and subsequently
ground using a high-speed laboratory mill.
Following pretreatment, composite mixtures were
prepared in varying proportions for RDF pellet production,
targeting combinations with high utilization potential:
e Pine sawdust — lignin: 100% /0%, 95% /5%,
88% / 12%, 77% / 23%, 58% / 42%, 40% / 60%;

e Torrefied sunflower husk — straw: 10% /90%,
15% / 85%, 25% / 75%, 100% / 0%;

e Straw — mixed grasses: 100% /0%, 75% / 25%,
70% / 30%, 50% / 50%, 0% / 100%.

Pelletization was performed using a standard hydraulic
press operating at 5 tonnes of force (scale-up to screw or
flat-die pelletizers is planned for future work). The
resulting pellets had a diameter of 20.5 mm and heights
ranging from 125 to 14.5mm. Figure 3 shows the

TABLE 2. Ultimate Analysis of Waste

Name C, % H, % 0, % S, %
Pine sawdust 46.6 6.3 47.1 -
Lignin 54.2 45 39.7 0.12
Straw 46.5 5.4 48.1 -
Mixed grasses 43.3 6.1 50.2 0.37
Sunflower husks 39.7 5.8 53.4 1.10

Sunflower husks (torrefied) 475 4.7 47.2 0.63
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TABLE 3. Proximate Analysis and Analysis of Mechanical Properties of Pellets

No. Composition of Volatile matter, Ash content. % Low calorific Bulk density, Mechanical
RDF pellets % ' value, MJ/kg g/ml durability, %
Pine sawdust (%)/lignin (%)
1 100/0 87+0.96 1.52+0.03 17.91+0.45 0.38+0.02 96.1+0.72
2 95/5 80+0.88 3.20+0.06 18.28+0.46 0.43+0.02 96.3+0.72
3 88/12 78+0.86 4.00+0.08 18.17+0.45 0.46+0.02 95.7+0.72
4 77/23 72+0.79 7.00£0.13 17.56+0.44 0.50+0.02 92.3+0.69
5 58/42 66+0.73 8.50+0.16 17.08+0.43 0.45+0.02 87.3+0.65
6 40/60 63+0.69 10.50+0.20 16.00+0.40 0.53+0.02 79.3+0.59
Torrefied sunflower husks (%)/straw (%)
7 100/0 63+0.69 6.97+0.13 22.07+0.55 0.57+0.03 30.2+0.23
8 25/75 73+0.80 5.65+0.11 19.20+0.48 0.42+0.02 91.7+0.69
9 15/85 75+0.83 4.65+0.09 17.18+0.43 0.44+0.02 93.2+0.70
10 10/90 77+0.85 5.01+0.10 16.88+0.42 0.40+0.02 95.7+0.72
Straw (%)/mixed grasses (%)
11 100/0 80+0.88 5.44+0.10 16.85+0.42 0.33+0.02 95.9+0.72
12 50/50 80+0.88 7.80+0.15 16.89+0.42 0.55+0.03 93.0+0.70
13 30/70 79+0.87 14.70+0.28 15.79+0.39 0.59+0.03 91.6+0.69
14 25/75 75+0.83 17.60+0.33 15.30+0.38 0.54+0.03 90.3+0.68
15 0/100 73+0.80 13.20+0.25 16.85+0.42 0.49+0.02 87.1+0.65

appearance of the produced RDF pellets.

The proximate analysis, ultimate analysis, and analysis
of mechanical properties of the produced composite RDF
pellets were performed using the resources of the High-
Temperature Circuit Multi-Access Research Center (MESI
SB RAS): a macro-thermogravimetric analyzer (TGA
801), an AC 500 calorimeter, and elemental analyzers for
carbon (C), hydrogen (H), and sulfur (S). Bulk density was
measured in accordance with State Standard (GOST)
54191-2010, and mechanical durability was assessed
following GOST R 55110-2012. The moisture content of
all pellet samples was maintained within 3-5%. Table 2
presents the ultimate analysis of the main RDF pellet
components, normalized to a dry, ash-free basis.

Table 3 presents the proximate analysis and analysis of
mechanical properties of 15 different composite
formulations of the produced RDF pellets.

Analysis of Table 3 reveals several trends.

For RDF pellets produced from pine sawdust and lignin,
an increase in lignin content leads to a systematic decrease
in volatile matter yield (from 87% to 63%) and lower
heating value (LHV) (from 18 to 16 MJ/kg), while ash
content and bulk density rise. Mechanical durability
declines from 96.1% to 79.3% as the lignin proportion

increases. Therefore, the optimal lignin content should not
exceed 23%, since higher shares substantially impair pellet
integrity.

Pellets produced from torrefied sunflower husks and
straw show an increase in volatile matter yield as the straw
content increases, accompanied by a reduction in heating
value and ash content. Notably, pellets composed solely of
sunflower husk exhibit the lowest mechanical durability
among all tested formulations — only 30.2%. However,
incorporation of straw markedly improves durability,
reaching 95.7% at 90% straw content. Consequently, the
minimum recommended sunflower husk content is no
more than 10% to ensure adequate binding and structural
stability while preserving the benefits of husk inclusion
(e.g., ash composition modulation, waste valorization).

In the case of straw-mixed grass blends, an increase in
the proportion of mixed grasses reduces volatile matter
yield and raises ash content, whereas the LHV remains
relatively constant (~15-16 MJ/kg) across all blend ratios.
Mechanical durability shows a linear decline with rising
grass content. Hence, to ensure acceptable pellet quality,
the straw content should be at least 50%, as this
composition delivers the best overall balance of
mechanical strength and combustion properties.
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Only 7 RDF pellet options — highlighted in black in
Table 3 — achieve mechanical durability > 93%, thereby
meeting the requirements of GOST 33103.2-2017 (Solid
biofuels — Technical specifications and fuel classes —
Part 2: Classification of wood pellets) and qualifying for
use as solid biofuel.

IV. ECONOMIC EFFICIENCY OF PELLET PRODUCTION

Since pellets, as a fuel, are typically not consumed at the
production site but rather transported over long distances
[20-22], mechanical durability was selected as the primary
criterion for evaluating economic feasibility: high
durability ensures minimal degradation (dust formation,
breakage) during handling, storage, and transport, thus
preserving fuel quality and calorific value. Within this
study, RDF pellets exhibiting mechanical durability above
93% were considered promising for commercial
production.

Additionally, pellets composed of 23% lignin and 77%
sawdust, though marginally below the 93% threshold
(92.3% durability), were also considered in the economic
assessment. Their inclusion is justified by the significant
advantage of enabling industrial-scale lignin valorization,
thereby transforming a costly waste stream (e.g., from pulp

mills) into a valuable co-feedstock.

Accordingly, the economic assessment presented herein
covers eight pellet formulations identified in Table 3 as
technically viable candidates (including the 23% lignin
option). This analysis considers raw material costs,
processing requirements, and market conditions to
determine production feasibility in the Russian economic
landscape.

A. Methods and Input Data for the Economic Assessment

To evaluate the economic viability of producing fuel
pellets from wood and agro-industrial waste, this study
employs three standard investment appraisal indicators:
Net Present Value (NPV), Discounted Payback Period
(DPP), and Internal Rate of Return (IRR) [23].

The Net Present Value (NPV) is calculated using
equation

NPV =S NCF‘I—ih, (1)
o (L+71)

t=0

where NCF, is the net effective cash flow in year t, million
RUB; r is the discount rate, |, is the investment

expenditure in year t, million RUB/year; n is the project
lifetime, years.
Based on (1), the Discounted Payback Period (DPP) is

TABLE 4. Input Economic Parameters Used in the Calculations

Parameter

Unit of measurement Value

Capital costs

A plant for the production of fuel pellets, with a

capacity of from wood from ag-waste
500 kg/h 10 8
700 kg/h min RUB 12 10
1000 kg/h 14 12
1500 kg/h 17 15
2000 kg/h 20 18
Warehouse construction million RUB/m2 0.004
Operating costs
Payroll fund million RUB/person per year 0.8
Electricity RUB/KWh 50
Other expenses % of equipment cost 3
Pine sawdust RUB/t 1000
Straw RUB/t 5000
Mixed grasses RUB/t 5000
Torrefied sunflower husk RUB/t 4500
Lignin (BPPM waste) RUBIt 0
Other indicators
Discount rate % 10
Project lifetime years 15
Property tax % 2
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TABLE 5. Change in Project Investment Indicators for Pellets with Different Compositions Depending on Raw Material Prices

NPV at different raw material prices

Pellet composition (% of current price), million RUB

DPP at different raw material
prices (% of current price), years

IRR at different raw material prices
(% of current price), %

0 50 100 0 50 100 0 50 100
Pine sawdust (%) / lignin (%)

100/0 129.7 574 -14.8 2.0 38 62.9 100.64 51.79 -
95/5 129.7 61.0 -7.6 2.0 3.6 24.6 100.64 54.24 2.39
88/12 129.7 66.1 25 2.0 34 13.3 100.64 57.68 12.20
77/23 129.7 74.0 18.4 2.0 31 7.7 100.64 63.06 24.62

Straw (%) / mixed grasses (%)
100/0 138.7 18.3 -102.2 18 75 - 112.02 25.27 -
50/50 138.7 -282.8 -704.3 1.8 - - 112.02 - -
Torrefied sunflower husks (%) / straw (%)
15/85 138.7 -33.3 -205.3 1.8 - - 112.02 51.79 -
10/90 138.7 -16.3 -171.3 1.8 130.0 - 112.02 - —

determined as the smallest integer for which the
cumulative discounted cash flows become non-negative:

DPP NCF n
Z tt = Z I )
o L+r) =
and the internal rate of return (IRR):
Zﬂ z I,=0. (3)

~(1+IRR)'

Furthermore, to assess the cost of thermal energy
derived from the pellets, the Levelized Cost of Pellets
(LCOP) is calculated, following the methodology [24]:

D(C 1)+
LCOP == ,

n

>R+

t=0

(4)

where C, is the annual operating and maintenance costs in

year t, million RUB/year; |, is the annual capital

60
50
40
30
20

10

DPP, number of years

"4

investment t, million RUB/year; P, is the annual pellet

output, tonnes/year.
The economic calculations were performed using the
baseline parameters provided in Table 4.

B. Results of the Economic Assessment of Fuel
Production

Assessment of the investment attractiveness for a pellet
plant with a capacity of 1000 kg/h and examination of
current raw material prices (Table 4) reveal that NPV
values are negative for all pellet compositions under base-
case pricing except for pellets made from 88% sawdust and
12% lignin and from 77% sawdust and 23% lignin. For
these compositions, the NPV amounts to RUB 2.5 million
and RUB 18.4 million, respectively.

However, given the tightening of Russian waste
management regulations in recent years (e.g., Federal Law

0 .

0% 10% 20% 30% 40%

50% 60% 70% 80% 90% 100%

Raw material cost change factor

—&—Pine sawdust 100%
Lignin 12%, pine sawdust 88%
—o— Straw 100%
—e—Torrefied sunflower husks 10%, straw 90%

—&—Lignin 5%, pine sawdust 95%

Lignin 23%, pine sawdust 77%
—o— Torrefied sunflower husks 15%. straw 85%
—o— Straw 50%, mixed grasses 50%

Fig. 4. Change in DPP for pellets with different compositions depending on raw material prices.
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No. 89-FZ amendments, extended  producer
responsibility), it is reasonable to assume that certain
biomass residues, particularly industrial by-products such
as lignin or sawdust from integrated mills, may become
effectively free or even incentivized (negative-cost)
feedstocks, as enterprises seek to avoid disposal fees or
environmental penalties.

Under the “zero-cost feedstock™ scenario (i.e., raw
material cost=0% of values in Table 4), the project
economics improve dramatically:

*  DPP <2 years for all 8 technically viable

formulations;

* NPV (15-year horizon) ranges from RUB 129.7
million to RUB 138.7 million;

* IRR reaches 100.6 % to 112.0 %, indicating
extremely high profitability.

Under a 50% raw material cost scenario (midway

between base case and zero-cost):

* NPV improves from — RUB 282.8 million to +74.0
million RUB (i.e., 5 of 8 blends become NPV-
positive);

« DPP ranges from 3.1 to 130.0 years (only 5 blends
remain uneconomical within 15 years);

* IRRrises from 25.3 to 63.1%, with higher-lignin
blends again outperforming others.

Table 5 summarizes how key investment indicators

(NPV, DPP, IRR) vary with raw material cost levels

12

0
8
0 I -

—

£

LCOP, cost price, thousand RUB per tonne
[+ (=23

(expressed as % of base-case prices in Table 4), across the
8 RDF pellet formulations.

Figure 4 shows the change in the Discounted Payback
Period (DPP) of the RDF pellet production facility for
different raw material prices.

The study demonstrates that pellet production becomes
economically viable, achieving payback within 15 years
under the following conditions:

*  Pellets composed of 95-100% sawdust and 0-5%
lignin: feasible when raw material costs are
reduced to 90% of the base-case values (Table 4);

»  Pellets composed of 77-88% sawdust and 12-23%
lignin: feasible when raw material costs are 100%
of the base-case values;

»  Pellets composed of 15% torrefied sunflower
husks and 85% straw: feasible when raw material
costs are reduced to 30% of the base-case values;

»  Pellets composed of 10% torrefied sunflower
husks and 90% straw: feasible when raw material
costs are reduced to 40% of the base-case values;

»  Pellets composed of 100% straw: feasible when
raw material costs are reduced to 50% of the base-
case values;

*  Pellets composed of 50% mixed grass and 50%
straw: feasible when raw material costs are
reduced to 10% of the base-case values.

The analysis of LCOP (Levelized Cost of Pellets) and

il

LCOP Cost price Lcop Cost price LCOoP Cost price Cos: price Lcop Cost price

Plant c:dpacit.\' Plant capacity Plant capacity P]a.m capacity Plant capacity

300 kg/hour 700 kg/hour 1 000 kg/hour 1 500 kg/hour 2 000 kg/hour
u Price change coefficient - 0 32 24 29 21 25 1.8 22 16 2.0 1.5
Price change coefficient - 0.3 56 48 5.3 4.5 49 42 46 4.0 44 39
\®Price change coefficient - 0.5| 72 | 64 69 | 61 65 | 58 6.2 56 6.0 55
® Price change coefficient - 0.7 38 8.0 8.5 7.7 8.1 74 7.8 7.2 7.6 7.1
| W Price change coefficient - 1 112 | 104 109 | 101 105 | 9.8 10.2 9.6 10.0 9.5

Fig. 5. Change in LCOP and production cost of pellets made from 100% sawdust depending on raw material prices and plant

capacity.
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unit production cost confirms a pronounced economies-of-

scale effect: both metrics decline significantly as plant

capacity increases (Figures 5-9). The breakeven threshold
(i.e., minimum pellet selling price for NPV =0) shifts

downward with scale, though the magnitude depends on

formulation.

Specifically, when production capacity rises from

500 kg/h to 2 000 kg/h (i.e., 4x scale-up), unit production
costs decrease as follows (Table 6).
The wide cost-reduction range (e.g.,

14.2-37.5%)

b=
= 12
=l
=
g
g 10
-4
=2 8
<
wn
=
e
= 6
<
P
&
b3
=]
<
alr
o 2
Q
=
0
LCOP Cost price Cost price LCOP Cost price Cost price LCOP Cost price
Plant capacity Plant capacity Plant capacity Plant capacity Plant capacity
500 kg/hour 700 kg/hour 1 000 kg/hour 1 500 kg/hour 2 000 kg/hour
® Price change coefficient - 0 32 24 29 21 25 18 22 1.6 2.0 1.5
Price change coefficient - 0.3 54 45 5.1 43 47 4.0 43 38 42 36
m Price change coefficient - 0.5 6.9 6.0 6.3 5.7 6.1 54 5.8 52 5.6 51
M Price change coefficient - 0.7 83 74 79 72 76 69 72 6.6 71 6.5
® Price change coefficient - 1 105 9.6 10.1 93 9.7 9.1 94 88 92 8.7

Fig. 6. Change in LCOP and production cost of pellets consisting of 95% sawdust and 5% lignin depending on raw material

prices and plant capacity.
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] | Cost price LCOP | Cost price ‘ Cost pnce | Cost price | Cost price

- Pla.ul capacity Plant capacity Plant capacity Planl capacity Plant capacity

500 kg'hour 700 kg/hour 1 000 kg'hour 1 500 kg/hour 2 000 kg'hour
® Price change coefficient - 0 3.2 24 29 21 25 18 22 16 20 15
Price change coefficient - 0.3 5.1 4.2 4.7 4.0 4.4 37 4.0 35 39 33

¥ Price change coefficient - 0.5 6.3 54 6.0 52 5.6 49 53 4.7 51 4.6
8 Price change coefficient - 0.7 7.6 6.7 72 6.4 6.9 6.2 6.5 5.9 6.3 5.8
8 Price change coefficient - 1 94 85 9.1 83 8.7 80 8.4 7.8 82 1.1

Fig. 7. Change in LCOP and production cost of pellets consisting of 88% sawdust and 12% lignin depending on raw material

prices and plant capacity.
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reflects varying assumptions in operating hours, labor
efficiency, and maintenance intensity at different scales.
Across all formulations, economies of scale
significantly reduce production costs, but the magnitude of
this benefit is strongly formulation-dependent. Pine
sawdust/lignin blends, particularly those containing >23%
lignin, demonstrate the steepest cost reduction (up to

12

10

LCOP, cost price, thousand RUB per tonne
[s.}

37.5%) with scale-up, consolidating their status as the most
economically resilient and scalable option. This advantage
stems not only from lignin’s binding properties reducing
reliance on external additives but, crucially, from its
potential to serve as a negative-cost or zero-cost waste
stream, transforming a disposal liability feedstock into a
value-added one.

LcoP PC::: LCOP lfr‘l’:: LCOP b prie LcoP pcrf:
Plant capacity Plant capacity Plant capacity Plant capacity Plant capacity
500 kg/'hour 700 kg/hour 1 000 kg/hour 1 500 kg/hour 2 000 kg/hour
¥ Price change coefficient - 0 32 24 29 21 25 18 22 16 20 15
Price change coefficient - 0.3 47 [ 38 43 35 39 33 36 30 34 | 29
® Price change coefficient - 0.5 56 4.7 3.3 4.5 4.9 4.2 45 4.0 4.4 38
BPrice change coefficient - 0.7 66 | 57 62 54 58 52 55 49 53 | 48
m Price change coefficient - 1 80 7.1 7.6 6.8 73 6.6 69 6.3 6.7 6.2

Fig. 8. Change in LCOP and production cost of pellets consisting of 77% sawdust and 23% lignin depending on raw material

prices and plant capacity.

12

10

LCOP, cost price, thousand RUB per tonne
(=9

0 Cost price LCOop Cost price LCopP Cost price Lcop Cost price Lcop Cost price
Plant capacity Plant capacity Plant capacity Plant capacity Plant capacity
500 kg/hour 700 kg/hour 1000 kg/hour 1 500 kg'hour 2000 kg/hour
m Price change coefficient - 0 27 19 25 18 22 16 19 14 18 13
Price change coefficient - 0.3 56 48 53 46 5.1 4.4 48 42 46 4.1
m Price change coefficient - 0.5 75 6.7 72 6.5 7.0 63 6.7 6.1 6.5 6.0
m Price change coefficient - 0.7 94 86 9.1 84 89 82 86 8.0 84 79
mPrice change coefficient - 1 | 12.2 114 | 120 113 1.7 11.1 14 | 109 113 10.8

Fig. 9. Change in LCOP and production cost of pellets consisting of 90% straw and 10% mixed grasses depending on raw

material prices and plant capacity.

74


http://esrj.ru/

E.V. Gubiy, M.V. Penzik, V.V. Badenko, A.N. Kozlov

Energy Systems Research, VVol. 8, No. 4, 2025

TABLE 6. Range of Cost Reduction Depending on Production Capacity and RDF Pellet Composition

Pellet composition

Cost reduction range, %

Pine sawdust (%) / lignin (%)

100/0 12.0-37.5
95/5 12.4-37.5
88/12 13.1-37.5
77/23 14.2-37.5*

Straw (%) / mixed grasses (%)
100/0 6.5-34.4
50/50 2.1-344
Torrefied sunflower husks (%) / straw (%)
15/85 4.8-34.4
10/90 5.2-34.4

*Largest benefit reflecting lignin’s dual role as a low-cost binder and a waste valorization driver

In contrast, agro-pellets (straw-, grass-, and husk-based
blends) exhibit markedly smaller cost savings (2.1-
34.4%), even at larger capacities. Their economic viability
remains highly vulnerable to volatile raw material prices
and logistical constraints, highlighting the necessity of
targeted policy interventions, such as subsidies for
agricultural residue collection, waste-to-energy premiums,
or integration into existing agro-logistics and co-firing
schemes to enhance competitiveness.

Critically, the analysis reveals that feedstock cost
structure and plant scale are dominant determinants of
commercial feasibility, far outweighing the influence of
marginal variations in pellet durability (e.g., 92.3% vs.
96.1%) or heating value (+1-2 MJ/kg). Economic
performance is extremely sensitive to raw material pricing:
even modest reductions (e.g., to 50-60% of current levels)
can shift NPV from deeply negative to highly positive and
reduce DPP from >20 years to <2 years.

Therefore, strategic policy measures aimed at de-risking
feedstock supply, such as incentivizing industrial lignin
valorization, enforcing landfill diversion for biomass
residues, introducing carbon pricing, or establishing
regional waste-exchange platforms, are not merely
beneficial but essential for unlocking the large-scale
deployment of RDF pellet technologies in Russia. Without
such enablers, even technically sound formulations risk
remaining confined to pilot-scale demonstrations.

V. CONCLUSION

This study assessed the regional bioenergy potential of
wood and crop residues across Russia, revealing that
despite their large annual availability (~11.2 million tonnes
in 2022), only a small fraction (0.42% of national fuel use)

is currently recoverable due to economic and technological
barriers. The highest potential lies in the Siberian and
Northwestern Federal Districts, where forest residues
could offset up to 0.66% and 0.56% of local fuel demand,
respectively highlighting the need for region-specific
strategies and supportive policies.

Composite RDF pellets made from sawdust, lignin,
sunflower husk, straw, and grasses were successfully
developed and tested. Formulations meeting a mechanical
durability threshold 0f>93% comply with GOST 33103.2—
2017 and are suitable for commercial use. Optimal blends
include up to 23% lignin in sawdust-based pellets, at least
50% straw in grass mixtures, and limited sunflower husk
(£10%) to maintain quality.

Economic viability hinges primarily on feedstock costs.
Sawdust — lignin pellets are feasible only if lignin is
sourced as a zero-cost by-product. Agro-pellets require
significantly lower raw material prices than current market
levels (straw <RUB 2 500/t, grass <RUB 450/t, and
sunflower husk < RUB 1 500/t). Overall, integrating waste
streams and optimizing composition are key to advancing
cost-effective, sustainable bioenergy in Russia.
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Abstract — Most electricity-generating plants today
rely on fossil fuels that emit greenhouse gases and are a
major contributor to global warming. Renewable
energy sources such as wind power offer a sustainable
alternative but can impact power system stability—
particularly in developing grids. This study relies on a
detailed case study model to investigate the impact of
Doubly-Fed Induction Generator (DFIG)-based wind
turbine generators (WTGSs) on the transient stability of
the Nigerian power system. Two scenarios were
evaluated: (1) supplementing existing conventional
generators with WTGs, and (2) replacing gas-fired
generators (GFGs) entirely with WTGs. The most
suitable connection points for each scenario were
identified. Case study results indicate a 9%
improvement in transient stability when WTGs
supplement conventional generators, while replacing
GFGs with WTGs led to a 9% reduction in stability.
These findings underscore the need for appropriate
inertial support or alternative stabilization measures
during the transition to a high penetration of renewable
energy in the Nigerian grid.

Index Terms — Renewable energy, greenhouse gas
emission, wind energy penetration, transient stability,
power system.
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|. INTRODUCTION

Fossil fuel combustion contributes 83% of global energy
consumption, causing climate change [1]. Renewable
energy sources, like hydro, wind, and solar, account for
12.6% [2]. Rapid development and population growth
increase fossil fuel consumption, necessitating an eightfold
increase in renewable energy generation for 100% CO,
reduction [2]. Recent technological advancements in
renewable energy have made it possible to integrate it into
the existing grid.

Currently, several power systems rely on generators that
produce high CO; emissions [3]. Consequently, the
integration of carbon-free renewable energy is necessary,
but it poses challenges to the existing grid [4, 5]. Research
efforts are underway to identify these challenges and
improve the performance of the grid-connected renewable
energy (RE).

Renewable energy (RE), despite its numerous positive
contributions, raises a number of economic,
environmental, and engineering issues that have been a
major subject of research in recent years [4, 6].
Environmental impacts and the unpredictable nature of RE
are the focus of the authors in [7]. Erdiwansyah et al. [8]
highlight the voltage stability as one of the critical issues
associated with integrating various types of RE into an
electrical grid. They propose a voltage management
scheme to address this issue. Impram et al.’s [9] survey on
the impact of RE sources on voltage, frequency, and small-
signal stability reveals that the effect depends on the level
of penetration, which is consistent with the findings in [10].
They recommend implementing demand and supply
management techniques to ensure adequate stability
control. Studies [11] and [12] report an improved voltage
of a power system with wind energy integration. Kuri and
Brackenhammer [13] discuss harmonics, forecasting, and
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time scheduling as challenges of integrating RE into a
power system. The authors in [13] design a Power Plant
Controller for energy forecasting and time scheduling,
while intelligent techniques are reported in [6] and [14] for
accurate control of the grid with RE.

Furthermore, numerous studies highlight power quality
as one of the most challenging aspects of grid-connected
RE and suggest certain solutions that could remedy such
conditions. Study [15] proposes an Adaptive Neuro-fuzzy
Inference System (ANFIS) controller and a conventional
controller to improve power quality. Ozioko et al. [16]
analyze the impact of wind energy on the real power flow
and conclude that optimal integration can reduce power
losses, while high penetration increases active power
losses. Similarly, Mastoi et al. [17] utilize a DFIG-WTG to
reduce power losses in a power system. Other studies focus
on improving the loadability of the grid-connected wind
turbines using FACTS devices [18]. However, some
researchers [19, 20] argue that integrating both FACTS
devices and RE sources into an existing grid to enhance
system performance may increase energy generation costs
and reliability concerns.

The impact of RE penetration on the small-signal
stability (SSS) of a grid has been studied by different
researchers. Study [21] indicates that wind-solar energy
integration favors the SSS of a power system compared to
the performance of the grid with power electronics-based
converter control. Moreover, He et al. [22] show that the
participation of wind-solar energy systems in frequency
regulation can improve the SSS of a grid. Modal analysis,
Newton-Raphson  power flow, and time-domain
simulations are applied in [23] to assess SPV integration
effects on voltage profiles, active power loss, and system
stability in IEEE 4-machine and Nigerian 50-bus power
systems. The findings point to varied impacts, stressing the
need for a comprehensive approach considering voltage
stability, power losses, and stability constraints. The
effects of replacing conventional synchronous generators
with inverter-based renewable (IBR) energy sources on the
electromechanical oscillation are examined by Chen et al.
[24] and Agrawal et al. [25]. According to [24], the SSS
improves when the replaced states have higher
participation factors in the electromechanical modes.
Conversely, the replacement may worsen the SSS if
participation factors are low. The authors of [25] note that
asingle trend could not be identified to correlate the impact
of increased RES penetration levels with system’s damping
ratios.

The reviewed works primarily focus on integrating

wind, solar, or both energy sources into the electrical grid
and their impact on voltage, harmonics, and frequency.
Some studies also explore grid small-signal stability when
RE generators supplement conventional ones. However,
more analysis is needed, especially regarding transient
stability when replacing gas-fired generators (GFGs) and
supplementing the GFGs with wind energy to cut down
CO; emissions. Moreover, given the context-dependent
nature of RE-research, it is necessary to explore the
implication of replacing or supplementing conventional
generators with DFIG-based wind turbines, especially in a
developing grid, which is inherently weak. Our study fills
these gaps, analyzing how DFIG-WTG impacts system
stability, focusing on Nigeria's power system. This paper's
primary contribution is that it examines how DFIG-WTG
affects power system transient stability, viewing DFIG-
WTG as both a supplement and a substitute for
conventional synchronous generators within the same
system. This holistic approach provides comprehensive
insights into DFIG-WTG's impact on power system
stability.

The remainder of the paper is organized as follows.
Section 2 discusses the methodology, outlining the
challenges faced by power supply, assessing the potential
of renewable energy in Nigeria and identifying the CO,
emission-affected area, with a focus on wind energy
integration. Section 3 presents and discusses the findings
obtained under different scenarios. Finally, section 4
concludes the study by stating limitations and
recommendations.

II.METHODOLOGY

This section details the challenges faced by Nigeria’s
power system and the methodology we applied in this
study.

A.The Power Supply Problem of the Nigeria Electricity
Grid

Nigeria, Africa's most populous nation and largest
economy in sub-Saharan Africa, faces severe power sector
limitations that impede its economic growth [26]. Despite
26 operational grid-connected plants with 12 199 MW
installed capacity, only about 4 000 MW is dispatched
daily [27], which is insufficient. Even after government
restructuring of the power sector into generation,
transmission, and distribution companies for improved
operation [26], electricity supply significantly lags behind
demand, making Nigeria one of the world's most
underpowered countries [27].
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Nigeria's power system relies on 330 KV and 132 KV
high-voltage transmission lines, alongside 33 KV, 11 KV,
and 415 V sub-distribution lines, covering over 20 000 km
high-voltage transmission lines [27]. However, the
network faces constant technical challenges such as high
losses, voltage degradation, and frequent collapses,
preventing the utilization of at least 7 500 MW of its
capacity [27]. Furthermore, most generators are GFGs
suffering from inadequate gas supply that reduces
generation. Even when gas supply is sufficient, these
GFGs, however, contribute to high CO; emissions. On the
other hand, Nigeria is endowed with abundant renewable
energy resources, like wind and solar, with a wind farm
under construction in Katsina State and several operational
solar plants [28], though none are yet grid-connected.

B. Wind Energy-Grid Integration

This subsection represents the theoretical background of
wind energy-grid integration.

1) Power Flow with WTGs

Wind energy conversion systems (WECS) can be
integrated into the grid either at the load or generator buses.
In either case, the power flow model will depend on
whether the WTG is PV-controlled or PQ-controlled. The
PQ-controlled model is usually adopted when the WTG is
used to supplement the GFGs. In this case, the integration
is done at a specified power factor, often unity, and the
WTG power is modelled as a negative load [29, 30]. When
the WTG is used to replace existing GFGs, it is common to
model it as a PV-generator, much like the GFGs being
replaced, while respecting the reactive power limits.

In a conventional load flow, real and reactive power on
bus i can be expressed as

Pi :Pgi_Pdi ) (l)

and
Qi =Qgi _Qdi ) (2)

S5 —»

where P,

real power demand, reactive power supply, and reactive

Py, Qg and Q, are the real power supply,

power demand, respectively, on bus i.
For an n-bus system, total losses can be calculated by
adding up the individual losses on the lines as

2
(R+Q
Prea\lpowerloss = Z{V—] Ri ! (3)

i=1 i
where R, and V, are resistance and voltage drop,
respectively, on the i-th line.
For PQ-controlled WTG, equations (1) and (2) become
Pi = _Pgi + Pdi ) (4)
and
Q =-Q; +Qy - ®)
Adopting the unity power factor for the PQ-controlled
model leads to rewriting equation (3) as

2
0 (P
Prealpowerloss = Z[V_IJ Ri ' (6)

i=1
The power flow between the wind generator and the grid
is driven by the mechanical power, P, , expressed as

m

1
P =5Cp(K,a)pAvas, )
where C_ is the turbine performance coefficient, A is the

tip speed ratio, o is the pitch angle of the blade, p is the

density of the air (kg'-m™3), A is the swept area of the turbine
(m?), V, is the wind speed (m's*). Equation (7) indicates
how the wind energy is converted to mechanical power.
This mechanical power is later converted to electrical
power through DFIG electrical dynamics. The conversion
system is summarized in Figure 1.

When WTGs replace conventional generators, the
power flow remains unchanged. However, due to different
dynamic characteristics, stability will not be the same. For
instance, synchronous generators contribute more to inertia

Power converter

RSC

* GSC
o

Fig. 1. DFIG-Based wind energy conversion system.
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Fig. 2. The Nigerian 330 kV, 50-bus system [33].

than WTGs. In the stability analysis of DFIG wind
turbines, the drive-train model is crucial. It is assumed that
converter control can handle the shaft dynamics.
Therefore, both mechanical dynamics resulting from wind
speed variability and electrical dynamics resulting from
wind turbine interactions with the grid are given by

equation
(Tm _Te)
2H,

where o, is the tip speed of the rotor (rad/s), T, is the

(@)

m

(®)

electromagnetic
T, = Xlorlgs = Xigd

miqr m-drgs ?

torque expressed as
H_ is the inertial constant (kW

Ids m

s/kVA), and T is the mechanical power input. In the

X_is the

m

expression for the electromagnetic torque,

and iy, areg-and d-

r

magnetization reactance (Ohm), i

axis rotor current, respectively, i, and i, are d- and g-

S

axis stator current, respectively. The comprehensive
DFIG-based WECS model parameters used in this analysis
are as shown in Table 1. Equation (8) indicates that the
wind turbine will introduce oscillation to the power system
due to the imbalance between the mechanical and electrical
torques. An ideal case is when these two torques are equal,
which is the objective of the WTG control strategies.

2) Calculation of WTGs Penetration

In this study, we define wind energy penetration as the
ratio of the wind energy injected to the total generation in
the system. The percentage penetration is expressed
formally as shown in equation

P,
R’uwin enetration vind 100 ’ (9)
% windpenetrati Z(Pgen.(i) N pwind ) X

where P,

%windpenetration

is the percentage of wind power
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TABLE 1. The DFIG-Based WECS Model Parameters

Parameter Value Parameter Value
Number of blades 3.0 p (kg/m®) 1.225
The length of blade (m) 75.0 Gear box ratio 1/89
Frequency (Hz) 50.0 Number of poles, P 4.0
Power rating (MW) 2.0 Inertia constants, Hy (KWs/KVA) 3.0
Number of turbines in the farm 900 Magnetization reactance, Xn, (p.u) 3.0
Wind speed (m/s) 7.7 Rotor reactance (p.u) 0.08
Voltage rating (kV) 330 Rotor resistance (p.u) 0.01
Coefficient of Power (Cp) 0.40 Stator reactance (p.u) 0.10
Capacity factor 40% Stator resistance (p.u) 0.01
Pitch control gain (p.u) 10.0 Time constants () 3.0
Voltage control gain, Kv (p.u) 10.0 Power control time constants, T, (S) 0.01

penetration in the system; P

wind

is the wind energy

generator capacity in the system, p.u.; P 0 is the i-th

gen.

conventional generator’s capacity, p.u. For every
additional wind power generator in the grid, the
contribution of each of the other existing generators is
adjusted proportionately. However, the power of the
already existing RE generators remains unchanged.

3) Selection of the Wind Farm Connection Bus

Figure 2 shows a schematic of the Nigerian power
system, operating at 330 kV. The network consists of two
primary types of generators: hydro plants and gas-fired
generators, located in the northern and southern regions of
the country, respectively. Notably, almost all GFGs are
concentrated in the southern part of the country, resulting
in substantial gas emissions in the region. However, this
area also has significant wind energy potential, as
identified in [31]. Replacing GFGs with WTGs could
significantly enhance Nigeria's electricity supply and
mitigate its current shortage, as reported by the
International Renewable Energy Agency (IRENA) in 2023
[32].

To integrate WTGs and reduce the share of GFGs, we
identified suitable connection points in the southern region
following a two-stage process. First, we screened for
strong buses, defined as those that maintain a voltage
profile within the £5% grid code tolerance under normal
operation. Second, from this pool of strong buses, we
identified the optimal candidates by simulating
incremental wind energy injection to find the buses that
yielded the minimal active power loss, adopting a loss
minimization approach. This ensures that the chosen
connection points are both robust and efficient.

When replacing GFGs with WTGs, we conduct a
sequential replacement process, allowing for priority-
based replacement order to prevent any deterioration of
system stability. This approach enables the identification
of the most suitable replacement strategy, ensuring the
efficient integration of WTGs and minimizing potential
disruptions to the power system.

4) Considered Cases

The study examines the impact of DFIG-based wind
turbine generators (WTG) on Nigeria's grid stability. We
consider three cases. Case 1: the base case that assumes no
use of wind energy. Case 2: WTGs supplement the GFG
output. Case 3: the power system has gas-fired generators
replaced by the equivalent capacity of wind turbines. The
presentation and discussion of results relies onPSAT®, a
MATLAB® toolbox for electric power system analysis
and simulation.

I11. RESULTS AND DISCUSSION

This section presents and discusses the findings of our
analysis as detailed in the following subsections.

A. Analysis of Cases 1 and 2

The base case power flow analysis revealed a real power
loss of 70 MW. Additionally, five key buses in southern
Nigeria, namely Akamgba, Okearo, Sakete, Ajah, and
Alagbon, were identified as strong buses. The best WTG
connection point was deemed the bus that exhibited the
lowest real power loss as wind energy penetration levels
increased on the strong buses. Figure 3a shows the real
power loss evolution on selected buses with increased wind
energy penetration (base case: 0%). Akamgba, Okearo, and
Ajah had minimum losses (51.70, 52.10, and 55 MW,
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Fig. 4. Oscillation of the base case versus WEI at Ajah.

respectively) at 24% penetration. Sakete and Alagbon had
minimum losses (60.10 and 58 MW) at 16% and 20%
penetration, respectively. This shows that buses handle
renewable energy differently. Akamgba is the preferred
candidate for Wind Energy Integration (WEI) due to its
lowest minimum real power loss compared to the base
case, with Okearo and Ajah considered as viable
alternatives. While Akamgba excels in loss minimization,
this does not guarantee stability, so each bus will undergo
further stability testing.

Focusing on the severe inter-area oscillation, a three-
phase fault was simulated at the lhovbor generator bus,
which is known for the system's slowest oscillation
(0.67 Hz) [34, 35]. We then determined the critical clearing
time (CCT); a higher CCT indicates improved transient
stability and greater wind energy integration. CCT with
increasing wind penetration is shown in Figure 3b. In the

base case (0% penetration), the system records a CCT of
0.55s. At low penetration levels, wind integration
enhances transient stability across all candidate buses.
However, stability declines beyond certain levels — after
7.5% for Sakete and Akamgba (both with CCT =0.57 s),
and after 20% for Okearo (CCT =0.575s), Alagbon
(CCT =0.60s), and Ajah (CCT =0.60 s). In contrast, the
loss-based analysis (Fig. 3a) indicates that Sakete can
accommodate up to 12.5% wind penetration and Akamgba
up to 24%, underscoring the trade-off between minimizing
real power losses and maintaining transient stability. Ajah
and Alagbon exhibit the best stability performance, each
achieving a maximum CCT of 0.60 s at 20% penetration (a
9% improvement over the base case). When both stability
and loss reduction are considered, Ajah emerges as the
most favorable site, having the lower real power loss
(55 MW) compared to Alagbon (58 MW).
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Figure 4 displays the rotor oscillation of the WTG at
Ajah at 20% penetration. The reduced amplitude in Case 2
compared to Case 1 confirms enhanced stability when
Wind Turbine Generators (WTG) supplement Gas Fired
Generators (GFGs). This demonstrates grid stability at
20% penetration (626 MW), as the system with WEI
exhibits faster oscillation damping than in the base case.

B. Analysis of Case 3

In this case, we analyzed the impact of replacing GFGs
with WTGs of equivalent capacity. The methodology
involved a sequential, one-by-one replacement of each
GFG in the southern part of the grid. For each replacement,
a transient stability analysis was performed to calculate the
CCT, with the fault located, similarly to Cases 1 and 2, at
the Ihovbor bus. This systematic process allowed us to
identify which GFG replacements were the least
detrimental to system stability. The CCT results for each

06

— 3, without WTG
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04

6\ho\.r.

with WTG @ Geregu ||

(2)

10

replacement scenario are presented in Figure 5.

For comparison, the Figure also includes cases where
WTGs are connected at the Alagbon and Ajah load buses,
allowing assessment of stability improvements from
supplementing generation at load buses versus replacing
GFGs. The results indicate that replacing GFGs with
DFIG-WTGs reduces transient stability due to the
associated loss of rotational inertia, underscoring the need
for alternative mechanisms to compensate for this
unbalance. Among the replacement cases, substituting
Olurunsogo and Geregu generators provided the best
outcome, though the CCT still declined from 0.55t0 0.50 s
a 9% reduction in stability. Overall, Figure5
demonstrates that WTGs enhance system stability more
effectively when supplementing existing generation at load
buses than when replacing conventional GFGs.

Figure 6 displays the lhovbor generator's rotor angle

1
1
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Fig. 6. (a) Comparing rotor angle oscillation in the base case against the WTG at Geregu, (b) Comparing rotor angle oscillation

in the base case against the WTG at Olorunsogo.
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with sequential replacements at Olorunsogo and Geregu,
confirming reduced stability due to higher oscillation
amplitudes. It is noteworthy that the Ihovbor generator has
a high participation factor in the dominant 0.67 Hz
electromechanical oscillation, yet stability decreases. This
observation does not agree with [24] which found that
replacing the state significantly contributing to the
electromechanical oscillation with a virtual synchronous
generator improves stability. In fact, in our case, the
stability deteriorates irrespective of generator replacement,
thus emphasizing the context-dependent nature of RE
studies.

C.Discussion and Contextual Comparison

The above study of the Nigerian grid demonstrates that
DFIG-based wind integration can enhance transient
stability at low penetration levels, but margins deteriorate
once penetration exceeds relatively modest thresholds
(=7.5-20%, depending on the connection point). While
integration at load buses shows these limits, replacing
existing synchronous generators further exacerbates
stability deterioration. This pattern arises from two coupled
effects: (i) the limited reactive-power capability of DFIGs
during faults, which aggravates voltage dips and short-term
instability; and (ii) the displacement of synchronous
generators, which reduces system inertia and weakens
frequency and transient response. These outcomes are
consistent with international experience, although the
thresholds at which issues emerge vary with the system’s
strength and topology.

Akhmatov’s Danish case study [36] highlighted similar
short-term voltage stability challenges in a system with
high wind and CHP contributions. Induction-machine
turbines were shown to absorb significant reactive power
during faults, deepening voltage sags and, in some cases,
triggering cascaded disconnections. The study further
distinguished between large offshore wind farms —
required to ride through disturbances — and local units that
often trip under undervoltage, and proposed mitigation
measures such as dynamic reactive compensation and
wind-turbine ramp-rate controls. These findings reinforce
the conclusion that adequate reactive support and effective
fault-ride-through capability are critical for secure DFIG
integration.

In the UK context, Xia et al. [37] emphasized frequency-
domain risks in a stronger, meshed grid. Their results show
that higher DFIG shares increase ROCOF and reduce
critical fault-clearance times (CFCT), with penetrations
above 40-50% vyielding CFCT values below Grid Code

requirements. Stability could be preserved only through
additional measures such as SVCs, HVDC reinforcements,
enhanced primary reserves, or synthetic inertia. The UK
network study illustrated that robust grids can tolerate
higher non-synchronous penetration before instability
arises, but only with extensive ancillary-service
deployment.

The Algerian case [38] provided a distribution-level
perspective in weak, radial systems. Simulations showed
that DFIG farms are highly vulnerable to poor fault-ride-
through and voltage collapse unless supported by D-
FACTS devices. Both D-SVC and D-STATCOM
improved stability, though with cost—performance trade-
offs: D-STATCOM delivered stronger and faster support
at higher costs, whereas D-SVC provided more economical
but slower compensation. These findings highlighted the
need to tailor remedies to the level of grid connection and
economic feasibility.

More recently, Shabani et al. [10], instead of analyzing
a national grid, employed a benchmark Single Machine
Infinite Bus (SMIB) model to examine how equipment-
level factors influence transient stability. Their results
showed that the CCT improves with increasing wind
penetration up to about 0.7 p.u. but declines thereafter,
which is consistent with our findings. They also
demonstrated that reactive power support from DFIGs
enhances stability but increases converter current stress,
pointing to the need for external devices such as
STATCOMs.

Taken together, the Nigerian, Danish, UK, and Algerian
case studies reveal a consistent picture: the mechanisms
driving stability degradation — loss of inertia, limited
MVAr support, and altered power flows — are universal,
but the penetration thresholds and mitigation strategies are
system-dependent. Stronger grids such as in the UK can
accommodate 40-60% penetration before serious risks
emerge [37], while weaker or less meshed systems such as
in Nigeria (as demonstrated in this study), Denmark [36],
and Algeria [38] experience critical issues at much lower
levels.

IV. CONCLUSION, RECOMMENDATIONS, AND
LIMITATIONS

This paper studied wind energy integration's impact on
the Nigerian grid's stability, focusing on WTGs
supplementing or replacing GFGs. We have identified
optimal connection points and quantified the stability
impacts for each scenario. The key conclusions are as
follows:
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i)

i)

Optimal placement of supplementary WTGs,
specifically at a strong load bus like Ajah, can
improve system transient stability. A 20% wind
energy penetration (626 MW) at this location
extended the CCT by 9%, from 0.55 to 0.60 s.

A trade-off exists between power loss minimization
and stability enhancement. The optimal penetration
level for stability (20%) was found to be lower than
the level for maximum loss reduction (24%),
indicating that stability is the more constraining
factor.

Replacing GFGs with equivalent WTG capacity
universally reduces system stability due to the loss
of synchronous inertia. The least disruptive
replacements (Geregu and Olorunsongo) still
resulted in a 9% stability decrease, underscoring the
need for compensatory measures.

A. Practical Recommendations for System Operators

The findings and the contextual comparison point to the
following priorities:

i)

i)
i)

Enforce enhanced grid-support functions in WTGs,
including synthetic inertia, fast frequency response,
and reactive capability;

Deploy targeted compensation (SVC/STATCOM
or D-FACTS) at weak nodes; and

Site large wind plants at strong connection points or
reinforce  weak networks. These combined
measures — also advocated in the Danish [36], UK
[37], and Algerian [38] case studies as well as in
study [10] — are essential to balancing efficiency
with stability as wind penetration grows.

B. Limitations and Future Work

This study assumed a constant wind speed, which
simplifies analysis but may overestimate stability margins
since real wind turbulence and wake effects introduce
power fluctuations that reduce the critical clearing time
(CCT). In addition, the standard DFIG model used did not
include advanced features such as Low Voltage Ride
Through (LVRT), which affect fault dynamics.

Future studies should therefore consider variable wind
speed profiles, conduct sensitivity analyses of system
parameters, and evaluate advanced inverter controls (e.g.,
grid-forming technologies) to better capture the impact of
large-scale wind integration on Nigerian grid stability.
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Current Tracking-based Super-Lift Converter
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Abstract — Electric bicycles are becoming increasingly
popular as green mobility solutions. However,
problems of low mileage, a poor power factor, and
unstable charging voltage still persist. This study
proposes a novel power management system with a
Super-Lift Converter (SLC), Field Programmable Gate
Array (FPGA)-regulated active front-end circuitry,
and a flexible solar panel to address the issues. The
system’s design uses a 350 W BLDC hub motor and a
36 V 10.4 Ah lithium-ion battery. A SLC is inserted
between the charger and battery to achieve a high
voltage transfer gain and voltage ripple of less than 1%.
The incorporated FPGA runs an Adaptive
Reinforcement-based Current Tracking (ARCT)
algorithm to provide power factor correction by
generating a synchronized reference inductor current
with the input voltage waveform. A 60 W, 36 V flexible
solar panel is attached to a secondary input of the SLC
to provide solar-assisted charging and extend the
vehicle range from 45 km to 50 km per charge. During
charging of the 36-42 V lithium-ion battery, the system
is powered from a 230V AC grid, stepped down to
100 V AC using a transformer, along with the PV input.
Experimental results attest to a dramatic reduction in
total harmonic distortion and enhanced current
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tracking performance. The proposed system provides a
sustainable and compact solution for electric bicycles
and similar energy-efficient mobility platforms.

Index Terms — Active front end, battery, electric
bicycle, power factor correction, total harmonic
distortion.

|. INTRODUCTION

Electric bicycles (e-bicycles) are a future substitute for
conventional vehicles and a cost-effective, green, and
energy-efficient form of urban transportation. With the
world focusing on sustainable transport, e-bicycles are
gaining momentum in urban areas, particularly in short-
distance trips. Range limitations due to inefficient charging
and energy management systems are still a hindrance to
their widespread adoption. Low battery life and low power
quality during charging are serious issues [1]. Smart
control techniques could improve autonomy and user
experience, according to the evidence provided by an
adaptive electric bicycle study [2].

The primary challenge is battery efficiency. Lithium-ion
batteries typically used in e-bicycles are current- and
voltage-ripple-sensitive during charging, and such ripples
can accelerate degradation and decrease the cycle life.
Conventional boost converters, although simple and
inexpensive, tend to lack the high gain and low ripple in a
single step. Inductive power transfer and wireless charging
system solutions enabled new e-bicycle configurations [3];
however, these systems tend to add complexity and cost.
Hybrid parallel topologies and optimized coil topologies
for a stable current output in inductive charging systems
were also investigated [4].

The performance of the charging system is directly
related to energy usage and ride quality. For example, a
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control-based hybrid bicycle test experiment verified the
necessity of finding the optimal tradeoff between fuel
economy and capacity loss [5].

More advanced power management strategies can
optimize energy utilization. A reinforcement learning-
based assisted power management system was proposed to
enable real-time power sharing adaptation between motor
and human inputs in e-bicycles [6]. These intelligent
strategies are crucial for meeting the performance needs of
users while respecting size, cost, and energy storage
limitations. A double-wheel drive strategy to improve user
experience in electrically assisted bicycles also showed the
need for combined control [7].

Thus, an efficient and scalable charging infrastructure is
critical for mass adoption. Extremely large inductive
charging stations using hybrid topology switching and
single inverters were studied to support a growing number
of e-bicycles [8]. Hybrid topologies with configurable
voltage and current outputs were reported to increase
charging flexibility [9, 10]. Even cost-effective wireless
charging systems were implemented to provide feasible
solutions to customers [11]. These developments
notwithstanding, challenges still exist as concerns the high
power factor (PF), low total harmonic distortion (THD),
and low ripple, particularly in compact systems.

FPGA-based control solutions are becoming
increasingly prevalent in power electronics owing to their
capability for real-time operation and reconfigurability.
High-precision timing, real-time digital control for active
power filters, and high-frequency GaN-based DC-DC
converters were all improved through FPGA
implementations [12—-14]. Online inductance identification
based on FPGA-based systems also underscored the
platform's potential for power converter control in electric

Rectifier

Power supply from
230V 50Hz AC grid to
100V 50Hz via step-
down transformer

vehicle (EV) systems [15].

Super-lift converter (SLC) topologies [16] proved useful
for the high-voltage gain in low-ripple applications. In EV
applications, advanced designs with buck converters or
positive output lift stages can deliver higher voltage
conversion efficiency and output quality [17, 18]. For
example, a combination of Luo and Cuk topologies
simplified the circuit, enhanced the gain, and enabled low-
ripple operations [19]. Control strategies, such as the
sliding mode and adaptive estimation, offer robust
performance even in converter environments with
uncertainties [20].

Adaptive control methods are crucial for systems that
encounter model uncertainties, disturbances, or dynamic
changes. Adaptively tuned current-mode control
techniques and window-based mode selectors with
adaptation improved the converter’s response [21].
Adaptive perturbation rejection techniques and output
feedback control also improved robust tracking and system
stability [22]. These techniques became even more crucial
in EV systems, where source and load conditions can
change rapidly.

In recent years, there has also been increasing interest in
reinforcement-learning (RL) driven controllers for power
converters and EVs. RL-based controllers in power
electronic applications were introduced with steady-state
error compensation schemes [23], whereas deep RL were
implemented for dynamic active and reactive power
control of grid-connected EVs [24]. Predictive RL methods
[25] and meta-RL current control schemes for motor drives
[26] indicated the feasibility of RL under various converter
conditions. Real-world applications include RL-driven
buck converter control under time-delay conditions [27],
smart MPPT controllers for renewables [28], and

Solar panel

BLDC motor

ARCT control
using FPGA

Fig. 1. Overall architecture of the proposed system.
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stabilization of boost converters under CP loads through
deep RL [29]. Most recently, safety-augmented and self-
learning RL schemes were introduced for converter
applications [30] and adaptive RL-driven PID controllers
were used for multi-area power grids [31]. This
demonstrates RL's capability for adaptability and
application-performance optimization in power grids.
Although these applications for the most part remain
constrained by computational overhead, the lack of real-
time FPGA-based implementation and limited
optimization targets such as MPPT or converter
stabilization give way to research evolution. Thus far no
RL framework has been specifically adapted for e-bicycle
platforms, which require compact implementation of
hardware, converter gain, ripple, and simultaneous PF and
THD compliance. Given this background, there is a
pressing need for an FPGA-implemented adaptive RL
approach capable of PF, THD, and ripple tradeoff under
virtual AC-PV input and hybrid mode operations.

In addition, power quality problems [32] in battery
charging from AC sources, such as PF degradation and
high THD were reported. Various unidirectional non-
isolated PFC converters offered exceptional size
advantages, efficiency, and reduction in harmonic trade-
offs [33]. It was suggested that high-current-density EV
chargers employ modified Pl controllers to enhance
dynamic response [34, 35]. Second-harmonic current
reduction methods were applied in two-stage PFC systems

to eliminate distortions [36].

To address these challenges, the present study
introduces a Super-Lift Converter (SLC) controlled by an
FPGA-based Adaptive Reinforcement-Based Current
Tracking (ARCT) algorithm. The major contributions of
this work are summarized as follows:

o A first-of-its-kind FPGA-implemented ARCT for

an on-board e-bicycle charger integrating grid and
PV power.

e The experimentally proven near-unity power factor
(0.99) and very low input current THD (2.23%).

e Stabilization of PV output voltage under varying
irradiance  using  combined = MPPT-ARCT
interaction within the SLC topology.

e Reduction of battery terminal ripple (<1.5%) and
improved charging smoothness, supporting reduced
degradation and extended cycle life.

e Demonstration of a practical hybrid e-bicycle
platform with a 15% improvement in battery-
supported mileage, validating the proposed control
strategy.

I1.OVERALL E-BICYCLE SYSTEM ARCHITECTURE

The architecture of the hybrid charging and propulsion
system of the e-bicycle proposed in this study is shown in
Fig. 1. The system employs a stepped down single-phase
100 V, 50 Hz AC supply from a 230V, 50 Hz AC grid
using a step-down transformer, which is connected to a

60W 36V PV
pancl

|
| |
I
| | |
| I | 1
I I ‘ |
| I | [
I I 2| |
14230V ! } E b :
50Hz AC ) = |
supply C) | | =1 |
fi id I I =] |
Tom gri | ‘ | i
| I ElR l 36-42V 10.4Ah
| } g } : lithium-ion battery
l [ EL [ |
5
I I <! |
| - j |
| K ! | i
7777777 o ___ e
230V/100V step- Diode bridge rectifier (DBR) Super-lift converter (SLC) Actual SLC
down output
transformer A 4 voltage

AC supply voltage

FPGA incorporating ARCT algorithm

J——

Reference SLC output vollage

Fig. 2. Detailed diagram of the designed system.
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TaABLE 1. Nomenclature for the Proposed ARCT-SLC

System
Variable Description
Vin Input AC voltage (after autotransformer)
Ve & Ig Rectified AC input voltage & current
Vey & lpy PV panel voltage & current
Vsic Average output voltage of SLC
Vo Output/battery charging voltage
iL Inductor current
A Duty ratio generated by the actor network
0 Actor network weights
® Critic network weights
r(k] Reward at iteration k
S[k] Temporal-Difference (TD) error
Y Discount factor
PF Power factor
THD Total harmonic distortion
Vmppt PV voltage at MPP
fs Switching frequency
Ts Sampling period
Nupdate Actor-critic update interval
Ola, Oc Learning rates for the actor and the critic

rectifier for AC-to-DC conversion.

The rectified supply is connected to a Super-Lift
Converter (SLC), which is tailored to provide a high
voltage gain with low output ripple. The converter is driven
in a three-port configuration to facilitate the hybrid energy
input and output. Port 1 is supplied with DC from the grid
and is energized for indoor or stationary charging, whereas
port 2 is linked to a flexible solar panel that supplies power
during outdoor cycling. The solar panel is a 36 VV, 60 W
module. The SLC charges a 3642 V, 10.4 Ah lithium-ion
battery pack. Port 3 supplies the regulated DC output to
charge the lithium-ion battery, which supplies a Brushless
DC (BLDC) motor for propulsion. An FPGA controller
driven by an Adaptive Reinforcement-Based Current
Tracking (ARCT) algorithm regulates the switching
actions of the converter to provide voltage stability,
enhance the power factor, and minimize harmonic
distortion. The hybrid integrated configuration enhances
energy efficiency, provides grid compatibility, and
enhances the mileage of the e-bicycle.

A detailed schematic of the system implementation is
shown in Fig. 2, where each functional block is represented
by its corresponding electrical component. The AC supply
is connected to a Diode Bridge Rectifier (DBR), and its

output is filtered using an input inductor (L11).

The SLC stage includes a switching device (S),
inductors (L11 and L21), diodes (D21 and D22), and
capacitors (C21 and CO0), designed to have a multi-stage
boost topology. A 60 W solar panel is implemented in the
input path of the converter, enabling auxiliary energy
harvesting. The SLC regulated output is supplied to a
10.4 Ah, 36-42V lithium-ion battery. The FPGA is
supplied with feedback signals such as the AC supply
voltage, actual and reference SLC output voltages, and the
current flowing through inductor L11. Based on this
feedback, the ARCT algorithm dynamically controls the
switching of S for an efficient operation under various load
and input conditions. The figure provides the rationale
behind the design by showing how the control and power
stages communicate at the circuit level, enabling the high-
efficiency and reliable operation of the hybrid e-bicycle
charging system.

Passive components, such as inductor and capacitor
values, are derived based on standard ripple constraints.
The inductor is sized by
VA
Lf, '
where, di, is the ripple current in inductors L11 and L21,
Vr is the rectified AC input voltage, A is the switching duty
cycle, and fs is the switching frequency. Considering that
the ripple current in the inductors is limited to 20% of the
average inductor current at a switching frequency of
20 kHz, L11 and L21 can be chosen as 100 pH.

The capacitor is chosen by

di, =

@

[,A
cf,
where, dVc is the ripple voltage in capacitor C0O and lo is
the current through capacitor C0. Considering that the
ripple voltage in the capacitor is limited to less than 1% of
the output voltage, CO can be set to 470 uF. Table 1
summarizes all mathematical symbols and parameter
notations used in the ARCT-regulated SLC model to

ensure clarity and consistency throughout the text.

dv,= 2=, v

1. SUPER-LIFT CONVERTER (SLC)

The SLC topology is derived from the Luo converter
family, where voltage boosting is achieved through the
sequential discharging and charging of multiple capacitors
and inductors. A schematic of the SLC and its equivalent
operating state are shown in Fig.3. The illustration
includes the entire circuit setup, as well as the two
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prominent switching states, that is when the switch is ON
and when the switch is OFF.

During the switch-ON interval, the DC link input energy
of the switches is stored in inductor L11 and capacitor C21
is charged from the input voltage Vg, that is, the rectified
voltage of a single-phase 100 V, 50 Hz AC source, by
diode D21. The energy is stored for a very short time
interval in the magnetic field L11 and the electric field C21
and no energy is transferred to the output. When the switch
is OFF, diode D21 is reverse-biased, diode D22 is forward-
biased, and the stored energies of L11 and C21 are
transferred to the output side through D22, thereby
boosting the voltage. The output capacitor CO filters this
energy and provides a smooth DC output voltage Vsic
between battery terminals.

(e
Fig. 3. (a) Overall circuit topology (b) Equivalent circuit when the switch is ON (c) Equivalent circuit when the switch is OFF.

This two-step energy-transfer process allows the
converter to superimpose the voltage across C21 on top of
the input voltage and generate a much higher output
voltage. Not only does the operation increase the output, it
also renders it low in ripple, which is a desirable
characteristic for battery charging. Mathematical modeling
of the voltage and current performance of the converter
confirms this behavior. The average output voltage Vs c of
the SLC can be expressed as
2-A
A ®)
where, Vg is the rectified AC input voltage, and Vs.c is the
output voltage. Compared to the existing boost converter,

VSLC = \X
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which has a gain of ﬁ the SLC has improved gain

characteristics for the same switching duty cycle.
Similarly, the converter output current ls.c can be
defined in terms of the input current Ig as
1-A
A lg . 4)
The front end of the SLC is a full wave diode bridge
rectifier (DBR) and its average output voltage is given by

lsic =

Ve =—", ©)

where, Vp is the peak value of supply AC voltage.

Substituting equation (5) in (3), we get

A
s.c — i__ﬁTp : (6)
This expression ensures that the SLC effectively
converts the voltage and current levels without disturbing
the balance of energy and with minimal losses. The voltage
transformation gain M is expressed as follows:
M=Yae 278 @)
Ve, 1-A
The gain feature is much better than that of the
conventional boost converter, especially for high duty
cycle A values; therefore, the SLC is ideal for high-voltage,
low-ripple battery charging.

The use of more than one lifting stage, along with a
voltage boost provides seamless conduction on the input
side, enabling an improved power factor and reduced
harmonic distortion. Such characteristics are inherent in
applications where the input supply is an AC grid and
power quality needs to be guaranteed. Additionally,
because of its mode of operation, the SLC inherently
provides low electromagnetic interference (EMI) and
reduced stress on the switch, thereby improving the system
reliability and component life.

In the proposed system, the SLC is interfaced with an
FPGA that implements an ARCT algorithm. The ARCT
controller dynamically adjusts the duty cycle of switch S
based on the real-time measurement of the inductor current
and input voltage. The control causes the inductor current
to follow a sinusoidal reference, essentially performing
power factor correction at the input and stable charging at
the output. The SLC with the ARCT algorithm achieves
voltage step-up and intelligent control, resulting in a
compact, adaptive, and grid-connected charging compliant
system.

Thus, SLC simplifies the hardware and facilitates high-
performance control integration. Its inherent high-gain
characteristic, low output ripple, and compatibility with
advanced digital control techniques, such as ARCT, make
it a good choice for modern EV battery chargers. The next
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Fig. 4. Proposed ARCT architecture.
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section discusses the ARCT algorithm, which controls the
SLC operation to provide optimal current tracking and
enhanced power quality.

IV. DESIGN FRAMEWORK OF THE ARCT ALGORITHM

The proposed ARCT configuration shown in Fig. 4
combines the high-voltage gain benefit of the Super-Lift
Converter (SLC) with an adaptive reinforcement learning-
based current tracking methodology to achieve improved
power quality and battery charging stability.

The ARCT algorithm is based on the actor-critic
reinforcement learning framework, which is defined by
two primary components: the actor and the critic. The actor
is responsible for selecting control actions (i.e., the switch
duty cycle in the SLC), and the critic evaluates the quality
of the action chosen by running a reward function based on
the system response with special emphasis on inductor
current tracking. The control objective is to condition the
input current to follow a sinusoidal reference waveform in
phase with the input voltage to achieve power factor
correction and reduce the total harmonic distortion (THD).

The inductor current i (t) is measured at each sampling
instant and compared with the synthesized reference
current iyt (t), which is generated as a scaled input
rectified voltage.

The error is computed as follows:

e(t) =i (- (). )

The critic network approximates the estimated return
using the estimate function V(s;), where s; is the current
state of the system.

The temporal-difference (TD) error signal is computed
as

3(t) =r(t) +vV(s.)-V(s) . (9)
where, vy € (0,1] is the discount factor, and s; + 1 is the next
state considered as a consequence of applying the selected
control action. The TD error is the error in the estimation
of the reward and is what the actor and critic are updated
with.

The actor network, responsible for generating the duty
cycle d(t), generates a control action based on a
parameterized policy function m (St), given by

d(t) =my(s,) =0"d(s,) - (10)
Here, 0 is the actor parameter vector, and ¢(s;) is the system
state feature representation. The actor parameters are
learned by the policy gradient method, which adjusts the
control policy to maximize the expected reward:

0 <« 0+0a,0(t)V,logm,(s,) . (11)

where o, is the actor’s learning rate. Simultaneously, critic
parameters w, used for approximating V(si), are updated to
minimize the mean-squared TD error:

oo+ )V V(s), 12)
where a is the critical learning rate. Control action d(t) is
then converted into a gate signal for the power switch in
the SLC. As the ARCT algorithm learns and adapts over
time, the converter can dynamically switch the switching
action to accurately follow the current, improve the input
power factor, and minimize the harmonic distortions
without system modeling or fixed control laws.

The strength of the ARCT approach is its generalization
across the operating points. Unlike fixed-gain controllers
that require re-design for different supply voltage or load
levels, the actor-critic policy learns an optimal action
across a wide range of conditions via reinforcement
learning. Furthermore, the actor-critic architecture is a
trade-off between learning stability and responsiveness and
can be readily implemented at high speed in an embedded
system on an FPGA platform.

The ARCT controller is implemented in discrete-time
with the sampling time synchronized with the converter
PWM switching frequency. It receives the sensed inductor
current and supply voltage for each switching cycle,
computes the control policy, updates the weights through
gradient-based computations, and utilizes the updated duty
cycle for the subsequent switching period. The reference
current waveform iy ref(t), is furnished by a zero-cross
detection circuit and scaled in proportion to the
instantaneous rectified AC input such that the input current
is sinusoidal and in phase with the source voltage.

V.MATHEMATICAL MODELING AND THEORETICAL
VALIDATION

The proposed Adaptive Reinforcement-Based Current
Tracking (ARCT) algorithm employs an actor-critic
reinforcement learning framework to regulate the SLC for
lithium-ion battery charging from hybrid power sources. A
thorough mathematical model of the system, where
theoretical and experimental values are compared, such as
power factor (PF), total harmonic distortion (THD),
inductor current tracking, battery ripple voltage, and stable
photovoltaic (PV) output is described below.

The total source current can be represented as

iin (t) = IL(t) +i[r:/%5in(n(ﬂt +(Dn)j = iL,ref (t) +e(t) 1

(13)
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where, iin(t) is the source current, i(t) is the inductor
current, Vin is the supply voltage, Z, is the n-th harmonic
impedance, o is angular frequency, @, is the phase angle
of the n-th harmonic, iLs(t) is the reference inductor
current, and e(t) is the tracking error.

The dynamic voltage transfer gain of the SLC can be
expressed as

_ 2 ke?
M(t)=\%= (2-a0) + SA((tt)) ,
. (1—A(t))(l+k2dtj

where, M(t) is the instantaneous gain, A(t) is the duty ratio,
e(t) is the tracking error, ki and k; are tuning constants.
The total harmonic distortion (THD) can be expressed

by

(14)

, (15)

2

I, -2
THD = % x100%,

1
where, linrms IS the RMS input current and 11 is the
fundamental component.

The stabilized PV output current is derived from:

1y =220 o ing, ) - BLe), (16)
RPV
where, lpy(t) is the PV current, Vmepr(t) is the maximum
power point voltage, Rpy is the panel resistance, wsun is the
solar frequency component, apy, and Bpv are the control
gains.
Ripple voltage at the battery terminal can be estimated
by

My (1) - {Ci | [I © _\%a)]dt}y% an

batt 0 int
where, AVpan (t) is the ripple voltage, Cpar is the battery
capacitance, Inar (t) is the battery charging current, Vpar (t)
is the terminal voltage, Rin is the internal battery resistance,
and v is the tuning constant.
The duty cycle generated by the actor network is

At) = o(W,"d(s,) +b)+23(t), (18)

where, o is the activation function, W, is the actor weight
vector, O(sy) is the feature vector of state s;, b is the bias, A
is the learning rate, and 3(t) is TD error.
The reward function used by the ARCT agent is given
by
r(t) =—{ o€’ (t) + o, (1- PF)* +0,THD? |, (19)

where, o1, 02, and asz are weight constants, and PF and THD

are the performance metrics. The long-term voltage
stability of the battery output is ensured if

—
!m?_{[hlban (t) _Vref
where, Ve is the reference terminal voltage.
The critic update includes PV regulation as

dt <0.01v,,, , (20)

j +(21)

where, V(sy) is the critic value, w; are weights, ®j(sy) are
features, and & is the PV error penalty.
The net energy transferred to the battery is modeled by

T T
Epat total = I(nAc Py (1) +Npy Poy (t))dt _I Poss (Ddt, (22)
0 0

VV(s)=V, (iqu)j(st)+&|lPV () = Ty s

where, nac and npy are the efficiencies of AC and PV paths,
respectively, Pac and Ppy are the input powers, and Pjoss IS
the total converter loss. These equations provide
theoretical backing to broadly explain the experimental
results.

The proposed ARCT controller for SLC is implemented
on an FPGA platform to ensure real-time operation and fast
adaptability. The control process operates on a discrete-
time scale synchronized with the switching frequency of
the power converter. The switching stage is driven by the
unipolar PWM at switching frequency fs =20 kHz. The
triangular carrier for PWM has a frequency fs and peak
amplitude 1. The duty command A[k] (discrete-time index
k) is translated to gate pulses by comparing A[k] with the
carrier. The switch is ON when A[K] > carrier(t) and OFF
otherwise. The control loop runs at the sampling frequency
fs and the sampling period is 50 ps. All sampled signals are
filtered before digitization by a first-order anti-aliasing
filter with the cutoff at fc, which is one-fourth of f;. Signals
on the FPGA are represented in the fixed-point Q1.15
format (16-bit signed) to satisfy the timing and resource
constraints.

A.TD Error Formulation

To make the ARCT algorithm explicit, the discrete-time
temporal-difference error (TD error) used by the critic is
implemented as

8(k) = K]+ Wiy —Veotsiy » (23)
where 8[K] is the TD error at sample k, r[k] is the scalar
reward at sample k, v is the discount factor, V,, (, is the critic
value function parameterized by weight vector o, and s[k]
is the system state vector at time-step k. The state vector is
chosen as follows:
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S[k] = [iL[k] 'VR[k] ’VSLC[k]’ iPV[k]]T ) (24)
where i is the measured inductor current, Vr is the rectified
DC input (per unit), Vs.c is the SLC output/battery terminal
voltage, and ipy is the PV current.

B. Reward Function

The actor outputs a continuous duty command from a
lightweight neural policy (one hidden layer) and is updated
online using the policy-gradient style rule:

6k +1] = 6[k]+ o, 8(K)V,m, (SIK]) » (25)
where 0[K] is the actor parameter vector at the k" step, aa is
the actor learning rate, 5[K] is the temporal difference (TD)
error, me(S[K]) is the policy function parameterized by 6,
evaluated at state s[k], Ve denotes the gradient with respect
to actor parameters.

C.Critic Update
The actor output is saturated to enforce safe switching,
A[K] = saturate(my gy, Apins A (26)
where Amin = 0.15 and Amax = 0.85 in our implementation.

The critic is updated using a semi-gradient TD (0) update
implemented as follows:

max)'

ofk +1] = ofk]+ o, x3(K)xV V) » 27)
where o is the critic learning rate and V,,V,, is the gradient
of the critic value function.

D.Actor Update

The reward used for online learning is a normalized
negative quadratic that balances the current tracking,
power quality, and output regulation:
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Fig.5. Adaptive reinforcement-based current tracking (ARCT) learning mechanism.
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r[k] = —[o,€%[K] + o, (L— PF[K])? + o, THD[K]* —
—0t, (Vo e [K] = Vi )2 + 05l %

where e[K] = iLrer[k] — iL[K] is the inductor current tracking
error, PF[K] is the instantaneous power factor estimate (per
unit), THD[K] is the short-time THD estimate (per unit)
computed over the last M samples, Vi is the target battery
charge voltage, Ai.[K] is the inductor ripple estimate, and
ay — as are scalar reward weights. Short-time THD and PF
are computed using an N-sample sliding window FFT on
the FPGA host (or on a connected controller) as follows:

21

(28)

THD[K] = ”T , (29)
1 < .
T Y. Ve®ig(®)
PF[k]= - k‘”‘:“w“ — . (30)
\/Twl_kZTiﬂVR (v)* JTM_kZTiHiR (v)*

where 1, are harmonic magnitudes of the input current
computed from the short window FFT (Nn harmonics used;
we use Np=40), I; is the fundamental, and T, is the
window length in samples. The FFT window uses a

TABLE 2. Learning Hyper-Parameters

Component/Parameter Specification
Switching frequency (fs) 20 kHz
Sampling period (Ts) 50 ps
Discount factor (y) 0.95

Actor learning rate (o) 0.01

Critic learning rate (o) 0.005
Reward weights 0.5,0.3,0.2
PV penalty factor (&) 0.1

Duty ratio limits (Amin, Amax) 0.1,0.9

Hanning window and energy is computed up to the 40™
harmonic to match the IEEE harmonics standard. To limit
online computation on the FPGA, the actor is evaluated
every control cycle, while the critic weight updates and
RMS/FFT-based PF/THD calculations are performed
every Nypdate Cycles. This reduces resource usage while
preserving control responsiveness.

The learning process of the ARCT controller is shown
in Fig. 5. The actor network generates the control duty ratio
A(K) based on the observed converter state s(k). The critic
network evaluates the temporal-difference (TD) error (k).

L

Fig. 6. View of the designed e-bicycle.
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Fig. 7. Test bed of the incorporated super-lift converter.

Both networks update their parameters in real time
according to the weight-update rule of Eq. (27) and Eq.
(28).

The actor weights 0 are adjusted to minimize the error
between the reference inductor current and the measured
value, while the critic weights o estimate the long-term
performance value.

This cooperative interaction enables adaptive duty-cycle
regulation that yields ripple-free current tracking and
improved PF correction under varying load and irradiance
conditions. The learning hyper-parameters used in our
experiments are summarized in Table 2.

VI. EXPERIMENTAL VALIDATION

To validate the performance of the proposed battery
charging system using the SLC regulated by the ARCT
algorithm, a hardware prototype was developed and tested.
Figure 6 shows the designed e-bicycle with a hybrid
charging system. The 10.4 Ah lithium-ion battery is placed
on the middle frame to obtain the weight distribution
balance. A solar panel is placed on the rear carrier with a
cabinet design and flexible openings. The SLC and FPGA-
based control circuitry are placed inside the solar panel
cabinet for compactness. The BLDC hub motor is placed

on the rear wheel to ensure smooth and efficient

propulsion.

The test bed of the proposed ARCT-based FPGA-
controlled SLC is shown in Figure 7. The experimental
parameters for the proposed system are listed in Table 3.

The power factor (PF) and total harmonic distortion
(THD) of the proposed hybrid e-bicycle charging system
were experimentally evaluated using a Yokogawa
WT1800E precision power analyzer, which complies with

TABLE 3. Experimental Parameters

Component/Parameter Specification

AC input voltage 230 V RMS, 50 Hz

Input rectifier Single-phase full-bridge diode rectifier

Battery capacity 10.4 Ah, 3642 V lithium-ion battery

SLC inductor L11,L.21 100 pH each

Capacitor C21, CO 470 p_F / 63V low-ESR electrolytic
capacitors

IRF540N MOSFET (100V, 33 A,
RDS(on)_{DS(on)} = 0.044 Q)

Fast recovery diodes (UF4007 or
MUR460 equivalents)

FPGA-based custom controller

Power switch
Diodes D21, D22
Control platform

Sensor interfaces Hall-effect voltage and current sensors
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Fig. 8. Supply voltage and current without ARCT.

IEC/IEEE measurement standards. The analyzer was grid frequency (50 Hz). For THD estimation, the Fast
configured with a sampling frequency of 200 kHz and a  Fourier Transform (FFT) method was applied with a
measurement window synchronized with the fundamental ~ Hanning window, and harmonics up to the 40" were
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Fig. 9. Supply voltage and current with ARCT.
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Fig. 10. THD in supply current without ARCT.

TABLE 4. THD Order and Current Without ARCT
Harmonic order 1 3 5

7 9 11 13
Grid current, A 0.2146 0.0565 0.0085 0.0027 0.0009 0.0003 0.0002

considered, as recommended by IEEE Std. 519-2014. The

improvements achieved with the aid of the proposed
experimental results shown in Fig. 8-20 reveal significant

system. Figure 8 represents the supply voltage and current
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Fig. 11. THD in supply current with ARCT.
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TABLE 5. THD Order

and Current with ARCT

Harmonic order 1

3 5

Grid current, A 0.205

0.0002 0.001 0.001

waveforms during the charging of the battery without
ARCT control. Without ARCT, there was a noticeable
phase displacement between the current and voltage,
indicating a poor power factor.

On the other hand, the waveforms were nearly in phase
with the incorporation of ARCT control as shown in Fig. 9.
This synchronization effectively enhanced the power
factor and reduced the reactive power loss.

Figure 10 shows the Total Harmonic Distortion (THD)
of the supply current in the absence of the proposed ARCT
control. The harmonic order and the corresponding
harmonic current values are summarized in Table 4. The
current values up to the 13" harmonic, were measured and
presented because the harmonics current was zero for
harmonics above the 13™. The THD without ARCT control

was 32.418%, which exceeded the acceptable limits set by
the IEEE 519 standard.

According to IEEE 519-2014, the allowable current
THD limit is 5% at the Point of Common Coupling (PCC).
The high THD in the absence of ARCT indicates reduced
equipment life and increased power loss. When the
proposed ARCT control is implemented, the THD is
significantly reduced to 2.211% (as shown in Fig. 11),
which complies with the IEEE 519 standard and ensures a
better power quality. The harmonic order and the
corresponding harmonic current values are summarized in
Table 5. The current values up to the 7 harmonic were
measured and presented because the harmonics current was
zero for harmonics above the 7M. This ensures the proper
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Fig. 12. Actual inductor current and source voltage at DBR terminals (a) without ARCT (b) with ARCT.
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alignment of the supply current with the voltage waveform  inductor current from the voltage signal, resulting in
and minimizes harmonic distortions. inefficient current tracking and higher ripples. By contrast,

Figure 12 presents the waveforms of the source voltage W!th AR_CT control, the actual inductor cur_rent CIOS?IV
at DBR terminals and actual inductor currents. Without aligns with the source voltage at DBR terminals, which

ARCT control, there is a clear deviation of the actual validates the implementation of the ARCT algorithm
leading to improved stability and reduced ripple.
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Fig. 14. Voltage and current in battery terminals with ARCT.
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Fig. 13 illustrates the voltage and current profiles at the
battery terminals without ARCT control.

In the absence of ARCT control, the voltage at the
battery terminals exhibited a ripple exceeding 10%, which
compromised the charging process by introducing
inefficiencies and potentially degrading the battery over

time. The current profile also shows significant
fluctuations owing to the high ripple voltage, resulting in
uneven charging and reduced battery life. Conversely, with
the implementation of ARCT control (Fig. 14), the ripple
voltage was significantly reduced to less than 1%, thus
emphasizing that harmonic distortion was limited.
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Fig. 17. MPPT dynamic response (1000—400 W/m?).
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Figure 15 shows the variability of the PV output voltage
over different time ranges of the day, with and without
ARCT control.

In the absence of the ARCT, the current oscillated with
solar irradiance changes — 1.2 A in the morning (8:00—
11:00 am.), 1.6 A at noon (11:00 a.m.-3:00 p.m.), and
1.5 A in the late afternoon (3:00-6:00 p.m.). These small
oscillations demonstrate a lack of voltage control, with

o

suboptimal current generation under changing sunlight
conditions. With the ARCT algorithm, the output current
is maintained at 1.6 A over all periods. This stability
demonstrates the ARCT’s capability to control the duty
cycle of the converter and keep the operating point close to
optimal, even with changing solar input. The regulated
current improves the battery charging profile by providing
constant energy, boosting efficiency and charging
reliability under realistic outdoor conditions.
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Fig. 19. I-V curves at 25°C.
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A 60 W flexible PV module was tested under varying
irradiance (200-1000 W/m?) and cell temperature (15°C,
25°C, 45°C). The FPGA implemented an MPPT algorithm
with 500 Hz sampling, perturbation step AV =0.2 V, and
convergence threshold |AP|/P < 0.5%. In the implemented
solar interface, the MPPT is carried out using the Perturb-
and-Observe (P&O) algorithm, chosen for its simplicity,
fast convergence under slowly varying irradiance, and
suitability for FPGA-based real-time execution. At STC
(1000 W/m?,  25°C), Vmp=36.0V, Inp=167A,
Pmp=60.1W, and V,.=44.0V. Tracking efficiency
remained > 97.8% across all test points, with convergence
times <0.45 s, validating robust real-time operation. At
elevated temperature (45°C), Vimp dropped to 32.8 V with
Pmp=55.3W, while at low temperature (15°C) the
maximum output rose to 62.5 W. Dynamic MPPT tests
with irradiance step 1000—400 W/m? achieved stable
convergence within 0.32 s. The stabilized PV contribution
(~1.6 A, =58 W) consistently extended the e-bicycle

mileage by ~15%. The transient response of the PV power
under a sudden irradiance drop from 1000 W/m? to
400 W/m? is shown in Fig. 17. The FPGA-based MPPT
converges smoothly within 0.32's, maintaining high
stability. This demonstrates the fast adaptability and
tracking efficiency of the proposed controller.

Figure 18 illustrates P—V characteristics at 25°C for
irradiance ranges of 200-1000 W/m2. The pronounced
peaks indicate accurate maximum power point recognition
across conditions. The proposed MPPT reliably aligns with
the true Pmax, supporting the reported > 97.8%.

The I-V characteristics for different irradiance ranges
are shown in Fig. 19. The observed curves displayed the
expected current scaling with irradiance and stable open
circuit voltage, Voc. These results attest to the realistic PV
modeling and the system maintains reliable energy
harvesting under variable solar input.

A comparative analysis of the mileage and efficiency of
the established e-bicycle under four different working
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conditions, namely, normal operation (battery only), with
PV support, loaded with 40 kg, and loaded with PV
support, is shown in Fig. 20.

Under normal conditions, the bicycle attained a
maximum mileage of 45 km at a 100% SoC. However, the
addition of the PV panel increased the mileage to 52 km,
authenticating an improvement of nearly 15% in travel
range. During the application of 40 kg load, the mileage
decreased due to increased power demand, but the presence
of PV support partially compensated for this reduction,
thus improving overall performance. A similar trend was
detected in efficiency, where the PV-assisted modes
consistently outperformed the battery-only cases, while the
loaded conditions experienced a slight drop due to the
increased torque demand. These results suggest that the
proposed ARCT and PV integration not only enhances
mileage but also withstands higher charging and
discharging  efficiency, thereby confirming the
effectiveness of the designed hybrid e-bicycle system. The
design is prone to uncertainties due to sensor tolerance,
passive component variations, and environmental
variations impacting PV panel output. Small timing delays

during FPGA switching and FFT-based THD measurement
also cause modest deviations in measured results. The
above uncertainties are likely to cause modest effects on
the reported results in mileage estimation and power
quality indices but do not offset the measured performance
enhancements. Future research should address these issues
through the implementation of high-grade sensor
calibration, adaptive robust control, and real-time
uncertainty modeling to further elevate the level of
reliability of the design.

To assess the long-term impact of the proposed ARCT-
based charging, a battery degradation analysis was
performed over 200 charge—discharge cycles of the e-
bicycle’s 10-series (10S) NMC lithium-ion pack. Charge—
discharge cycling was carried out between 100% and 20%
SoC at a discharge current of 3.5 A under controlled
ambient conditions of 27°C + 2 °C. Three individual cells
from the pack were additionally monitored to examine
stress patterns under conventional charging and ARCT-
controlled charging with ripple suppressed below 1.5%.
Battery voltage, current, and temperature were recorded
using a Keysight digital multimeter, a data logger, and an
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TABLE 6. Comparative analysis of the proposed work with the existing works

Parameter

Hysteresis-based
control [34]

Average current-mode
control [35]

This study

Converter topology

Control schema

Implementation
platform

Power factor (PF)

Total harmonic
distortion (THD)

Ripple in output
voltage

Dynamic response
to load variation

Real-time
adaptability

Input source
Energy backup

Battery charging
application

Implementation

High-gain DC-DC
Modified PI
DSP-based controller
0.90

3.46%

~3.5%

Fast but unstable
beyond high ripple

Limited (fixed
threshold)

Grid only

None

General EV charger

Integrated 3-phase AC-DC

DSP-based digital PFC
control

Microcontroller

0.998

2.87%

~2.87%

Moderate, requires
parameter tuning

Limited (re-tuning needed)

Grid only

None

EV on-board charging

Moderate

Super-lift converter (SLC)

Adaptive reinforcement-based current tracking
(ARCT) using FPGA

FPGA-based real-time control

0.99

2.2%

<1.5%

Fast and adaptive with minimal overshoot

Self-learning across operating points

Grid + flexible solar panel (hybrid source)

Solar panel backup

E-bicycle (Lightweight mobile application)

complexity Simple

Higher (but FPGA allows compact execution)

INA219 precision current sensor. The degradation metric
was defined as the percentage loss in usable capacity.
Figure 21 compares the degradation rates for conventional
charging and ARCT-based charging. It is evident that the
ARCT-based system kept a more stable charging profile,
reducing current ripple and thermal stress on the lithium-
ion cells. Subsequently, the cumulative capacity loss after
200 cycles was limited to 3.8%, whereas conventional
charging exhibited 8.9% degradation. We attribute this
enhancement to the adaptive current tracking and
reinforcement-based optimization, which continuously
minimized the inductor current error and ensured near-
ideal power flow into the battery. The observed difference
translated to approximately a 57% reduction in degradation
rate, confirming the benefits of the proposed ARCT control
in extending battery lifespan.

The comparative analysis in Table 6 shows the
improved operation and novelty of the proposed battery
charging system in comparison to the two earlier studies.

The comparative analysis highlights that while
hysteresis-based control [34] achieved a PF of 0.90 with a

higher THD (3.46%) and ripple (~3.5%), and average
current-mode control [35] improved the PF to 0.998 with
reduced THD (2.87%) and ripple (~2.87%), both remain
limited to the grid-only input and lack adaptability. In
contrast, the proposed FPGA-based ARCT control on the
SLC attained a near-unity PF (0.99), significantly reduced
THD (2.2%), and minimal output ripple (<1.5%) with
superior dynamic response and self-learning adaptability.
Furthermore, by integrating a flexible solar panel input, the
system uniquely provides hybrid energy support and
mileage extension for lightweight e-bicycle applications,
setting it apart from the conventional grid-only EV charger
implementations.

VII. CONCLUSION

This study presents the design and experimental
validation of a hybrid charging and propulsion system for
an electric bicycle that integrates a Super-Lift Converter
(SLC) controlled by an FPGA-based Adaptive
Reinforcement-Based  Current  Tracking  (ARCT)
algorithm. The novelty of this study lies in the first reported
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application of the ARCT control for an e-bicycle on-board
charger. The proposed approach effectively unifies solar
and grid-based charging, ensuring uninterrupted operation
under stationery and mobility conditions. Without the
ARCT, the system had a poor power factor of 0.85 and a
total harmonic distortion (THD) of 32.418%. With the
ARCT control, the power factor was as high as 0.99 and
the input current THD was reduced to 2.211%. The output
ripple voltage was maintained within 1.5% peak-to-peak,
making the battery safe for charging. The proposed FPGA-
based implementation enabled real-time control of the
SLC, with the actor-critic algorithm dynamically varying
the duty cycle to reduce the current tracking error.
Furthermore, the regulated photovoltaic output enabled
consistent solar-assisted charging, contributing to a 15%
increase in battery-supported mileage.  The system
successfully charged the battery while providing the grid
compliance and ripple-free output, establishing the
suitability of ARCT-controlled SLCs for compact and
smart electric vehicle charging stations. Although the
proposed hybrid charging system delivers optimized
performance, certain practical limitations remain. The
FPGA experiences computational loads at high sampling
rates, while sensor tolerances and temperature-dependent
passive component variations can affect learning stability.
Moreover, scalability to higher-power electric vehicles will
require thermal redesign and enhanced switch ratings,
providing clear directions for future work.
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Drone Cargo Airships for Energy Supply (on the
Example of the Irkutsk Region)
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Abstract — The communities along the shores of Lake
Baikal currently rely on firewood, coal, and petroleum
products to generate thermal and electric energy.
However, a large proportion of inefficient and outdated
electric and thermal energy generation equipment
compounds the negative environmental impact of
energy facilities in the area. The study explores the
possibility of improving the environmental situation
through the use of liquefied natural gas. Given the
inaccessibility of these territories, the potential for
using airships to deliver fuel is examined. A
comparative analysis of several logistics schemes for the
delivery of liquefied natural gas is carried out. The
findings reveal that the use of airships for power supply
to new settlements in isolated and hard-to-reach areas
of the Central Ecological Zone of the Baikal Natural
Territory is preferable to the organization of
multimodal transportation. In conclusion, we
recommend considering the possibility of creating a
pilot industrial test site in the Irkutsk region to
accelerate the commercialization of unmanned cargo
airship technologies.

Index Terms — drone cargo airship, liquefied natural
gas, isolated and hard-to-reach areas.
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|. INTRODUCTION

Lake Baikal is a natural site of global significance. To
protect this invaluable resource, Federal Law No. 94-FZ
“On Protection of Lake Baikal” was enacted on May 1,
1999. This legislation defines the ecological zoning of the
Baikal Natural Territory (BNT), which is confined solely
to the territory of the Russian Federation [1, 2]. Around 2.5
million people live in this area.

The Central Ecological Zone of the Baikal Natural
Territory (CEZ BNT) is a coastal area of Lake Baikal with
special conditions for ecological, social, and economic
development. The CEZ BNT covers almost 90 thousand
km? (including more than 31 thousand km? of lake water
area), or 23% of the entire BNT. Table 1 shows, that the
specially protected natural areas, including nature reserves,
wildlife sanctuaries, and national parks, encompass 27
percent of the CEZ territory. The rest of the area is
populated and economically engaged, featuring a tourism
industry that is swiftly on the rise.

The World Natural Heritage Site “Lake Baikal” [4, 5]
represents the core of the CEZ. Its total area is 88 thousand
km?, of which 31.5 thousand km? represents the water
surface of Lake Baikal, and 19 thousand km? is the territory
of three nature reserves (Baikalo-Lensky, Baikalsky, and
Barguzinsky) and three national parks (Pribaikalsky,

TABLE 1. Structure of the CEZ BNT, %
Subject of the Russian

Categories Federation ' Total CEZ
Irkutsk Republic of BNT
region Buryatia

Reserves 7 6 13
Wildlife sanctuaries 0.1 4 5
National parks 5 4 9
Other areas, including
the water area of Lake 235 49.7 73
Baikal

Note: Compiled from [3].
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Zabaikalsky, and partly Tunkinsky). Five urbanized areas
were excluded from the Lake Baikal World Natural
Heritage Area. These are the towns of Baikalsk,
Slyudyanka, and Kultuk in the Irkutsk Region; the towns
of Babushkin and Severobaikalsk in the Republic of
Buryatia [6].

Reserves and sanctuaries need a system for monitoring
the health of the biosphere, observing weather phenomena,
as well as for analyzing the quality and composition of the
atmospheric and aquatic environments. Today’s scientific
activities require reliable power supply for buildings and
for delivery of cargo, while ensuring that the
environmental footprint on the protected area remains
minimal.

“The main function of the CEZ BNT is to preserve the
unique ecological system of Lake Baikal and to prevent
negative impacts of economic and other activities on its
health.” At the same time, “within the boundaries of the
zone it is prohibited to carry out harmful types of industrial
production, industrial extraction of natural resources, as
well as the construction activities not related to the
functioning of existing residential and other social
facilities, national parks, and special economic zones. ” In
addition, the ban is also imposed on “...the movement and
parking of vehicles outside roads with a hard surface, the
establishment of petrol stations, fuel and lubricant
depots...” [7].

In fact, the legislators prohibit the development of
research and tourism infrastructure in the CEZ BNT
outside existing settlements, and even more, they outlaw
the establishment of new points for scientific, aesthetic,
and educational observations of the natural environment of
Lake Baikal.

The analysis of the interaction between man and nature
at Lake Baikal is essential not only to improve the living
conditions of people inhabiting its shores but also to reduce
the anthropogenic impact, with the energy industry being
one of its major contributors. At the same time, it is crucial
to recognize that prohibiting tourists from visiting Lake

Baikal, as well as hindering the socio-economic
development of existing communities is simply
impossible.

It is vital to create and maintain decent living, working,
and recreational conditions for people to study and
contemplate the majesty of this miracle of nature, to
educate humanity about the most effective methods and
approaches to preserve our common home, the ecosystem
of the Earth. The local population, visitors, temporary

residents, businesses, authorities in the Irkutsk Region and
the Republic of Buryatia, as well as the Government of the
Russian Federation share a collective responsibility for
minimizing human impact on the ecosystem of Lake
Baikal, especially its CEZ, limited only to the current
technological level of civilization development.

A. Energy Supply to Isolated and Hard-to-Reach Areas

Monitoring the ecosystem of CEZ BNT [8, 9] aims to
find ways of sustainable development of humanity and
requires creating new communities and scientific
observation stations on this territory. Meeting modern
standards of living and working in these communities,
including the availability of transportation services,
requires the establishment of so-called “green” energy
supply infrastructure in isolated and hard-to-reach areas
(IHRA). The IHRA within the Central Ecological Zone of
the Baikal Natural Territory (IHRA CEZ BNT) should
become a world-class model for minimizing the impact of
the energy services consumed (energy supply to buildings
and fuel supply for vehicles) on the natural environment of
Lake Baikal.

Currently, the settlements located within the CEZ BNT
utilize firewood, coal, and petroleum products as fuels for
heat and electricity generation. Petroleum products
(including motor fuels) are widely used for all types of
transportation across Lake Baikal and its catchment area,
leading to detrimental effects on human health and the
environment. This negative impact of energy facilities,
including vehicles, is aggravated by numerous inefficient
and outdated electricity and heat generation facilities still
in operation.

The transportation (logistics) system is the basis for
establishing energy infrastructure, as it ensures the supply
of energy resources and other vital cargoes necessary for
daily life and research activities in the CEZ BNT,
benefiting both the residents (permanent and/or temporary)
and the researchers. In particular, some of the “green”
energy resources — natural gas (methane) and electricity —
can be delivered by specialized forms of energy

transportation  (pipelines and power lines). The
construction of linear transportation infrastructure,
however, raises serious concerns regarding its

unacceptable impact on the ecosystem [10].

Local renewable energy resources, such as biomass,
energy from watercourses, wind, and solar radiation offer
a promising alternative to conventional energy carriers that
require delivery. However, the construction of facilities for
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power generation from Renewable Energy Sources (RES)
and its transmission, i.e., cables and overhead power lines,
disrupts ecosystem, due to considerable distances between
the locations of settlements (energy consumption centers)
and the optimal sites for RES.

B. Necessity and Feasibility of Airship LNG and Cargo
Transportation

Previously, some researchers came to the conclusion
that the most radical solution to reduce the energy-related
environmental pollution in remote and inaccessible areas
in the eastern and Arctic regions of Russia, including the
CEZ BNT, in the case of the lack of renewable energy, is
the introduction of gaseous fuel into the energy mix [11-
22].

The modern energy supply system for stationary and
mobile consumers of energy services in the CEZ BNT
should be based on the most “environmentally friendly” or
“green” energy carriers. At present, these are electricity
and gaseous fuels.

The IHRA definition implies that electricity is generated
at the location of final energy consumption.

Given the construction cost and the environmental
impact of transmission lines in the CEZ BNT, a reliable,
environmentally friendly, and cost-effective energy supply
in IHRA could be developed using imported liquefied
natural gas (LNG).

The cargo delivery to the settlements in the territory
under consideration is complicated by the lack of
motorways and equipped berths. The challenges of
multimodal transportation of passengers and cargo are
aggravated by the factor of sharply continental climate,
which determines the seasonal nature of water
transportation. It is obvious that the construction of
motorways in inaccessible areas is impossible under the
stringent regulations established for the CEZ BNT by the
legislative bodies of the country.

The transportation infrastructure should be able to
ensure the delivery of sufficiently large (in terms of weight
and dimensions) energy equipment and a large number of
building materials (including the materials for RES and for
the operation of energy facilities), i.e., year-round
availability of fuel, spare parts, and materials. At the same
time, the negative environmental impact should be
minimized at all stages of their life cycle.

Air freight is extremely expensive, but in the virtually
unpopulated mountainous landscape of the western shore
of Lake Baikal, it may be the only mode of transportation

that can ensure the construction and fuel delivery with
minimal impact on Lake Baikal's unique ecosystem [23,
24].

An in-depth analysis of problems related to IHRA
energy supply revealed a strong correlation between the
lack of qualified personnel to operate high-tech energy
equipment and the necessity to replace physically and
morally obsolete energy infrastructure facilities with new,
environmentally “clean” ones. The creation of high-skilled
jobs in the IHRA energy industry will become not only a
driving force for the socioeconomic development of these
territories but also a favorable condition for the adoption of
innovative technological solutions in other sectors of life
support, including the operation of transportation and
engineering systems, their monitoring and maintenance.

Earlier, in their significant publications,
A. A. Konoplyanik and V. V. Voroshilov indicated the
prospects for the application of Drone Cargo Airship
(DCA) to develop gas supply systems and the effect of this
nascent sub-sector of air transportation on the
socioeconomic growth of Russia [25-30].

C. Subject of the Study

Assignificant hurdle in organizing modern energy supply
to the communities in the IHRA CEZ BNT, i.e., providing
“green” energy for them, is transportation infrastructure,
which is indispensable in the stages of construction and
operation of energy facilities. At the same time, both
transportation infrastructure and vehicles themselves must
meet very high requirements in order to minimize their
environmental impact.

To provide energy services to the population living in
the IHRA CEZ BNT, we propose adopting the
technologies for autonomous (decentralized) gas supply
based on LNG and introducing an innovative type of air
transportation, the Drone Cargo Airship (DCA) with a
payload capacity of up to 60 tonnes, to ensure the
construction and operation of gas infrastructure.

The object of this study is a possible set of autonomous
gas supply systems for several settlements in the IHRA
CEZ BNT in the Irkutsk region. The fuel source for these
systems is assumed to be a small-scale LNG (SLNG) plant,
located at the site of Kovykta gas & condensate field
(Kovykta GCF) [31]. According to Gazprom Helium
Service LLC estimates, the ex-works price of LNG will be
no less than RUB 27.6 thousand per tonne (excluding
VAT).

The subject of the study is a comparative assessment of
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the efficiency of different logistics schemes to ensure the
construction of regasification facilities and, at the
operational stage, their year-round fuel supply. The
logistics schemes considered should include both
traditional modes of transportation and innovative ones,
using DCA.

Several settlements in the CEZ BNT were identified, and
their prospective LNG demand was assessed. LNG storage
facilities include sites for cryogenic LNG tank containers
(CTC) or LNG storage tanks for seasonal fuel storage,
regasifiers, heat exchangers, and gas distribution networks.
The fuel supply to these systems relies on round trips. Each
trip consists of delivery of filled CTCs from the SLNG
plant to the consumers' LNG storage facilities, followed by
the return of empty CTCs for refilling.

Three logistics schemes are examined. The first logistics
scheme (LS) is based on the use of DCAs, while the other
two represent multimodal routes using traditional modes of
freight transportation. Their main difference is the use of a
northern (Severobaikalsk) or southern (Kultuk settlement)
CTC transshipment point for water transportation.

Il. METHODOLOGY

A. Evaluation Methods
The total cost of transporting LNG to all the considered

wiykalsk
Kovykta GCF LS2 C\

LS1

settlements was estimated based on their annual demand
for each of the proposed LSs.

In addition, the cost of the transportation and energy
infrastructure required for the phases of construction and
operation of regasification plants is estimated for each LS.
A production and financial model was developed for the
economic evaluation of transportation services utilizing
DCA, a currently non-existent class of unmanned airships
capable of carrying heavy loads of up to 60 tonnes. This
model was employed to explore the sensitivity of the
operating cost of DCA to variations in its main technical
and economic indicators.

Cash flows were compared for all LSs at a price that
would allow LS1 to achieve a 10-year payback.

All estimations derived within this study were based
solely on publicly available information.

B. Logistics Schemes for Fuel Delivery

Consumers

A modern energy supply system for the CEZ BNT,
based on autonomous gas supply using LNG, will require
a transportation system for cargo delivery that will ensure
the most efficient development and operation of all
essential energy infrastructure facilities. Efficiency should
be understood as both minimizing the anthropogenic
impact on the ecosystem and optimizing the costs to meet

CEZ BNT boundaries
in the Irkutsk Region

° LNG consumers

SLNG & CTC filling facilities;
DCA operation base

Routes:
g DCA
\/ Road
\' Railroad
b Water
(]} Cargo transfer to

water transport vessel

Fig. 1. Logistics scheme of LNG supply.
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TABLE 2. Parameters for Estimating the LNG Delivery Costs

Settlement Number of people, LNG demandf, Straight line distance from SLNG
persons tonnes per year plant, km
Onguryon village 407 750 (500) 213
Kocherikova village 38 70 (45) 208
Zama village and Zama recreation center 76 160 (95) 229, 225 (227)*
Uzury village on Olkhon Island 9 20 (12) 249
Kadilny cape up to 35 80 (30) 390
Peshchanaya Bay recreation center up to 100 420 (18) 348
Note: T in parentheses - for wintertime
* for Zama location, 227 km are assumed.
energy demand. The latter includes the energy calculated using the interactive service [32], and represent,

consumption of buildings and vehicles used for living,
working, and recreation of both residents and visitors.

The settlements considered as potential consumers of
autonomous gas supply on the basis of LNG in IHRA CEZ
BNT in the Irkutsk region are as follows: Onguryon
village, Kocherikova village, Zama village and the Zama
recreation center, Uzury settlement on Olkhon Island,
Kadilny cape, and the recreation centers of Baikal Dunes
and Peshchanaya Bay (Fig. 1). To supply these consumers
with fuel, it is proposed to build an SLNG plant at the site
of PJSC Gazprom's Kovykta GCF. The DCA operational
site is assumed to be located close to the SLNG plant.

The prospective demand for LNG in the settlements at
issue was assessed assuming that LNG would be used for
electricity and heat generation, as well as a fuel for motor,
air, and water vehicles. The estimation of the LNG demand
factored in the following indicators: the number of
inhabitants (permanent and temporary), the specific
consumption of electricity and heat, the specific LNG
consumption for electricity and heat generation, and the
specific LNG consumption for mobile energy units
(including transport). The winter fuel demand was
estimated based on accounting not only temperature factor,
but also the ratio of the permanent to the temporary
population. The annual LNG demand of six settlements
was estimated at 1 500 tonnes, including 700 tonnes for the
winter period.

With a known shipment point, the key input data for all
logistics schemes are the destination locations and
seasonally adjusted LNG consumption levels. Table 2
shows the fuel demand of the considered settlements,
which are located in IHRA CEZ BNT in the Irkutsk region.

The distances (for LS1) from the estimated location of
the SLNG plant to consumers shown in Table 2 were

to a first approximation, LNG transport routes using DCA
and CTC.

The Routes

The choice of a logistics scheme for LNG delivery from
the point of production to the consumer is of primary
importance for the development of autonomous gas supply
systems [33]. The main method of estimating the cost of
LNG transportation involves calculating the costs of each
mode in the multimodal transportation chain on a round
trip basis, including the delivery of LNG and the return of
empty containers. The calculations rely on the financial
and production model for each transportation mode
explored, considering normative documents, as well as
technical and economic indicators for the given
transportation subsector. It is crucial to examine various
organizational schemes of transportation service, which
may significantly affect the results.

Logistics systems using traditional modes of freight
transportation are concentrated in two favorable locations
for water transportation infrastructure: Severobaikalsk in
the north of Lake Baikal and Kultuk in the south. The main
transportation option is the use of LNG-filled CTC for
direct delivery of LNG from the LNG plant to the
consumers' LNG storage facilities. Hereinafter, the
logistics scheme using DCA is referred to as LS1, the
scheme with transfer to water transport at Severobaikalsk
is designated as LS2, and that at Kultuk is labeled as LS3.

Figure 2 shows all the logistics schemes for each route,
explaining the chains of transportation operations. The
points of origin and destination are the same for all the
logistics schemes — LNG-filled CTCs are loaded onto
vehicles at the SLNG plant and their final destination is the
consumer's LNG storage facility.
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Fig. 2. Logistics schemes of LNG delivery routes.

The structure of the regasification systems at the
customer's site is the same for LS2 and LS3 but differs for
LS1. As there is no possibility of fuel delivery outside the
navigation period, it is vital to stock up on fuel for the
winter period in advance. In the context of small
settlements, storing LNG directly in the CTC may be seen
as a viable option. In this case, it may be necessary to
design an LNG storage facility with CTCs of a smaller
capacity in order to reduce LNG evaporation losses. When
large seasonal storage is required, a more cost-effective
solution may be to construct large stationary seismic-
resistant storage facilities [34]. LS2 and LS3 necessitate
storage areas with specialized loading and unloading
equipment at CTC shipping, handling, and receiving
points.

LS1 employs CTCs as the LNG storage within the
regasification system. When the DCA reaches its
destination, the empty CTC is replaced with a filled one,
using the aircraft's flying crane capabilities. Similarly,
DCAs receive and release cargo at the SLNG plant’s site.

It is assumed that KC.T75-45/0.8 tank containers
manufactured by the Russian company UralKrioMash will
be used for all logistics schemes. The storage time of LNG
in such a CTC (when the tank is 86% full) is more than 80
days. The CTC is equipped with an evaporator to increase
the pressure inside the tank. It can be operated outdoors at
ambient temperatures ranging from — 40°C to + 50°C. The
maximum weight of the CTC is 30-34 tonnes, the tare
weight does not exceed 13.4 tonnes, and the weight of the
transported LNG can reach 17-21 tonnes [35].

The water transportation routes, which are key to LS2

and LS3, encounter the problem of nearly complete
absence of freight transportation in the Lake Baikal water
area. This situation is compounded by the deterioration of
previously built mooring facilities. As a result, to ensure
the transportation of fuel and other cargoes by water, it is
crucial to build new cargo berths and equip them with
loading and unloading facilities.

C. Criteria for the Comparison of Logistics Schemes

The cost of services to transport the annual volume of
LNG demand from SLNG plant to consumers is proposed
as the main quantitative indicator to compare the efficiency
of logistics schemes. A stronger justification of the options
requires an additional assessment. The cargo delivery must
be factored in at the construction stage of the autonomous
gas supply and transportation infrastructure, especially if it
is vital to the operation of the LS in question. To this end,
we propose using the total cost of construction and
development of CTC transshipment facilities for
multimodal routes, alongside the subsystems for seasonal
storage of LNG (if required). The latter is essential for
ensuring a year-round supply to consumers.

The cost of transportation services for any logistics
system can be determined in three ways, namely by: a)
calculating the price at which an investment project
achieves a payback (levelized cost), based on regulatory,
methodological, and reporting information corresponding
to the given type of transportation (or transportation
service); b) using publicly available information on the
services of commercial logistics companies; ¢) analyzing
similar studies. Combinations of all these methods can also
be employed.
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Method of Calculating the Levelized Price of an
Investment Project

Levelized cost is the price of products at which the sum
of discounted costs equals the sum of discounted revenues
for period T for which such a price is determined. It is
assumed that costs are paid at the beginning of each period
tand revenues are received at the end of each period t. This
definition is expressed mathematically by equation

i L PsV,

Z u—Z @

T (1+r1) (1+ r)

where T is the number of the investment project
implementation years; t is the ordinal number of the
investment project implementation year; r is the discount
rate; Cq is all costs of the project in year t; Vi is the quantity
of products sold in year t; Ps; is the product price in year t.

Since the price is assumed to be the same (i.e. the so
called "constant prices”) for all for all periods t, the
transformation results in equation

, O]

which allows us to calculate the levelized cost of project
Ps for period T at a given value of the exogenous parameter
r, which characterizes the discount rate.

Extensive work is currently underway worldwide to
identify promising designs and optimize the technical and
economic parameters for the design, construction, and pilot
operation of DCAs [36-39]. The information available in
the public domain allows for aggregated calculations to
estimate the cost of cargo transportation services in
financial models and to analyze their sensitivity to the
values of some crucial technical and economic parameters
involved in DCA construction and operation. In our study,
the numerical values of such parameters are assumed using
the information from trustworthy experts. In the absence of
a prototype DCA, only preliminary estimates are possible,
with a high degree of uncertainty of technical and
economic indicators and the environmental conditions
required for transportation and assembly operations.
Therefore, such estimates were made through expert
analysis, based on informed justifications. Given the
natural and climatic conditions of the BNT, the number of
flight days was assumed to reach 270, with an average
speed of 110 km/h and an expected cruising speed of 150

TABLE 3. Values of the Technical and Economic Indicators Used in the DCA Production-Financial Model

Indicators Unit of measurement Value
Technical
Number of flight days per year day/year 270
Average speed with load kilometers per hour 110
Average loading/unloading time hour 15
Maximum load weight tonnes 60
LNG consumption (average) kg LNG/hour 100
Staffing (per 1 DCA) person 15
Financial and economic
Discount rate % 18
Payback period years 27
LNG price (at the SLNG plant site) rubles/kg 30
Cost of DCA million rubles 3000
DCA life (straight-line depreciation) years 20
End-of-life renovation cost (% of the cost of a new DCA) % 80
Maintenance costs, per cent of capital expenditures % 18
DCA taxes, per cent of fixed assets % 15
Accruals for labor remuneration fund % 36
Headcount person 15
Average salary (per month) thousand rubles/person 100
Estimated value
Levelized cost of transportation services thousand rubles/hour 206
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Fig. 3. Project profile of commercial application of DCA at different values of the r parameter.

km/h.

A production-financial model of DCA was developed as
a research tool to estimate the costs of LS1 transportation.
Table 3 summarizes the values of inputs and outputs of this
model for the baseline conditions. Figure 3 shows the
project profile corresponding to the values of the indicators
in Table 3, but obtained for two values of the discount rate
r: 18% and 2%. This shows the significance of this
indicator in the calculation of the project's levelized cost.

After 20 years of operation, the DCA is depreciated and
renovated. Project lifetime includes 20 years of DCA
services before renovation and 7 years after renovation.
When the value of the r parameter is high, the renovation
of the aircraft at the end of its designated service life has
virtually no effect on the hourly present value of DCA
services, whereas when the value of the r parameter is low,
this effect is significant, see Fig.3a and Fig.3b respectively.

CTC Transportation Cost Model Estimates

A mathematical model was developed to estimate the
average annual cost of LNG transportation in the CTC,
given the demand for LNG for all logistics schemes and for
all consumers considered. This model takes the cost per
flight hour as the main parameter characterizing the cost of
freight transportation for LS1. Multimodal logistics
schemes (LS2 and LS3) assume the price per tonne-
kilometer of the respective mode of transportation. The
distances to be travelled by the vehicles along the
respective routes were calculated based on cartographic
information and public services [32, 43-45]. The empty
CTCs return along the same route. Due to the limited
navigation time on Lake Baikal, which does not provide for
winter transportation, it is essential to factor in the need for
seasonal LNG storage at consumer sites. Table 4 shows the
indicators characterizing the transportation process within

TABLE 4. Estimation of the Annual Number of LNG-Related Transportation Operations

Logistics scheme

Indicators Measurement unit Ls1 LS2 LS3
CTC transportation distance (in one direction), kilometers 208-390 587-879 742-1 035
including that for the following modes of transportation:
By road -t 0 165F 6431
By rail -t 0 175 0
By water -t 0 255-550 110-400
By air (DCA) -t 208-390 0 0
The number of cargo transshipments (round trip) units 0 8 6
Minimum total round trip time with CTCs hour 6-9 53-92 50-89
Total transportation:
Construction phase, one-off million tonnes 0.2 14.3 14.3
Operational phase, annually -t 67.0 166.5 228.1

Note: T including roads between berth and consumer's regasification terminal.
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Cost of water transportation,
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Fig. 4. Estimates of the cost of transporting cargo by a 1 000 tonne deadweight barge for 20' and 40" CTCs.

the LNG delivery to consumers, estimates of technical
indicators of fuel transportation at the stage of energy
system operation and cargo transportation at the stage of
construction for the considered LSs.

Estimates of the volumes and weights of materials and
equipment for the regasification terminals, berths, and
roads from them to the terminals are essential to calculate
the costs of transportation during the construction phase.
These estimates were derived by analyzing similar studies
that describe the methodology for such estimates and the
data used.

D. The Analysis of Similar Studies

This method was used to justify three indicators of the
CTC transportation cost calculation model for LS2 and
LS3: the ratio of road-to-water freight costs per tonne-
kilometer; the cost of container operations to transfer cargo
from one transportation mode to another; and the cost of
road construction from the berth to the consumer's LNG
terminal.

The study [33] on multimodal LNG transportation cost
analysis outlines a methodology for a universal approach
to estimating the cost of transporting LNG from small-
scale production plants. The authors of this paper
developed technical and economic models for calculating
the unit cost of LNG transportation by road and water,
using data from the “TMkarta” service for rail
transportation. The paper proposes an approach for
estimating the cost of LNG transshipment. These results
were used in our study to estimate the ratio of road-to-rail
freight unit costs, as well as the cost of container operations
for cargo handling.

Based on the generalization of information on several
construction projects, the Ministry of Construction,
Housing, and Utilities of the Russian Federation has
established consolidated price standards for the
construction of water transportation facilities [40]. The
cost of river infrastructure (berths), including sheet pile
walls up to 5 meters deep in weak soils, was estimated at
RUB 1.562 million per meter, given all correction factors
for the Irkutsk region.

The number of berths for LS2 and LS3 is equal to the
number of customer locations plus one for transshipment
of CTC (or construction cargo and equipment) from rail or
road to water. Such berths should allow for the temporary
storage of CTC, its transfer to the ship and back, using
equipment with a lifting capacity of up to 60 tonnes. The
total cost of building seven berths, each 70 meters long, is
estimated at RUB 765 million.

Our study also relies on an investigation conducted by
the Ministry of Transport of the Russian Federation [41],
where the average cost of building 1 km of a single-lane
category IV road in 2022 is estimated at RUB 27.1 million.
The cost of category IV roads from the berth to the
regasification terminal is estimated at RUB 340 million,
and the annual cost of their maintenance (excluding the
application of protective layers, wearing courses, and
surface treatments) for six locations stands at RUB 2.7
million.

As already mentioned, the main obstacle to the
estimation of the cost of water transportation on Lake
Baikal is the lack of such transportation, along with the
non-existence of equipped berthing facilities. Fruitful
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contacts with the Way Group transportation and logistics
company made it possible to establish the fact of such a
state of affairs and to obtain some information that would
contribute to the estimation of the CTC water freight costs
[42]. The specialists of this company calculated the prices
for the transportation of a 20' CTC on a 1 000-tonne barge
to possible transhipment points for all six LNG consumer
locations and pointed out on numerous necessary
conditions for the cargo transportation on Lake Baikal.

The information received from Way Group was utilized
to construct linear tariff functions for the transportation of
20" and 40’ containers on a 1 000 tonne barge (30 and 25
pieces, respectively, arranged in a single layer) for a
distance of up to 600 km, see Fig. 4.

The distances along the routes were calculated using the
following services:

e  “Plot routes on the map” and “Plot a route” [43, 44]
for road and water transportation, the road from the
location suitable for berth construction to the
location proposed for the regasification terminal for
each consumer;

e “Calculation of tariff distance between railway
stations” [45];

e  “Geographic coordinates distance service” to find
the shortest distance between locations for air
transportation [32].

The cost of transportation infrastructure was calculated
using the information provided by industrial equipment
search services, but the cost of a wheeled stacker for
handling CTC was expertly estimated at RUB 15 million
[46]. Similarly, the total cost of construction of six seismic-
resistant LNG storage tanks for seasonal storage with a
total capacity of 1700 m® was estimated at RUB 290
million (required only for LS2 and LS3), and the cost of
regasification plants themselves (without the LNG storage
tanks incorporated in them) for all logistics schemes was
assumed to be RUB 210 million.

E. Additional Assumptions

The branch of the air transportation industry represented
by DCAs is assumed to be a universal type of cargo
transportation similar to road, rail, and water
transportation. Its specific feature is the flying crane
capabilities of the DCA, which means that it is equipped
with special mechanisms for picking up and dropping off
cargo. The use of DCAs in the installation of building
contractures in IHRA has already been mentioned.

The specific features of the infrastructure for this type of

transportation are the absence of linear structures and the
high autonomy in transportation operations, achieved
through establishing a network of aircraft basing and
maintenance. For LS1, it is essential to factor in the
infrastructure designed to serve the transportation of
general-purpose cargoes of DCA in the transportation
tariffs.

The study assumes that the cost of receiving,
transporting, and installing the CTC at the delivery point is
included in the cost of transportation services and that the
DCA operational base is situated in the proximity to the
SLNG plant site.

It is worth noting that in the LS1 calculation, the total
round trip time of the CTC is obtained assuming that one
CTC is delivered to one LNG consumer location. At the
same time, with a maximum payload of 60 tonnes and a
rigging weight of 5 tonnes, the LNG carrier can lift two
82% filled CTCs (a gross weight of 27 tonnes), allowing
for restocking two locations in one round trip on a complex
route. Thus, the total flight time required to meet the annual
LNG demand will be reduced. It is assumed that the annual
flight time saved will be used to transport other cargoes,
ensuring that the total revenue of the transportation
company remains steady. In this way, the levelized cost
calculated with the production and financial model
presented earlier, at maximum utilization of flight days per
year, remains constant.

Il. RESULTS

The basic technical and economic assumptions
presented in Tables 2—4 for the three considered logistics
schemes were applied to estimate the gas prices for
consumers and unit one-off costs associated with the
construction of regasification terminals and transportation
infrastructure facilities. Table 5 presents these results and
the cost structure, enabling the assessment of the
comparative performance of different logistics schemes for
establishing and operating autonomous gas systems in
several settlements within the CEZ BNT under the
constraints imposed by the Federal Law No. 94-FZ “On
Protection of Lake Baikal.”

The estimates obtained indicate that LNG delivery to the
IHRA CEZ BNT in the Irkutsk region based on the use of
modern unmanned cargo airships can be acceptable for
commercial consumers in these settlements, and, if
subsidized, for the population.

While the cost of annual fuel transportation for LS2 and
LS3 is lower than for LS1, the construction costs for
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TABLES. Estimates of the LNG Delivery Cost

Logistics scheme

Indicators Measurement unit Ls1 LS2 1S3
Financial and economic
Cost of LNG procurement million rubles 45 45 45
Cost of LNG transportation, -t 105 34 96
including:
By road -t 0 22 88
By rail -t 0 4 0
By water -t 0 8 8
By air (DCA) -t 105 0 0
CTC transshipment -t 0 0.4 0.3
Construction costs of regasification systems, -t 210 664 664
including seasonal LNG storages
(6 units \?\/ith a total capacity ogf 1700 m3) T 0 490 490
delivery of materials and equipment* -t 36 139 139
Cost of a logistics scheme, -t 0 1184 1169
including berths (7 pcs., 70 m each) -t 0 765 765
regasification terminal — berth roads (6 pcs.) -t 0 344 344
transshipment facilities e 0 75 60
(6+3 pcs. for LS2 and 6+2 pcs. for LS3)
Refgrence: *estimated weight of construction materials and thousand tonnes 29 55 55
equipment
Estimated
E(;nls'ﬂg:rgésnggai (at regasification terminal) for the settlements in rubles per m® 66.88 38.43 64-84
Specific one-off costs of the regasification terminal (and
transportation infrastructure for LNG consumers for LS2 and LS3) - 100 880 873

regasification terminals and route development (one-off
costs) for LS2 and LS3 are significantly higher than for
LS1. For a comparative analysis of the financial efficiency
of the considered LNG projects, the profiles of the
respective projects were calculated (under the constant

Cash flow,

1000 np

500

88 P per kg of LNG

prices), as shown in Fig. 5.

As these projects are to be financed mainly by
government budgets at various levels, once the project
payback is achieved, the levelized cost (converted into a
transportation tariff) should offset a minimum level of

From 2025 to 2034 From 2035 to 2050

70 P per kg of LNG

>

>
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==LS2

(1 000)
w—S3

(1 500)
(2 000) Years

2025 2030 2035 2040 2045 2050

Fig. 5. Cash flows for all considered logistics schemes of energy supply to consumers.
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budget subsidies for energy supply rather than ensure the

profit of transportation companies.

The obtained results indicate that DCAs are more
preferable for energy supply of settlements in the IHRA
CEZ BNT than the multimodal transportation routes. In
this case, at least the Irkutsk region is interested in the early
establishment of DCAs with a carrying capacity of up to
60 tonnes. Furthermore, the Irkutsk region has a favorable
combination of natural-climatic and industrial-economic
factors for the operation of DCAs, which can attract
developers and potential users of DCAs to organize their
pilot operation on the territory of the region.

The prerequisites for the establishment of a pilot test site
in the Irkutsk region to accelerate the commercialization of
DCA technologies (with a lifting capacity of up to 60
tonnes) are as follows.

e The south of the Irkutsk region, including CEZ BNT,
has favorable climatic conditions for the establishment
of a DCA pilot test site. These conditions are much
better than in the northern and arctic areas of the Asian
part of the Russian Federation, where large and extra-
large DCAs are designed to improve transportation
links.

e The Irkutsk region has significant industrial potential
for the production of materials and equipment required
for the development and operation of next-generation
aircraft prototypes (Irkutsk aircraft plant; factories for
producing aluminium, polymers; plants for

manufacturing cables; petrochemical and chemical
industries).

e The Irkutsk region has a well-developed system for
training workers and engineers in the aerospace
industry. In particular, the Irkutsk National Research
Technical University has founded an advanced
engineering  school for aircraft construction
technologies.

e There is a logistics hub of all modes of land and air
transportation in the south of the Irkutsk region, which
facilitates the establishment and operation of the
proposed DCA pilot site.

e The Irkutsk region has significant hydrocarbon
resources and operating fields that produce natural gas
with a high helium content. A small-scale LNG
production facility and a helium separation unit were
tested at the Kovykta gas condensate field. Helium is
already produced in the region's north by the Irkutsk
Oil Company.

IV. SENSITIVITY ANALYSIS

The production-financial model of a 60-tonne LNG
tanker was used to analyze the sensitivity of the cost per
flight hour to the values of such markedly uncertain
parameters at this stage of the research as the price of LNG
(since LNG is to be used as fuel for DCA) and the discount
rate r.

The technical and economic indicators given in Table 3

Consumer cost of the regasified LNG,

P/m3
100

8o

60

40

20

2 000 4 000

LNG price, Plkg

20 ——
40 —
175 P5,

thousnd P/hour;
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LNG price, P/kg
0 e
40 ——
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Fig. 6. Sensitivity analysis of flight hour cost (price of the DCA services) and consumer cost of the regasified LNG.
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were employed to determine the price per flight hour (the
cost of DCA services) for the maximum average annual
freight traffic over a distance of 350 km using two CTCs
with a gross weight of 27 tonnes (a net LNG weight of 13.5
tonnes). The varied financial and economic parameters of
the model included a DCA price assumed to be RUB 2, 4,
and 7 billion; a discount rate of 2% and 18%; and an LNG
price at the SLNG plant of RUB 20 and RUB 40 per kg.
The results obtained for all combinations of variable
parameters are presented with graphs demonstrated in
Fig. 6.

The analysis of the obtained dependencies indicates a
strong influence of the DCA price (reflecting the
technology readiness level, TRL) and the discount rate
(reflecting the investment climate) on the price of an
aircraft flight hour. Less significant is the dependence of
the cost of DCA services on the price of purchased fuel,
which in this example can be interpreted as a change in the
specific consumption of LNG by the propulsion system at
a constant price of this fuel.

V. CONCLUSIONS AND SUGGESTIONS

The Irkutsk region faces serious problems in supplying
energy and fuel to settlements in the IHRA CEZ BNT. In
particular, it is challenging to protect the ecosystem in the
CEZ BNT, while providing a modern level of energy
services to the population (to both those who live and work
permanently in the area and those who stay there
temporarily, including tourists).

At the current stage of transportation and energy
technology development, the optimal approach to the
enhancement of energy supply to such settlements is a
combination of innovative technologies of autonomous
energy systems powered by LNG and using unmanned
airships, to ensure such energy systems and fuel delivery
to them.

The Irkutsk region has ample opportunities for LNG
production, from both the unique Kovykta gas condensate
field and other numerous hydrocarbon fields on the
Siberian platform.

The Irkutsk region has favorable conditions conducive to
the establishment of a pilot industrial site aimed at
accelerating the commercialization of unmanned cargo
airship technologies.

Given the need to create modern energy systems based
on LNG for the settlements within the IHRA CEZ BNT
and the availability of favorable opportunities to organize
pilot operation of unmanned cargo airships, we

recommend the authorities of the Irkutsk region to create
public-private partnership institutions to balance the
interests of businesses, developers of new airships, and
other stakeholders.
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Abstract — This paper presents a methodology to boost
the reliability of a combined natural gas and associated
petroleum gas system (fuel gas system, FGS) for a gas
turbine unit in a combined cycle power plant. The use
of failure mode, effects, and diagnostic analysis
(FMEDA) is proposed to avoid unplanned shutdowns
of the power plant. This method identifies and evaluates
potential types of failures, develops measures to reduce
them, and establishes a new protection system. The
system includes a gas analysis system (GAS), a shut-off
valve system (SVS), a fuel gas controller (FGC), and
workstations for an engineer and operator. The gas
analysis system has two automatic subsystems with
different measurement methods. One of them includes
three gas chromatograph analyzers that operate
according to the 2-out-of-3 voting. The results of gas
chromatography and the diagnostic archive of alarms
serve as the basis for analyzing the causes of possible
failures. Reliability models were developed to confirm
the effectiveness of using diagnostic data from gas
analyzers within the gas subsystem. They employ a gas
chromatography and a common fuel gas controller.
The FMEDA findings demonstrate that a new safety
interlock can be implemented without any additional
financial outlay for software and hardware.
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. INTRODUCTION

There is a growing interest in using reliability theory to
enhance the availability, profitability, and safety of power
generation. This is due to the unexpected production
shutdowns caused by equipment failures at power plants
leading to adverse events and their negative consequences
for all stakeholders.

Combined cycle power plants (CCPPs) powered by gas
and steam turbines are gaining significant traction. In
regions with active oil production, associated petroleum
gas (APG) is a byproduct, making its utilization
particularly challenging. A viable solution to this problem
is to use the CCPP running on APG.

Flaring gas is an inefficient utilization method, while
burning it in gas turbine engines is a more environmentally
friendly and cost-effective approach. This process involves
cleaning the gas and connecting it to the system. In this
paper, we consider the Brayton cycle, where associated
petroleum gas is used in conjunction with a traditional fuel
such as natural gas. The gas mixture is fed into the
combustion chamber. APG is the primary fuel in this system,
while natural gas plays a crucial role in stabilizing
operational parameters when the APG composition
fluctuates. This is essential, as compositional instability is
the key challenge when using APG. In this method, the
amount of APG and natural gas can be varied depending on
demand. The basic operating principle was previously
presented in [1].

The use of this mixture as a fuel, however, poses a
number of challenges related to the quality of the gas
supplied from different sources. The composition of APG,
unlike that of natural gas, varies significantly depending on
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the field. The production process also influences the
quality.

Therefore, gas analyzers are essential to monitor
impurities in APG and prevent potential component
failures in the gas turbine, which could negatively impact
operational safety. This paper proposes a method for
enhancing the reliability of a fuel gas system with gas
chromatograph analyzers that enable failure diagnosis.

The method relies on diagnostic data obtained from gas
analyzers, including gas chromatographs, and the history
of alarms. The protection system, using FMEDA, prevents
the unplanned equipment and plant shutdowns.

Il. LITERATURE REVIEW

Enhancing the reliability of fuel gas systems at thermal
power plants is critical for ensuring uninterrupted
equipment operation, minimizing emergency situations,
and extending service life.

Studies on automated control, preventive maintenance,
and system redundancy made a significant contribution to
the development of this field. A primary emphasis is placed
on the implementation of automatic monitoring systems for
gas pipelines and equipment.

According to [2], the use of intelligent diagnostic
systems enables the early detection of failures and reduces
the risk of emergency situations. Particular attention is also
paid to the advanced materials and sealing technologies to
ensure tightness and corrosion resistance, as confirmed by
scientific studies.

In reliability management, predictive analytics
algorithms and risk assessment models play a pivotal role,
enabling the early detection of potential failures and the
implementation of corrective measures [3, 4].

Of particular importance is the automation of the
pressure and fuel flow monitoring systems, contributing to
the stabilization of system operating parameters [5, 6].
Redundancy and automated system recovery significantly
enhance overall resilience [7]. The implementation of
backup components and automatic gas re-feeding helps
prevent downtime and reduce the energy losses.

A number of studies emphasize the importance of
integrated solutions that include the modernization of
technical equipment, implementation of the automatic
control systems, and the predictive maintenance [2, 6]. The
modeling and artificial intelligence methods in the
predicting system are instrumental in increasing the
reliability and operational efficiency [8].

I1l. PROPOSED RELIABILITY IMPROVEMENT BASED ON
FAILURE MODE, EFFECTS, AND DIAGNOSTIC ANALYSIS

Failure mode and effects analysis (FMEA); failure
mode, effects, and criticality analysis (FMECA); and
failure mode, effects, and diagnostic analysis (FMEDA)
are important tools for analyzing the reliability and safety
of systems, processes, and products. Each of them is
considered in more detail in [9].

1. FMEA is a systematic method used to identify
potential failure modes in a system, process, or product and
to evaluate their consequences [10].

The main steps of FMEA include:

— identifying the possible scenarios (modes) through
which the system could fail;

— assessing the consequences of each failure mode for
the system and users;

— identifying the causes that could lead to each failure
mode;

— assessing the risk levels using criteria such as the
probability of failure, the severity of its consequences, and
the possibility of its detection.

2. FMECA is a more complex method that incorporates
all the steps of FMEA, as well as a criticality assessment
of each failure mode [10]. Criticality is determined based
on the probability of failure, its consequences, and the
ability to detect it.

FMECA is an extended version of FMEA that includes
the criticality analysis. This method complements the
FMEA process with a step evaluating the importance of
each failure mode in terms of its impact on the system or
process. This evaluation enables the identification of the
most critical failure modes that require special attention.

3. FMEDA is another extension of FMEA [10]. This
method includes an analysis of the system diagnostic
capabilities, including its capacity to detect and diagnose
failures. This analysis enables the assessment of the
system's response effectiveness regarding potential failures
and the mitigation of their consequences.

FMEA, FMECA, and FMEDA are widely used in
managing risk and ensuring operation reliability. These
methods enable the identification of potential problems
early in the development and implementation of products
or processes, which, in turn, contributes to improved
quality and safety.

To validate the methodology, FMEDA was additionally
conducted. This analysis is a key tool for assessing
functional safety and reliability in power systems,
particularly in the critical areas.
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Leading global power equipment suppliers such as
Siemens, ABB, and General Electric (GE) actively use
FMEDA to ensure compliance with stringent industry
standards such as IEC 61508 [11, 12].

FMEDA is applicable to a wide range of power
equipment and systems. It is used to analyze sensors and
transmitters, such as pressure and temperature sensors,
which play a pivotal role in the control and protection
systems. FMEDA is also applied to actuators, valves,
control systems, and controllers, as well as high-voltage
equipment, including switchgear and transformers.
Furthermore, FMEDA is in demand in the realm of process
automation, embracing automated process control systems
(APCS) and programmable logic controllers (PLC),
particularly within the nuclear and thermal power
industries [13].

The leading manufacturers widely use this method. In
particular, ABB employs this method to assess the
functional safety of its devices, certifying them according
to the IEC 61508 standard [13].

Based on FMEDA, the company calculates safety
metrics such as the safe failure rate and the probability of
failure on demand. Specifically, for pressure transmitters
used in critical systems, FMEDA determines the failure
rate, failure modes (safe or dangerous, detected or
undetected), and the capability for self-diagnosis.

Siemens, in turn, develops automated FMEDA
processes to reduce the time and effort required for
analysis. The company applies this method to assess the
safety of chips, boards, and integrated circuits, enhancing
the reliability of control systems, particularly in
automotive applications according to the ISO 26262
standard [12]. In the context of larger-scale solutions,
FMEDA serves as an integral component of verification
and validation procedures, ensuring operational safety
throughout the product lifecycle.

While industrial giant GE does not publicly disclose
detailed information about its FMEDA reports, the
company is known to employ similar methods to improve
the reliability of equipment such as turbines and
generators. Specifically, GE uses advanced analytics and
software tools to predict and prevent failures directly
related to FMEDA concepts. By analyzing potential
failures and their consequences, GE optimizes the
maintenance strategies and minimizes the unexpected
downtime.

The FMEDA process in the energy sector involves the
collection of component data from a variety of sources,

including failure rate databases such as OREDA, supplier
inputs, and operational metrics. Then a failure mode is
analyzed, identifying all potential causes of failure, such as
short circuits or open circuits. The effects of each failure
on the overall system operation are subsequently assessed.

FMEDA is therefore an integral component of the power
equipment design and operation lifecycle, particularly at
leading companies such as Siemens, ABB, and GE. This
tool ensures a high level of safety and reliability,
minimizing the risk of failures and ensuring compliance
with stringent safety standards in this critical area.

Based on the methods studied, we selected FMEDA to
calculate the failure rate for end systems, including single
devices or a group of devices that perform a more complex
function.

FMEDA was originally developed to analyze electronic
devices. Currently, it is applied to the mechanical and
electromechanical systems.

The main steps in calculating mean time between
failures (MTBF), safety integrity level (SIL), and
availability using FMEDA involve creating a FMEDA
table. This table contains the data on effect, criticality,
diagnosis, alongside warning, and is compiled for each
system component.

First, the failure rate (A) of a component is categorized
based on consequences and diagnostics: APYC is the
detected unavoidable critical failure; APYN is the detected
unavoidable non-critical failure; APPC is the detected
dangerous critical failure; APPN is the detected dangerous
non-critical failure.

The overall failure rates for each category for the entire
system are calculated by summing the corresponding
failure rates for all components:

Mg =22, @
Mg = ZA, @
Mgt = ZA, ®
Mg = ZA7 “
The MTBF for a system is calculated using formula (5):
wree - L~ L ©
}\‘total Z:7\’|

The safe failure fraction (SFF) is the proportion of safe
and diagnosable dangerous failures relative to all failures
that affect safety. It is calculated as follows:

DUN DDN DDC
SFF = ZADUZCtz;DUZN}lz;DDZCiszDN - ©

The probability of demand average failure (PFDayg) is
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the average probability of failure on demand for systems
that operate under low demand. It is calculated as follows:

PFD — 7\,DUC L + xDDC MTTR +Tnc , (7)
e 2 T,

where T; is the interval between regular tests, MTTR is
the mean time to recovery, Ty is the time spent in an
inoperative state due to a failure.

The calculated SFF and PFDayy values are used to
determine the achievable SIL, which depends on the system
architecture and its operating mode.

The system is designed to operate using a Brayton cycle
configuration and utilizes a dual-fuel combustion process
that blends associated petroleum gas (APG) and natural
gas.

.
&

Engineerl station

The gas turbine unit (GTU) parameters are based on the
specifications of a SIEMENS SGT-1000F gas turbine. In
the nominal operating mode, the inlet temperature is
1583 K, the outlet temperature is 856 K, and the pressure
rise is 15.8.

Several operating modes are considered by varying the
gas flow rate, with the exhaust gas temperature ranging
between 700 and 873 K. Efficient gas mixing depends on
the uniform levels of temperature and pressure, which is
why natural gas is additionally supplied by a compressor.

Full utilization of APG (1.48 kg/s) eliminates the need
for natural gas. If the thermal parameters exceed the normal
level, natural gas is supplied and regulated according to the
parameters monitored by the Wobbe index sensor.
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Fig. 1. Diagrams of the structural reliability (a) and the gas turbine system architecture (b) for the studied FGS.
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Fig. 2. Fault tree of the GAS subsystems in the 2-out-of-3 voting algorithm without failure diagnostics (a) and with failure

diagnostics (b).

The air flow rate is up to 188 kg/s, ensuring the system
operability in various modes. As gas volumes increase to
1.46 and 1.48 Kkg/s, respectively, and at an air flow rate of
150 kg/s, the inlet temperature remains below the
permissible limits [1].

Based on the initial data, we investigate the system
architecture presented in Fig. 1(a). It includes a gas
analysis system (GAS), a shut-off valve system (SVS), a
fuel gas controller (FGC), and engineer/operator stations.

The system has two GAS subsystems operating based on
a 2-out-of-3 voting algorithm. The first subsystem, the 2-
out-of-3 GAS (A), uses three remote gas analyzers of the
gas chromatograph. The second subsystem, the 2-out-of-3
GAS (B), utilizes integrated gas analyzers operating with
non-dispersive infrared (NDIR) sensors [14].

Gas chromatograph  analyzers provide failure
diagnostics, while NDIR gas analyzers do not. A reliability
block diagram for the system under study is presented in
Fig. 1(b) for the purpose of reliability analysis.
Implementation of the fuel gas system primarily requires
monitoring the system load and mandatory coordination of
supply parameters for both natural and fuel gas at the point
where both fuels are already mixed. The probability of
success for the studied FGS (P(t)rss) can be expressed
using an exponential distribution as follows:

P(t)FGS = P(t)GAS P(t)FGC P(t)svs J ®)

P(t)GAS P(t)GAS 20f 3)( P(t)GAS 20f3)(B)’ ©)

Pt)ree = P(’[)FGC P(t)FGC (10)

P(t)svs = P(t)SVS(A) + P(t)SVS(B) - P(t)SVS(A) P(t)svs(B) »(11)

P(t)cas, P(t)rac, and P(t)svs represent the probabilities of
successful execution of the failure diagnostic functions
for the GAS, FGC, and SVS, respectively.

The capacity of the GAS subsystem to effectively detect
component failures is a key factor in improving system
availability and safety.

In the 2-out-of-3 voting, there are two main types of fault
trees for the GAS subsystem: with failure diagnosis and
without it. These diagrams in Fig. 2(a) and 2(b) are true
representations of reality.

Reliability models of the GAS subsystem with failure
diagnostics must consider two key aspects: common cause
failures (CCF) in the 2-out-of-3 voting lists and failures of
automatic diagnostic functions.

Since any component can be either successful or
unsuccessful, P(t) is the complement of F(t) to unity. The
analytical reliability estimate P(t) for the system and the
probability distribution of random time-to-failure variables
are assumed to be exponential.

The success probabilities for the GAS subsystem
without failure diagnosis, the fuel gas controller, and the
shut-off valve system are formulated as follows [15]:

P (s 201 3) () wi0.0e = 3% 207 (12)

POass zorpmong =13 =€ ) +A-e""4)+
H-e )+ e ), |

(13)

POcocs = PO o =€ (14)

P sus(s) = PO ise) = e 2% (15)
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Fig. 3. Reliability models (a) for the GAS subsystem with/without failure diagnostics; (b) for the FGC with/without failure

diagnostics.

where t; is the time interval between tests or checks of the
system or component condition. It can be established for
regular reliability monitoring and the identification of
potential problems before failures; ta is the mean time
required to repair a system or component after its failure.
This indicator is important for assessing system availability
and planning its maintenance [16].

These parameters are often used in reliability analysis
and maintenance management to optimize diagnostics and
repair processes, while minimizing equipment downtime.

This study examined reliability models of the GAS
subsystem, as well as the FGS, operating with and without
failure diagnostics. Graphs illustrating these models are
presented for clarity.

Figure 3(a) shows the graphs corresponding to the
reliability models of the GAS subsystem with and without
failure diagnostics.

Substituting equations (12), (14), and (15) into equation
(8), as well as equations (13), (14), and (15) into equation
(8), we can obtain the reliability models for the FGS with
and without failure diagnostics.

The results show that the failure diagnostic information
provided by the gas chromatograph analyzers enhances the

reliability of both the 2-out-of-3 GAS (A) and the FGC.

Design optimization relying on the FMEDA results
enables the estimation of the initial MTBF based on
statistical data and operating experience. Following the
FMEDA, critical failure points were identified, facilitating
modifications, the use of more reliable components, or the
incorporation of redundancy.

The calculations demonstrated a 20% increase in MTBF
and the system's upgrade from SIL2 to SIL3, exhibiting
higher safety and reliability. Increased diagnostic coverage
was achieved through the development of new diagnostic
algorithms that detect a greater number of potentially
dangerous failures, thereby reducing the frequency of
undetected dangerous failures.

Optimization of maintenance is a key factor in ensuring
the reliability and efficiency of systems. Before the
integration of FMEDA, maintenance followed prescriptive
regulations rather than actual operational state of the
equipment. However, after conducting FMEDA and
investigating the most probable failure modes and their
possible origins, more effective maintenance strategies
were formulated considering the equipment condition. This
approach reduced the mean time to restore (MTTR) and

TABLE 1. FMEDA for the Studied Fuel Gas System

Gas analysis system Fuel gas composition

% Normal Error Normal Abnormal Gas turhine effect Criticality Diagnosis Remark
1 o) _ 0 Normal state - Detectability Correct state
- Triggering Safe Detectability Impossible state
Normal state Dangerous  Detectability Impossible state
2 o B a o Triggering Safe Detectability Correct state
Normal state Safe Detectability Diagnosis usage
3 - o o - Triggering Safe Detectability Correct state
Normal state Dangerous  Detectability Impossible state
4 - o B o Triggering Safe Detectability Correct state
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Fig. 4. Logic schemes of the existing safety interlock (a) and newly designed safety interlock (b). Ch.1, Ch.2, and Ch.3 are
FGC input channels for the primary signals from the three gas analyzers. Diag. 1, Diag. 2, and Diag. 3 represent the FGC
input channels designed to receive diagnostic information from the three gas analyzers.

increased the system availability.

System availability is defined as the ratio of the MTBF
to the sum of the mean time between failures and the
MTTR. The obtained results of FMEDA are presented in
Table 1.

The analysis revealed the potential to improve the
reliability of GAS and ensure the normal operation of the
fuel gas composition in case 3. However, the standard
protection system of the existing FGS would fail to activate
in the absence of adequate failure diagnostics.

During project implementation, this model undergoes
validation, a multi-stage process confirming that the
model's reliability metrics correspond to actual operational

data. This enables the model to be used for safety
assessment.

At this stage, the model is verified by comparison with
existing FMEDA systems (e.g., the project conducted by
United Electric Controls in Watertown, MA, USA, under
contract no. Q20/06-041). The project report, prepared by
Brad Hitchcock, is available under UEC 20/06-041 ROO01,
version V1, revision R1, November 20, 2020. This report
confirms that the system has become more reliable due to
the inclusion of factors that minimize the likelihood of
overlooking errors that could lead to undetectable,
dangerous failures [17-19]. To prevent an unwanted
shutdown, a new protection system was developed without

TABLE 2. Results of Checking the Logic Operation of the Existing FGS Safety Interlock without Failure Diagnostics

Situation Ch.1 Diag. 1 Ch.2 Diag. 2 Ch.3 Diag. 3 Logic Output
Operating 0 - 0 - 0 - Normal
Ch. 1 error 1 - 0 - 0 - Normal
Ch.1 and Ch. 2 error 1 - 1 - 0 - Shutdown

*Operating = 0, Error = 1

TABLE 3. Results of Testing the Logic Operation of the Newly Designed FGS Safety Interlock with Failure Diagnostics

Situation Ch.l Diag. 1 Ch.2 Diag. 2 Ch.3 Diag. 3 Logic Output
Operating 0 0 0 0 0 0 Normal
Ch.1 error 1 1 0 0 0 0 Normal
Ch.1 and Ch.2 error 1 1 1 1 0 0 Normal

*Operating = 0, Error = 1
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additional software and hardware modifications for the
LNG plant with a failure diagnostic system (Fig. 4) [20].

IV. RESULTS

Table 2 presents the results of testing the logic operation
of the existing FGS safety interlock without failure
diagnostics. Table 3 shows the results of testing the logic
operation of the newly developed FGS safety interlock
using failure diagnostics.

Channels 1-3 (Ch. 1, Ch.2, and Ch.3) represent the FGC
input channels designed to receive output signals from the
three gas analyzers of the GAS subsystem. The FGC input
channels designed to receive diagnostic information from
the three gas analyzers are denoted by Diag. 1, Diag. 2, and
Diag. 3.

The developed protection system successfully adapts to
the operating conditions of the GAS subsystem in a 2-out-
of-3 configuration, providing reliable protection against
potential failures. Therefore, the new safety interlock based
on the failure diagnostic capabilities of the gas
chromatograph analyzers enhances the reliability of the
tested FGS.

V. CONCLUSION

The study revealed the importance of FMEDA for the
reliability analysis of complex systems, such as gas
analysis and fuel gas control systems in power systems.

The use of a mixture of associated petroleum gas and
natural gas in combined cycle gas turbines is instrumental
in boosting the efficiency, environmental safety, and fuel
diversification, while  facilitating  flexible  fuel
management, cost reduction, and enhancement of
operational efficiency. The utilization of APG reduces oil
production waste, lowers emissions, and contributes to
sustainable development. Technologies for controlling the
mixture composition are essential for stabilizing operation
of turbines, extending their service life, and mitigating
risks. The use of APG is also conducive to the expansion
of the domestic fuel market and reduces dependence on
imports, especially in the oil-producing regions of Russia.
Overall, combining natural and associated petroleum gas
boosts the efficiency, safety, and eco-friendliness of power
plants.

This methodology allows for both the assessment of
component failure rate and the identification of key aspects
affecting the overall reliability of the system. The analysis
shows that the implementation of diagnostic functions
using gas analyzers significantly enhances failure detection

efficiency, as well as availability and safety of the entire
system.

The developed protection system, based on failure
diagnostic capabilities, is an important step toward
minimizing unplanned downtime and improving the
reliability of the power plants. A comparative analysis of
the existing and new safety interlocks confirmed the
advantages of the diagnostic functions, creating promising
avenues for optimizing maintenance and reliability
management processes.

Thus, the findings from the study demonstrate the
necessity of integrating advanced diagnostic methods into
design and operation of complex technical systems to
enhance their reliability and safety.
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Abstract — The study focuses on a gas motor fuel
market, assessing its level of expansion across Russia’s
federal districts in the context of their specific economic
situation and infrastructure capabilities. A unique set
of key factors influencing the expansion of the vehicle
fleet that uses natural gas as fuel is identified for each
federal district. The current availability of the
necessary  compressed natural gas refueling
infrastructure across different regions is analyzed in
detail. The effectiveness of government support
measures aimed at stimulating both demand and
supply in the gas motor fuel market is evaluated. The
paper also reviews forward-looking projects intended
to further expand the market both in individual
constituent entities of the Russian Federation and
nationwide. The findings suggest that for the market to
thrive, it is vital to enhance the regulatory and legal
framework that governs interaction between the
federal center and the regions, expand the network of
refueling stations, promote innovative projects through
private investment, and cultivate a positive public
image of gas motor fuel.

Index Terms — Natural gas, alternative fuel, gas motor
fuel, GMF infrastructure, government support.
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I. INTRODUCTION

There is a persistent global trend toward the adoption of
alternative fuels in many countries. Gas motor fuel (GMF),
which is based on natural gas rather than petroleum
products, offers a number of significant advantages: it is
economically beneficial, environmentally clean, and
features a high level of safety. The most common types of
gas motor fuel are liquefied natural gas (LNG), compressed
natural gas (CNG), and liquefied petroleum gas (LPG).

Each of these fuel types is characterized by specific
physical properties, transportation methods, and areas of
application. LPG, a mixture of propane and butane, while
relatively inexpensive and environmentally friendly, it
nevertheless remains mostly a petroleum-refining product
and poses explosion risks at certain atmospheric
concentrations. Since government support programs for the
development of gas-powered transport do not include this
type of fuel, its impact on the market will not be considered
in this study.

Possessing the world’s largest natural gas reserves,
Russia has substantial prospects for the development of the
market for natural gas as a motor fuel [1]. This position
underpins energy security and independence, while
stimulating the production of gas equipment and the
creation of new jobs in servicing and operating gas-
powered transport. The shift to methane will likewise help
reduce fuel costs, i.e., provide more affordable fuel for the
public and businesses [2]. Consequently, the state policy is
aimed at increasing domestic consumption of natural gas
through the advancement of GMF infrastructure [3].

In 2021, the Government of the Russian Federation
approved the “Transport Strategy of the Russian
Federation to 2030 with a Forecast up to 2035,” which
envisions an increase in natural gas consumption by a
factor of 15-19 by 2035 relative to 2021. According to the
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Strategy, the key prerequisites for introducing new types of
transport fuels encompass the development of fuel
production, fuel cells, and engines; the establishment of a
distribution system for new fuels, and the build-out of
infrastructure. In addition, the state program for Energy
Development 2024 was aimed at stimulating the adoption
of natural gas-powered vehicles and increasing domestic
consumption. Similar objectives were set out in the
“Energy Strategy of the Russian Federation until 2050,”
published on April 12, 2025, which envisions a tenfold
increase in methane consumption compared to 2023 levels.

The uneven development of the gas motor fuel (GMF)
market across Russia’s regions is heavily influenced by
economic conditions, regional policy, and the suspension
of government support programs, which limits the
availability of statistics. This study aims to assess the level
of natural gas development as a motor fuel in various
regions of Russia.

Il. LITERATURE REVIEW

The development of the gas-motor fuel market is
relevant due to the strategic importance of converting
transport to natural gas. The analysis of literature reveals a
wide range of studies conducted to assess the gas motor
fuel market. Methodological approaches utilized by
researchers can be grouped into several most common
areas: econometric modeling, economic efficiency
assessment methods, life cycle assessment methods, and
rating analysis.

Econometric modeling provides an important tool for
analyzing and forecasting the gas motor fuel market.
“Motor fuel choice: An econometric analysis” is a classic
study that uses econometric models of multiple logistic
regression to analyze consumer behavior when choosing
motor fuels, including GMF [4]. The authors provide a
quantitative framework for assessing the demand elasticity
and consumer preferences for fuel. The study [5] uses
Bayesian VAR models to estimate the elasticity of demand
for automotive fuels and thoroughly examines the demand
sensitivity to prices and external factors for the Italian
market. Some papers forecast natural gas consumption in
the transportation sector. A multi-hybrid model used in [6]
combines statistical and deep learning models to predict
natural gas consumption in the transport sector. A similar
problem is solved in [7] for Pakistan’s market. The
advantages of econometric modeling include the ability to
quantify the demand elasticity, while taking account of
consumer behavior, the impact of competition and political

factors. At the same time, there are disadvantages such as
the need for extensive and reliable data, the models’
sensitivity to the selection of variables and assumptions,
challenges in interpreting the results  under
multidimensional influences, and limited data on the GMF
market.

The methodology for assessing the economic efficiency
of GMF is an important tool for making informed decisions
on the introduction and development of the GMF market.
In [8], an investment project for the creation of a network
of compressed natural gas (CNG) filling stations in
Romania is analyzed based on the cost-benefit analysis
methodology. Some studies analyze the transition of
freight transportation from diesel fuel to LNG [9, 10]. The
greenhouse gas emissions from various types of motor
fuels are assessed in [11, 12]. The disadvantages of
methodological approaches to assessing the economic
effectiveness of using GMF include the difficulty of
adapting models to regional conditions; complexity of
integrating technical, economic, and environmental
parameters; and a high dependence on the quality and
completeness of data.

The Well-to-Wheel (WTW) method is often used as a
life cycle assessment approach for both fuels and vehicles.
It is also employed to assess the energy efficiency and
greenhouse gas emissions of vehicles throughout the entire
lifecycle of fuel or energy. This approach is considered
both for individual vehicles [13-15] and for the entire fleet
[16-18]. Nevertheless, the Well-to-Wheel (WTW) method
has a number of significant drawbacks that are important
to consider when conducting analysis and making
decisions. It offers limited life cycle coverage, ignores
some environmental impacts, exhibits strong dependence
on generalized and averaged data, and leaves out of
consideration economic and social aspects.

The methods of rating the development of the gas motor
fuel market are based on a variety of factors. The study [19]
proposes a methodology for ranking vehicles using
different types of fuels, including renewable and non-
renewable. Data on the territorial ranking of the GMF
market are often found in specialized industry reports and
market research, which are difficult to analyze in detail.

Despite the variety of existing approaches to analyzing
the gas motor fuel market, there are some disadvantages
associated with the inaccessibility of the methodological
approach and the statistical database, which does not allow
us to thoroughly analyze the research results.
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I1l. METHODOLOGY

The selection of factors plays an important role in
constructing a regression model. According to the
published research, the model’s factors must satisfy certain
requirements: they should be quantitatively measurable
and independent of one another, since high correlation
among factors may lead to inconsistent estimates. In
theory, the model can include an unlimited number of
factors that meet these conditions; in practice, however, a
large number of explanatory variables does not yield the
desired results. The introduction of superfluous indicators
into the model will neither increase the coefficient of
determination nor reduce the residual variance.

Accordingly, after selecting variables based on the
research problem, a correlation analysis is needed to
exclude redundant factors. A correlation matrix is
employed to identify relationships between factors and a
dependent variable, while examining pairwise correlations
between independent variables. Correlation coefficients
above 0.6 indicate interdependence of factors. In this case,
one of the factors, the one demonstrating lower correlation
with the dependent variable, should be excluded, as they
duplicate each other.

There are also cases where two or more factors influence
each other. This phenomenon is referred to as
multicollinearity, which prevents assessing the effect of
each factor separately. Multicollinearity leads to a loss of
economic meaning for the regression parameters and their
unreliable estimates. Testing for multicollinearity is carried
out using the determinant of the factors’ correlation matrix:
if the determinant is zero or close to zero, the factors are
highly dependent. The solution to multicollinearity reduces
to excluding factors or incorporating their interaction terms
into the model. In the latter case, the statistical significance
of the interaction is verified using Fisher’s F-test.

In the literature, the regression equation is commonly
constructed using one of the following factor-selection
procedures: backward elimination, forward selection, and
stepwise regression analysis. The first method removes
factors from the full set; the second adds factors to an
empty model one by one; and the third combines the
previous two, checking at each step the significance of the
factors included in the model and removing those that are
not significant.

This study involves examining the correlation matrix of
the regressors, which allows for the removal of highly
correlated variables at the first step. All remaining
regressors are selected using a stepwise elimination

TABLE 1. Factors and Their Conventional Designations Used

in the Model

Factor Conventional
Designation

Fixed Capital Investment Inv

Gross Regional Product GRP

Per Capita Income PCI

Population Pop

Number of Natural Gas station (automobile gas- NGst

filling compressor stations and cryogenic
refueling stations)

Paved Road Density PRD

Average Annual Methane Price AMP

Harmful (Pollutant) Emission into Atmospheric HEA

from Motor Vehicles

procedure.

To carry out the panel-data analysis, we formed a
balanced panel dataset based on the databases of the
websites of federal state statistical services (EMISS,
Rosstat) and the State Traffic Safety Inspectorate
(GIBDD), as well as the annual reports of Gazprom Gas
Motor Fuel LLC. The analysis covered 66 regions selected
by the volume of methane consumption in transport sector.
Regions with zero values for this indicator were excluded
from the analysis. In light of the lack of official statistics
beyond 2022, particularly regarding the critical indicator of
"the number of gas stations on highways," the data is
confined to the period from 2015 to 2022. For convenience,
all candidate factors considered for inclusion in the model
were assigned designations, as shown in Table 1.

The panel datasets are compiled for each federal district.
These panel data are used to build the regression models,
including a pooled regression:

Ngt, = a+B,NGst, +B,Inv, +B,GRP, +B,PCI, +

+BSPRDit +B6AMPit +B7HEA1t +BBP0pit +e
where o and B, are the model coefficients, i is the region
index, t is the year (time) index, and & is the error term;
a fixed-effects model:

Ngt, =ip; +B,NGst, +p,Inv; +B,GRP, +8,PCl; +

+BsPRD,, + B, AMP, + B, HEA, +B;Pop, + 9, @)

)

it?

where i is the region index, t is the year (time) index, B is

the vector of regression coefficients, p; is the regional

effects (fixed unknown parameters), 3i; is the error term,

normally distributed with parameters (0,65); and a

random-effects model:

Ngt, = o+, +B,NGst, +8,Inv, +B,GRP, +B,PCI, + 3)
+BsPRD, +B;AMP, +B,HEA, +B,Pop,, + 1,
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TABLE 2. Sample of Regions by Federal District

Federal District

Regions

Central Regions: Belgorod, Bryansk, Vladimir, Voronezh, Ivanovo, Kaluga, Kostroma, Kursk, Lipetsk,
Moscow, Oryol, Ryazan, Smolensk, Tambov, Tver, Tula, Yaroslavl;
City of Moscow

Southern Regions: Astrakhan, VVolgograd, Rostov;
Republics: Adygea, Crimea;
Krasnodar Territory;
City of Sevastopol

Northwestern Regions: Arkhangelsk, Vologda, Kaliningrad, Leningrad, Novgorod, Pskov;

Republic of Komi;
City of Saint Petersburg

Siberian Regions: Irkutsk, Kemerovo, Novosibirsk, Omsk, Tomsk;
Altai Republic;
Altai Territory

Ural Regions: Kurgan, Sverdlovsk, Tyumen, Chelyabinsk;

Khanty-Mansi Autonomous Area-Yugra; Yamalo-Nenets Autonomous Area

Volga Regions: Kirov, Nizhny Novgorod, Orenburg, Penza, Samara, Saratov, Ulyanovsk;

Republics: Bashkortostan, Tatarstan, Udmurt Republic, Chuvash Republic;

Perm Territory

North Caucasian
Alanig;
Stavropol Territory

Far Eastern

Republics: Dagestan, Ingushetia, Kabardino-Balkaria, Karachay-Cherkessia, North Ossetia—

Republic of Sakha (Yakutia), Sakhalin region

where i is the region index, t is the year (time) index, B is
the vector of regression coefficients, &; is the regional
effects, normally distributed with parameters (0, 023 ), ais
the intercept, Ay is error term, normally distributed with
parameters (0, 7).

All models were estimated by ordinary least squares
(OLS) and subsequently tested for autocorrelation and
heteroskedasticity of the errors. Where necessary, the OLS
estimator was replaced with a generalized least squares
(GLS) estimator. The most appropriate model was chosen
using the Wald, Wooldridge, and Hausman tests. Based on
the test results, the significant factors for each federal
district were then identified.

IV. RESULTS AND DISCUSSION

The level of development of natural gas as a motor fuel
for vehicles was analyzed separately for each federal
district (Table 2 shows the regions considered).

The Far Eastern federal district includes only two
regions, as only they demonstrate a positive value for the
indicator of the “number of gas stations along highways.”
However, according to the statistical information available
after 2022 on other factors, the market for natural gas as a
motor fuel is burgeoning in the Far Eastern federal district,
as well as throughout the country. The escalation of the
geopolitical situation significantly affected the gas motor

fuel market in Russia after 2022, resulting in the
stimulation of import substitution policy, improvement in
energy security, and adaptation to the instability of global
energy markets. In the face of sanctions and limited access
to international petroleum market, Russia has intensified
the development of its domestic natural gas market as an
alternative to traditional fuels. As a result, the Government
of the Russian Federation has approved a Concept for the
development of the gas motor fuel market in the Russian
Federation until 2035, considering external geopolitical
challenges.

The dependent variable is the number of motor vehicles
running on natural gas. This indicator is chosen because it
reflects consumer demand (i.e. it is more mass-market in
nature than trucks and buses), demonstrating infrastructure
accessibility for the population. Based on the findings in
paper [7] along with the reports of Gazprom Gas Motor
Fuel [20, 21], we identified the factors presented in
Table 3.

The results of the regression analysis of the natural gas
market in the Central federal district enable tests to
determine whether individual effects are present (Table 4).

The first two tests confirmed the presence of individual
effects, while the Hausman test helped select a model with
random effects. Next, the residuals obtained in the selected
model were checked for autocorrelation and
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TABLE 3. Model Factors

Socio-economic

Industry-specific

Environmental

Fixed capital investment per capita (thousand
rubles)

Gross regional product per capita (thousand
rubles)

Average per capita monetary income (rubles
per month)

Population (thousand people)

Number of refueling stations (units)

Emissions of harmful (pollutant) substances
from transport (thousand tonnes)

Density of paved public roads (km per
1 000 km? of territory)

Average annual methane price (rubles)

TABLE 4. Statistical Tests for Choosing the Best Model for the Central Federal District

Test Calculated statistics P-value Output
Wald test 16.948 <2.2e-16 Reject the null hypothesis
Breusch-Pagan test 2.422 0.015 Reject the null hypothesis
Hausman test 8.017 0.155 Accept the null hypothesis

TABLE 5. FGLS Model with Fixed Effects for the Central Federal District

Indicator Value Standard deviation P-value
Number of gas stations -0.129 0.116 0.261
Investments in fixed assets per capita -0.005 0.303 0.987
Average annual methane cost -0.271 0.547 0.62
Paved-road density 6.503 2.297 0.004
Emissions into the atmosphere -0.07 0.107 0.512
Multiple R? 0.708

heteroscedasticity. The Breusch-Godfrey test was used to
test the hypothesis about the absence of first-order
autocorrelation, since the p-value took the value 5.322e-08,
it was rejected. The Breusch-Pagan test for
heteroscedasticity was also performed, we obtained a p-
value equal to 0.001, therefore, the null hypothesis about
the absence of heteroscedasticity was rejected.

The next step is to eliminate the consequences of
heteroscedasticity. A feasible generalized least squares
(FGLS) model was built for both fixed and random effect
regression, and then the best of the two models was
selected using the Hausman test (Table 5).

The coefficient of determination in this model shows that
the selected factors describe the dependent variable by
70%, which indicates the high quality of the model. At the
same time, the p-value for each individual factor does not
meet the accepted significance level of 0.1. The factors are
eliminated step by step, starting with the regressor showing
the largest p-value (Table 6).

Thus, the number of passenger vehicles that can run on
methane in the Central Federal District is affected by the
number of gas filling stations and the paved-road density.
Both factors belong to the group of industrial factors,
indicating that infrastructure plays a crucial role in the
expansion of the market for natural gas as a fuel in the

Central federal district. The negative coefficient for the
number of CNG stations is attributed to the presence of
multi-fuel filling stations in the regions of the Central
federal district. Consequently, in the regions with a larger
fleet, it may be more profitable to deploy these facilities.

In all districts, the “population size” factor is strongly
correlated with other variables, therefore we exclude it
from the analysis at the selection stage. GRP and fixed
asset investments are strongly correlated, which is
explained by Keynesian theory suggesting that investments
are integral to aggregate demand, which fosters the growth
of GRP. In each federal district, only one of these factors
is included in the model. In most districts, the average
monthly per capita income strongly correlates with other
regressors, but it has a lesser effect on the number of
methane-fueled vehicles. Consequently, we opted to
exclude it at the selection stage in five out of eight districts.

Analysis of the models using the R software enabled us
to identify the most significant factors for each federal
district from those initially selected (Table 7).

TABLE 6. Total Coefficients for the Central Federal District

Regressors Value P-value
The number of gas stations -0.169 0.069
Paved-road density 3.758 0.013
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TABLE 7. Significant Factors by Federal District

Federal district The number (_)f Methane F'ixed capital Paved-'road Po!lu?ant Model
CNG/LNG stations price investment density emissions

Central 1 1 GLS “within”
Southern 1 1 1 1 GLS “within”
Northwestern 1 1 1 GLS “within”
Siberian 1 1 1 1 GLS “within”
Ural 1 1 1 GLS “within”
Volga 1 1 GLS “random”
North Caucasian 1 1 1 1 GLS “within”
Far Eastern 1 GLS “within
All regions 1 1 GLS “random”

Moreover, the same factors entered the models with
different signs across districts, indicating regional
specificities in the development level of the gas motor fuel
(GMF) market. The sets of significant factors also differ;
therefore, to generalize the results at the national level, four
of the most frequently occurring factors were highlighted:
the number of CNG stations, paved-road density, the
average annual methane price, and fixed capital investment
per capita.

The number of vehicles running on GMF is strongly
influenced by infrastructure, i.e., by the number of
refueling  stations.  Accordingly, developing the
infrastructure will drive the expansion of the vehicle fleet,
which will positively affect methane consumption.
Another important factor for Russia’s GMF market is the
price of methane itself. It is therefore important to take
measures to support both vehicle owners and entrepreneurs
in this market for the equilibrium price to be acceptable for
both the demand and supply sides. The last significant
factor — fixed capital investment — underscores the need to
attract investors to the developing natural gas market.

Note that in three districts —Siberian, Ural, and North
Caucasian — there is a negative relationship between the
number of methane-fueled vehicles and atmospheric
pollutant emissions, which points to the environmental
effect of this fuel type.

Table 7 also presents the final models selected. All of
them take account for unobserved effects. These effects
include government support measures at both the federal
and regional levels. Essential measures to foster the growth
of the methane market encompass providing subsidies for
converting vehicles to methane; funding the construction
of gas refueling infrastructure; reducing transport tax on
methane-powered vehicles; and granting access to land for
CNG stations without competitive bidding.

The calculations indicate that the level of GMF market

development is influenced by different factors across the
federal districts. This is due to the historically established
spatial distribution of production, population, and
infrastructure. In this context, federal GMF development
policy should be differentiated for each district, aiming at
addressing its specific barriers (for example, supporting
LNG projects in the Siberian and Far Eastern federal
districts, expanding the CNG network in the Central and
Volga federal districts).

Since 2022, the gas motor fuel market has experienced
the dynamic growth despite the current economic
challenges and instability in global markets. The growth is
ensured by an active government policy (in 2025, the
Government of the Russian Federation approved the
Concept for the development of the gas motor fuel market
in the Russian Federation until 2035). This policy is driven
by the economic benefits of using GMF compared to
petroleum products, striving to bolster energy security and
reduce the environmental burden. The share of GMF in the
total fuel balance is currently modest, yet it holds a
potential for a substantial growth in the future.

V. CONCLUSION

The development of the gas motor fuel (GMF) market in
Russia varies significantly by region, which is associated
with the differences in the level of government support, the
political and economic landscape, and the availability of
infrastructure.

Econometric analysis reveals that the significant factors
for most federal districts are the number of CNG stations,
paved-road density, the average annual methane price, and
fixed capital investment per capita. The models selected
based on statistical tests that feature fixed or random
effects underscore the individual differences among
regions within each federal district. Many models contain
negative coefficients for certain factors, which can be
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explained by specific characteristics of the district or
region. The primary apparent contradictions in the findings
are a negative relationship between the number of vehicles
and the infrastructure serving them, as well as a positive
relationship between the price of methane and the number
of vehicles using it as fuel.

For example, in the Northwestern federal district, a 1%
expansion of infrastructure for methane-fueled vehicles
leads to a 0.05% decrease in the number of such vehicles.
In Saint Petersburg, methane sales per CNG station exceed
the level observed in other constituent entities of the
Russian Federation. Therefore, in this case, construction of
new refueling stations is required solely to meet the
demand of the existing vehicle fleet. The expansion of
infrastructure is not the cause for the decrease in the
number of vehicles, but rather an ineffective attempt to
stimulate them, leading to the opposite result due to a
complex imbalance in the market. Addressing this
contradiction requires simultaneous stimulation of both
supply (infrastructure) and demand (vehicles).

Furthermore, the Northwestern federal district can be
used as an example of an individual region to explain the
evident violation of the law of demand. In the Vologda
region, growth in per capita income is proportional to
growth in methane prices, therefore when consumers
choose a vehicle, the cost of fuel has little influence on the
purchase decision, while other characteristics, such as
environmental performance, become more important.
Thus, one of the individual unobserved effects may be
vehicle owners’ preferences. The positive relationship
between the cost of methane and the number of vehicles
using it as fuel may reflect a situation where the price of
methane is in a favorable range for attracting investors and
users, justifying the improvement in infrastructure, and
providing environmental benefits.

The further dynamic development of the GMF market in
Russia requires continuous refinement of the regulatory
and legal frameworks, expansion of the refueling-station
infrastructure, and support of innovative projects, while
incentivizing demand for GMF vehicles. The following
recommendations can be applied to ensure the successful
advancement of the natural gas fuel market:

1. Adopt a comprehensive approach: ensuring active
coordination between the federal center and the regions,

incorporating tax incentives, subsidies for vehicle
conversion to methane, and other incentives.
2. Attract investment:  supporting  domestic

manufacturers of equipment and technologies, creating

appealing conditions for private investors.

3. Enhance infrastructure: expanding the network of gas
refueling stations and improving the quality of service for
gas-fueled vehicles.

4. Cultivate a positive image: raising awareness about
the benefits and environmental advantages of gas motor
fuel through the mass media and social campaigns.
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Abstract — The paper describes models designed to
study the impact of hydropower plants (HPPs) planned
in Mongolia on the hydrological regime of the Russian
part of the Selenga river and Lake Baikal, considering
various hydrological conditions and utilizing available
technical information on the HPP projects. The
developed models include software components for
selecting an optimal dam site when precise coordinates
are unavailable; constructing reservoir configurations
and bathymetric curves demonstrating the reservoir
water level-volume-area relationships; preparing
hydrological statistics of water inflow into the planned
reservoir by correlating meteorological indicators with
flow; modeling HPP operating conditions based on
different criteria. The primary object of this study is
the Egiin Gol HPP on the Eg river, a left tributary of
the Selenga river. Mongolia is planning to begin its
construction in the coming years. The produced models
assess the potential impact of the Egiin Gol HPP
reservoir filling and operation on hydrological regimes
across various water periods in the downstream pool,
along its entire length from the HPP dam to the Selenga
river inflow into Lake Baikal. The findings from the
modeling serve as the basis for further research into the
possible impact of the HPPs planned in Mongolia on the
ecosystems of the Selenga river and Lake Baikal.
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|. INTRODUCTION

The development of Mongolia's hydropower industry
began in the 1960s, when the Soviet Institute of
Hydroproject and the Mongolian Ministry of Agriculture
conducted joint preliminary studies of the Selenga, Egiin
Gol, Orkhon, Tuul, and Khovd rivers, alongside other
tributaries of the Selenga [1-3]. As a result, the potential
hydropower capacity of the Selenga river basin was
estimated at 1.5 GW, allowing for the annual electricity
generation of 7.5 billion kWh. The total theoretical
hydropower potential of all Mongolian rivers is even
higher. According to research conducted by the Institute of
Meteorology of Mongolia in the 1960s-1970s, the average
annual flow of 3 800 small and large rivers in the west and
north of the country is 34.6 km?® per year with a potential
capacity of 6.3 GW. The most significant resources, almost
three quarters of all potential, are concentrated in the
northern Mongolia (the basins of the Selenga, Onon, and
Kerulen rivers). The remaining potential is found in the
western part of the country, within the basins of the Khovd
and Zavkhan rivers.

In  1973-1976, the Leningrad Branch of the
“Hydroproject” Institute (Gidroproekt) developed a
scheme for the placement of potential hydropower plants
in the Selenga river basin, identifying future sites for their
location and estimating the main parameters (head,
installed capacity, and electricity generation) for 22
potential HPPs [3].

In the early 1990s, after the collapse of the USSR,
Mongolia began to cooperate more actively with
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international hydropower companies on the design of
hydropower plants [4-9]. Companies from Switzerland,
Italy, and Mongolia carried out the first feasibility study
and an Environmental Impact Assessment (EIA) for the
Egiin Gol hydropower plant project between 1991 and
1994. The project was not developed further for various
reasons. A new stage in the evolution of hydropower in
Mongolia started in 2012. By this time, the demand for
electricity had increased significantly, and there was a
shortage of maneuvering capacities in the energy system
due to the rapid growth of Mongolia's economy. The
Government of Mongolia decided to implement the Shuren
hydropower plant, the Egiin Gol hydropower plant, and the
Orkhon-Gaobi projects [9]. The World Bank was involved
in the feasibility studies for these projects between 2013
and 2015.

In 20162017, commissioned by the Ministry of Natural
Resources and Environment of the Russian Federation, the
Irkutsk Scientific Center and several institutes of the
Siberian Branch of the Russian Academy of Sciences (SB
RAS), including the Melentiev Energy Systems Institute
(ESI SB RAS), conducted a study titled “Assessment of the
impact of planned construction of hydropower plants in
Mongolia on the transboundary Selenga river basin within
the borders of the Russian Federation.” The findings from
the study indicated that future Mongolian hydropower
plants, including the Egiin Gol HPP, could potentially have
a significant impact on the ecosystem of the Russian part
of the Selenga river basin, the primary tributary of Lake

/ ,\ Yy
}» ///[

}/
'é"’h £,

Baikal.

The Government of Mongolia included the construction
of the Egiin Gol Hydropower plant in the list of priority
projects for implementation in 2023. A joint meeting on
this issue between the Ministers of Natural Resources of
the Russian Federation and Mongolia, as well as the
Presidents of the Russian and Mongolian Academies of
Sciences, was held in Moscow in October 2024. Following
the meeting, Russia and Mongolia agreed on an Action
Plan for a collaborative study to assess the possible impact
of the Egiin Gol HPP project on Lake Baikal and the
Selenga river and decided to establish a Russian-
Mongolian Expert Group. This assessment will involve
investigating possible changes in the hydrological regimes
of the Selenga river, relative to natural conditions, within
the borders of the Russian Federation, due to the future
construction of the Egiin Gol HPP in Mongolia. This
analysis will also focus on the potential effects of the Egiin
Gol HPP construction on the ecosystem of the Selenga
river basin and Lake Baikal, highlighting the
environmental and social aspects according to the
internationally accepted frameworks of environmental
impact assessment of hydraulic structures, and adhering to
the UNESCO standards. ESI SB RAS is one of the
participants in these studies.

Since 2013, ESI SB RAS has developed various models
for energy, water management, hydrological, hydraulic,
and environmental studies on operating hydropower plants
and those under planning and design [10-15].

) "

. 4“’][/

Flg 1. Conflguratlon of the Egun Gol hydrop‘ower plént
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Fig. 2. The Egiin Gol HPP reservoir water level-volume-area relationships.

Il. STRUCTURE OF MODELS OF HYDROPOWER PLANTS
UNDER DESIGN (METHODOLOGY)

The study and analysis of the future operating conditions
of the planned (potential) power plants require various pre-
design engineering surveys, including modeling.

The choice of a dam site is based on three main criteria:
1) the minimum length (for economic reasons); 2) the
optimal live storage of the reservoir (for various flow
rates); 3) the maximum inflow of water into the reservoir
(based on hydrological surveys). Geophysical, geological,
water management, socio-economic, and environmental
surveys are additionally required for the selected dam site
and height. Modern GIS data of the digital relief (1
arcsecond or less) enable the creation of various algorithms
for selecting the dam site. For example, one can select the
dam with a specified interval from the center of the river,
rotating it around the central point to find the minimum
length at a given height of the dam on the digital relief.
Figure 1 shows the reservoir configuration of the Egiin Gol
hydropower plant. Figure 2 demonstrates the reservoir
contour and its bathymetric curves of the water level-
volume-area relationships, obtained by modeling.

The bathymetric curves, which show the reservoir water
level-volume relationship, are successively determined by
increasing the water level at specified intervals and
identifying the configuration of the waterline through the
construction of isolines. This process involves calculating

the area for each water level elevation. If the specified
interval is small, the volume (V) can be calculated using
formula

V(h)=V (h-ah)+(S(h)+S(h—Ah))ah/2, (1)

where S is the area; h is the water level; Ah is the specified
interval of the water level change (sampling accuracy).
Reservoir live storage refers to the volume of water

between the Dead Storage Level (DSL) and the Full
Reservoir Level (FRL). The volume between the FRL and
the Maximum Water Level (MWL) is used exclusively to
manage excess flow and protect the hydropower plant from
potential destruction.

There are no reliable statistics on average monthly and
ten-day flow rates for the poorly studied river basins in
Mongolia. When statistical data are unavailable for the
selected site, the flow rates are normally determined by
precipitation over the drainage area, surface temperatures,
relative humidity, wind speed, and the average gradient of
individual river segments. The runoff parameters can be
estimated using average meteorological values for the
basin. Since meteorological data are much more
representative (e.g., average monthly GPCC precipitation
values with a resolution of 1°x1° for the period since 1901
and average daily NOAA temperatures since the last
century [16-19]) and highly correlated with known flow
rates in certain sites, the runoff of the Selenga river basin
in the Mongolian part can be approximately estimated
using the following procedure.
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The average annual flow rate of the river Q¥ for year y
is estimated using formula

Q' =Q+k Y AS) —k, > AS/AT/,

teM; teM,

O]

where Q is the long-term average annual flow rate; AS”,
AT are deviation of average monthly precipitation and

temperatures from the norm for year y and month t;
M, ={10,11,12,1,...,9} is the set of months of the

hydrological year (from the 10th month of the previous
year to the 9th month of the current year); M, ={6,...,9}

is the summer and autumn months; k , k, are coefficients

that take into account the proportions of precipitation and
evaporation depending on the temperature deviation from
the norm.

Using the known actual flow data QZ, for year y, we

find the unknown coefficients k , k, by applying least
squares method:

y
act

2

yeY
where Y is the set of years of flow data.

The estimations of the flow during the summer-autumn
months should consider the flow of the previous month
through the following formula:

Qty = Q +h ZASty 2 ZAStyATty + rthy—ll

®)

2 .
—Qy) - min,
ky ko

(4)

where Q, is the average annual flow for month t; Q/, is
flow of the previous month; r, r,, r, are empirical

coefficients that take into account precipitation for the
year, evaporation in the summer, and flow of the previous
month.

The flow during the winter months is negligible and can
be estimated based on that of the previous month and the
winter temperature deviation.

Evaporation plays an important role in the water balance
in the Mongolian part of the Selenga river basin, which is
attributed to high air temperatures, winds, and low relative
humidity. According to the simplified methodology
developed by the State Hydrological Institute, evaporation
can be determined using following formula [20-23]:

(t,1) = 0.14(1+0.72V (t,7) (e, (t,7)-e, (7)), (5)
where 1(t,t) is the evaporation depth from the water
surface over period [t,t+1], mm/km? 1 is the calculation
period in days; V (t,7) is the average wind velocity at 2 m

height above ground level over period T, m/s; e, (t, t) is the
average water vapor pressure of saturated air depending on
the water temperature over period 1, hPa or mbar; e, (t, )

is the average water vapor pressure in the air over period ,
hPa.

Empirical formulas for average water and air
teM; teM,
Kabansk  So/epnga river
: — @ Mostovoy
Qf | p Utda river
Ulan-Ude @
Khilok river
a2
-------------- % . Novoselenginsk
Lake . ,
: Chikoy river
Khuvsgul : hikoy viver
[ ]
Ee river " Tenmmnik river pR
[ ] e . 3
]
. Dzhida river pR
| ] —_— e
Khantai 1§ .
pM Yee e oo - o Naushki
Egiin Gol HPP 4! -""'--.....____
Selenga river QM ¥
- @- @——1
Khutag Khyalganat Zuunburen ~ @ Sukhbaatar
Orkhon river

Fig. 3. Hydrologic map of the Selenga river designed to assess the potential impact of the regulated regime of the Eg river on

the Russian part of the Selenga river and Lake Baikal.
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temperatures over period 7, and average relative air
humidity f (¢, 7) are used to calculate e, (t,t), €,(t,1):

A Tw(t,‘:)
e, (t.t)=1,20 0, ©)
M Ta(t7)
e, (t.t)=%,f(t,7)10 P2¥Rlte) (7)

where A,, A,, A, A, are some numerical empirical

a!

coefficients; T, (t,t), T,(t,t) are temperature of water

and air at time t over period t.

Figure 3 shows a hydrologic map of the Selenga river,
created to analyze the impact of the planned Egiin Gol
HPP. The map reflects the main tributaries and assessment
sites used to model the impact of changes in hydrological
regimes after the commissioning of the HPP and during the
reservoir filling period.

The map highlights the following gauging stations:

— Khutag, Khyalganat, Zuunburen, Khantai, Sukhbaatar
in Mongolia;

— Naushki, Novoselenginsk, Ulan-Ude,
Kabansk in Russia.

Flow rates for the main bed of the Selenga River at the

gauging stations are indicated by Q" QjR (the M index

Mostovoy,

for Mongolian it" station and the R index for Russian j™"
station). Flow rates for the tributaries are indicated by P"

R

, P, The indicators 1", ", o relate to evaporation

(and dispersion), as well as discrepancies for Mongolian
and Russian parts.

The flow rate balance relations are given below (time
indicators are omitted for clarity):

Q' =Q" +P" -1 o),
R =R" for natural conditions of the Eg river,
P = R for regulated conditions of the Eg river,
Q' =Q -1+,
Q' =Q"'+R" -1 oy, ®)
QL =Q'+R*+PR +R taf,
Q' =Q; +P +R +af,
Qf =Q; to},
A =Q +ef.
The flow rate of the Selenga River into Lake Baikal is
Qs (t,7) for any time t and the aggregation (averaging)

period t. The main hydrological model sections that
necessitate flow rate balance check are: 1) Khutag-

Khyalganat; 2) Khyalganat-Zuunburen; 3) Zuunburen—
Naushki; 4) Naushki—-Novoselenginsk;
5) Novoselenginsk—Mostovoy; 6) Mostovoy—Kabansk.

The regulated flow is modeled using the following main
parameters of planned HPPs and reservoirs:

Q=q+q™" is the flow rate passing through HPP site,
md/s;

q is the flow rate through turbines of HPP, m3/s;

g™ is the flow rate over spillway, m%/s;

huP 7
elevations, m;

H =h"" —h®"™ s the water head, m, defined as the
upstream pool elevation less the downstream pool
elevation (in this paper, the gross head is used neglecting
head loss);

W is the HPP capacity, kW, calculated by formula

W (t)=9.81nH (t)q(t), 9)
where ) is the efficiency of hydropower equipment;
W™ is the installed capacity,
maximum power output of HPP;
W "™ s the firm capacity, i.e. the minimum power
output, provided by the HPP to meet the power system
load;

E is the power output of HPP, kW-h, over period T,
calculated by following formula:
+T
E(tO,T):tOJ' W (t)dt;
o
h® V™" are the Dead Storage Level (DSL) and its
corresponding volume, representing the portion of the
reservoir capacity not used under normal operating
conditions;
h™ V™ are the Full Reservoir Level (FRL) and its
corresponding volume, representing the maximum water
level maintained by the hydraulic structure under normal
operating conditions;
h""- V™" are the Maximum Water Level (MWL) and
its corresponding volume, used for additional flood flow
transformation (moderation);

h®®"™ are the upstream and downstream pool

representing the

(10)

V'™ is the live storage of the reservoir used for active
flow regulation;

v =y B v s the total storage of the reservoir,
comprising dead and live storage.

The primary indicator for HPP management is the flow
rate passing through the dam Q(t), which affects the
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storage volume of the reservoir V (t) , as well as the levels
of upstream h* (t) and downstream h®*" (t) pools. The

HPP capacity W (t) depends on the water head H (t) and

is determined by changes in the flow rate passing through
the turbines q(t).

Given the complexity of the inflow structure, this study
analyzes the net inflow P(t), which includes filtration,

evaporation, and groundwater flow in accordance with the
water balance.

A model for HPP management [14] is presented as a
mathematical programming problem, incorporating
averaged HPP operating parameters for various time
periods (ten-day, monthly, quarterly, and annual).

We consider the HPP management problem for a given

vector of net inflow. The specified time interval t [t,,T|

isdivided into N equal periods of duration t with constant
values of variables within each interval.

The change in the reservoir storage volume depends on
the net inflow and the flow rate passing through the HPP.

These characteristics determine the water balance
equation, which has the following form:

dv

E:P(t)—Q(t),te[to,T]. (11)

Equation (11) can be represented in a finite-difference
form for the j™ period:

V=V, +(R-Q)r, i=LN,  (12)
where P, and Q, are time-averaged indicators, V;, and
V; are the characteristics at the beginning of the intervals.

The input data include:

P=(P,....,P,) — the vector of the averaged values of
net inflow into the reservoir;

h (t,) =hs" , h®"™ (t,) =hy°"™ —the initial levels of
upstream and downstream pools;

h* = 2" (V) — the upstream pool level-volume
curve;

ht" = "™ (Q) - the curve of relationship between

the downstream pool level and the flow rate passing
through HPP.
The variables are:

Q=(Q,,...,Q,) - the vector of the averaged flow rates

passing through HPP;
V =(V,,...,Vy ) — the vector of the storage volumes;

huP :(héJP““’hEP), | DOWN :(hODOWN,.“’h’\I‘DOWN) _ the

vectors of the upstream and downstream pool levels.
Based on equation (12) and unique relationships

hUP — fUP (V) hDOWN — fDOWN (Q)

reservoir, we can use the vector of averaged flow rates Q

known for the

, hP®"™ and the indicators

to express the vectors of VV , h**
for periods jzl,_N that include:
E - . - -
E; =k"tW,; — the electricity generation over period T,

where kE is numerical

dimensions;

coefficient for converting

W, =9.8Ing; (H; +H,,)/2 - the average power

output of HPP;
H,; = h" —h?*"™ _the water head;

q; =Q, —q™ — the flow rate through the HPP turbine,

where g*" is the flow rate over spillway, which depends

on the operational characteristics of the turbines and
constraints of installed capacity of HPP.

The mathematical programming problem for HPP
management is formulated as follows: for a given vector
P, optimization criterion, equality constraints B, and
inequality constraints G, it is necessary to find the optimal

vector X ={Q,q,q™",h*",h°™ V,EW,H}, defined as

follows:
F(P,X)—>min, (13)
B={b (X)=0:k=LN°}, (14)
G={g,(X)>0:k=1N°}, (15)

where F is a given function; by is a set of equality
constraints; gy is a set of inequality constraints; N8 NC are
the numbers of components in B and G.

The optimal vector X obtained from problem (13-15) is
employed to determine the above-described HPP and
reservoir management indicators.

Function F can take various forms depending on the
reservoir filling or drawdown conditions. The primary
optimization criteria include: maximum firm capacity of
the HPP during the winter period; maximum HPP
electricity output value (in monetary terms), reflecting the
total electricity output from the HPP across periods, taking
into account penalties for deviations from planned targets,
as well as penalties from the flow rate over spillway in
summer period.
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Fig. 4. Dynamics of changes in the monthly average flow rate of the Eg river (Khantai) between 1959 and 2022 (1 — average
monthly flow rate, 2 — average moving annual flow rate, 3 — average annual flow rate).

The equality constraints (14) of the model include the
water balance equation (12) and various empirical
relationships between parameters.

The inequality constraints (15) include groups of
constraints for periods j=1 N, based on the following
classification:

1) Technical constraints, which are defined by the
characteristics of the hydroelectric facility:

Q; Q™ —flow capacity through HPP;
qqumﬂ'

passing through the HPP turbines and the spillway;

g™ <g®"™ - maximum flow rates

h® <h™ <h"™ _ operating range of the reservoir;

H™ <H, <H™ — permissible change of the water
head;

W, <W™ —installed capacity of HPP;

2) Energy constraints, which are defined by the capacity
of HPP:

firm - H .
W; =2W;™ — firm capacity of HPP;
ijin SWJ- SV\“/jmax

dispatching constraints  of

minimum and maximum capacity of HPP;
3) Environmental constraints, which are defined by flow
rates passing through HPP and reservoir levels:

Q= Q;“"‘ — environmental flow requirements;
Q;-Q;4|<AQ; - constraint on changes in flow

through HPP.

4) Water management constraints, which encompass
various additional requirements for water users and
consumers (for example, water transport, water intakes).

In the process of feasibility studies on the hydropower
plants in the Selenga River basin, technical parameters of
these plants, including planned electricity output and
capacity, alongside the parameters of their reservoirs
varied constantly. For example, the Shuren hydropower
plant, according to the estimates of the Lengidroproekt
Institute in 1976 [3], had various options for installed
capacity: 1) 300 MW with a reservoir volume of 4.8 km?;
2) 268 MW with a volume of 4.2 km?; 3) 240 MW with a
volume of 3.3 km®,

The river flow at the proposed locations for the HPPs
shows high intra-annual variability, therefore, it is crucial
to estimate the required live storage of the reservoirs that
would smooth out flow irregularities and ensure the target
electricity and power output. The live storage has a
significant impact on the firm capacity, which requires
considering the reliability of average daily power outputs
based on long-term flow data, particularly during the
winter period.

I11. RESULTS AND DISCUSSION

Modeling the hydropower plant operation requires
representative statistics of the monthly average indicators.
Figure 4 shows the dynamics of the Eg river flow rate for
1959-2022.

Figure 4 demonstrates the average monthly and moving
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annual flow rates, as well as the average annual flow rate
(97 m¥/s) for the time span from 1959 to 2022. The
maximum average monthly flow rate of 709 m%s was
recorded once in August 1993, while minimum values
(below 4 m3/s) were observed several times during various
winter months. Using the 63-year average monthly
statistics shown in the Figure, we can generate various rule
curves based on specified criteria for the operation of the
hydropower plant.

The study focuses solely on the case with a set maximum
power output during peak load hours in the Mongolian
energy system. We have developed a model for managing
the Egiin Gol HPP, taking into account the specific
characteristics of the hydropower facility and its structures.
The steps for modeling the Egiin Gol HPP and its reservoir
are as follows:

1. Collect and analyze hydrological data on the Selenga
river basin and its lateral tributaries, building inflow
scenarios for different reliability levels at the Egiin Gol
HPP dam site;

2. Model the Egiin Gol
characteristics;

3. Establish the relationship between changes in the
downstream pool level and the flow rate of the Egiin Gol
HPP to determine the water head,

HPP reservoir and its

4. Assess the reservoir filling time of the Egiin Gol HPP
under various parameters of environmental flow
requirements and inflow availability;

5. Set the scenario parameters (operational rules) for
regulating the Egiin Gol HPP;

6. Model daily (hourly) operating conditions of the
Egiin Gol HPP depending on regulation scenarios;

7. Model long-term operating conditions of the Egiin
Gol HPP depending on water conditions and constraints;

8. Determine indicators for possible changes in the
natural flow of the Selenga river at both the border of the
Russian Federation and the gauging stations across the
country.

The system of models developed at the ESI SB RAS
allows for modeling the Egiin Gol HPP reservoir, while
defining its characteristics. It also models various
operating conditions of the Egiin Gol HPP, examining
limitations and establishing rules for managing the
hydropower plant flow rates.

Modeling the hydropower plant relies on three power
output scenarios built using an hourly time step: Scenario 1
for average water conditions, Scenario 2 for high water
conditions, and Scenario 3 for low water conditions.

Scenario 1 describes the primary increase in power
output (158-315 MW) from November to February during

915
Reservoir level ——
910 1 — ==

905 |
900
805 |-
890 |-
885

Level, m

T SN S S S S A 0 S S [ 0 S S S 0 0 0 O S S S 0 S 0 O S S S

1960 1965 1970 1975 1980 1985

1990 1685 2000 2005 2010 2015 2020

Inflow

Flow rate
-~ through HPP

Inflow, flow rate, m*/s

Power, MW
e
=

1

1970 1975

Fig. 5. Operating conditions of the Egiin Gol HPP in 1959-2022.
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peak load hours (5 pm to 9 pm), with the HPP operating at
its installed capacity of 315 MW from 6 pm to 8 pm.
During the summer months (June to August), the output
reaches 100 MW during the daytime (7 am to midnight).

Scenario 2 suggests the increase in power output both
from November to February and from July to October, with
the highest level occurring between 6 pm and 9 pm. From
November to December, the output rises to 158, 206, and
315 MW from 3 pm to midnight, while during January and
February, it reaches 158-315 MW from 4 pm to 10 pm.
From July through September, after the reservoir is filled,
the HPP operates around the clock with an output ranging
from 109 to 315 MW.

Scenario 3 is similar to Scenario 1, yet it features a
narrower power output range of 138 to 275 MW during the
winter months.

Modeling of the Egiin Gol HPP during its normal
operating conditions rested on the above-described power
output scenarios (the main one for an average-water year,
and those for high-water and low-water periods). The
developed simulation model calculates the required hourly
turbine flow rate based on the needed HPP power output,
considering changes in upstream and downstream pool
levels, and the operating head. Next, all operational
parameters are calculated for the current hour before
transitioning to the next interval. The hourly results are
then averaged to establish daily operating conditions and
identify peak indicators.

Due to the high intra-daily variability of power output
and water flow rates, the Egiin Gol HPP project includes a
buffer dam and a reregulation reservoir, which would
smooth out the fluctuations in the intra-daily flow into the
downstream pool.

Figure 5 shows the results of modeling the Egiin Gol
HPP based on a continuous inflow series for the timespan
from 1959 to 2022. Under normal water conditions, the
reservoir level ranges between 900 and 910 m. In summer,
the average HPP output is 82.5 MW, with flow rates of
115-130 m?/s, while in winter, it averages 73 MW, with
flow rates of 100-110 m?/s (Scenario 1). Two periods are
observed in the low-water years. These are 1978-1983,
when the reservoir level drops to 889 m, and 2014-2017,
when it decreases to 895 m. During these periods, the
average winter HPP power output is reduced to 51 MW, at
flow rates of 70-90 m3/s (Scenario 3). In high-water years
(1968, 1990, 1991, 1993, 1994, 2021), the summer power
output reaches 82.5-163 MW, at flow rates of 115-
230 m*/s. The winter power output ranges from 89 to
112 MW, with flow rates of 130-170 m?/s (Scenario 2).
After the reservoir is filled to the Full Reservoir Level
(FRL) in high-water years, the average daily HPP output
can rise up to the installed capacity of 315 MW, with a
maximum turbine flow rate of 445 m?/s.

To assess the impact of reservoir filling on downstream
pool flows, three flow scenarios (average, low, and high)
and three environmental (minimum) flow scenarios were

TaBLE 1. Changes in Average Monthly Flow Rate at Naushki Gauge Station According to the Egiin Gol HPP Reservoir Filling
Scenario During Average Water Years (1999-2002)

Deviation (regulated), m%s

Exceedance probability (regulated), %

Natural flow . . . . . . Exceedgr_lce

Year  Month rate, m¥s Scenario Scenario Scenario Scenario Scenario Scenario  Pprobability

1 2 3 1 2 3 (natural), %
1999 8 609 -299 —244 -239 96.1 91.6 91.1 59.6
2000 7 279 -160 -155 -130 98.9 98.7 97.7 88.1
2000 8 276 -178 -123 -118 99.9 99.9 99.9 97.9
2000 9 329 -183 -143 -133 99.1 97.4 96.9 83.4
2000 10 220 —73 —68 -53 99.2 99.0 98.1 92.2
2001 7 443 —258 -253 -228 95.9 95.7 93.9 68.2
2001 8 442 -294 -239 -234 99.9 99.8 99.7 82.6
2001 9 339 -183 -143 -133 98.7 96.9 96.2 82.1
2001 10 263 0 -85 -70 83.2 97.4 96.0 83.2
2002 5 313 0 0 -99 0 0 97.5 80.3
2002 7 272 0 0 -110 0 0 97.2 88.8
2002 8 217 0 0 0 0 0 99.7 99.7
2002 9 210 0 0 0 0 0 96.0 96.0
2002 10 202 0 0 0 0 0 95.0 95.0
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Fig. 6. Flow rate variation chart for the Selenga river (Naushki gauging station) for 2006, showing the 50% annual inflow
exceedance probability for the HPP reservoir (1 — boundaries of natural flow, 2 — actual flow for 2006, 3 — regulated HPP flow,

4 — average natural flow).

used: 1) a baseline scenario with a constant design flow rate
of 40 m3/s (except for months when inflows are below
40 m%/s); 2) a flow rate with at least 99% exceedance
probability for each month; 3) a flow rate with at least 95%
exceedance probability for each month.

The period between 1999 and 2002 was selected to
represent an average flow year. For this period, the
operating conditions were modeled using three reservoir

filling scenarios, identifying months with critical
exceedance probabilities (above 95%, Table 1). As seen in
the Table, the third filling scenario is the closest to the
natural conditions, having minimal impact on the change
in the hydrological regime at the Naushki gauging station.
Under natural conditions, the exceedance probability of
average monthly flow rates exceeded 95% only four times
during the observation period: in May 1998, August 2000,

TABLE 2. Changes in the Average Monthly Flow Rates of the Selenga River (Naushki) with the 50% Exceedance Probability of
Annual Inflow into Hydropower Plant Reservoir in 2006

Flow rate, M%/s Deviation Exceedance probability, %
Month Natural Regulated md/s % Natural Regulated
1 39 114 75 192.3 78.7 2.6
2 33 114 81 245.5 78.6 04
3 35 34 -1 -2.9 86.2 88.3
4 138 110 —28 -20.3 96.3 99.2
5 348 305 -43 -12.4 70.4 82.2
6 355 396 41 115 66.1 56.8
7 849 590 —259 -30.5 24.3 49.5
8 696 672 —24 -3.4 48.8 51.6
9 286 250 -36 -12.6 88.8 92.5
10 287 285 -2 -0.7 77.2 77.8
11 165 231 66 40 34.7 9.5
12 58 143 85 146.6 73.8 4.0
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monthly values).

August 2002, and September 2002. For all considered
scenarios, the exceedance occurs in 8 or more months.

The exceedances partially persist for the
Novoselenginsk and Mostovoy gauging stations. The flow
rate at the Mostovoy station determines the inflow into
Lake Baikal, which could potentially conflict with its
environmental requirements.

The primary role of the Egiin Gol HPP in the power
system is to cover intraday load variations. Varying
hydrological conditions must be factored in by modeling
for various Eg River flow rate exceedance probabilities,
ranging from 99% to 1%.

Figure 6 illustrates flow rate deviations in the regulated
regime compared to natural conditions at the Naushki
gauging station under average water conditions. The
Figure highlights the range of natural flow rate variations
based on accumulated statistics, along with actual and
regulated average monthly indicators.

The chart shows that the winter months are critical,
particularly February, when the average monthly
exceedance probability drops from 79% to 0.4% (the flow
rate exceeds the maximum recorded historical indicator for
February). Table 2 presents the changes in flow rates, the
difference in absolute and relative indicators, and the
exceedance probability for both natural and regulated
conditions.

The exceedance probability surpasses 95% in April,
when the flow rate declines from 96.3% to 99.2%. The
violations of exceedance probability below 5% are
observed during the winter months: January (a decrease
from 78.7% to 2.6%), February (a drop from 78.6% to
0.4%), and December (a decline from 73.8% to 4%). These
winter months show an increase in flow rates by 192.3%,
245.5%, and 146%, respectively. Overall, the exceedance
probability violations occur at the Naushki gauging station
during the winter months, characterized by a significant
increase in flow rates, and in certain summer months.

Figure 7 shows the regulated flow deviations from
natural conditions across all months for the low-water year
2002.

Winter flow rates vary significantly for all gauging
stations, which underscores the necessity of special
environmental research. The charts are generated
automatically after modeling the regimes with the specified
parameters. Particular attention should be paid to flow rates
that exceed the recorded maximum average monthly
indicators. For example, at the Naushki gauging station, the
flow rate increases by 120% in a low-water year and by
180% in an average year relative to the maximum indicator
recorded in February based on statistics accumulated for
the timespan from 1955 to 2023.
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1V. CONCLUSION

The system of models designed to assess the impact of
HPPs planned in Mongolia on hydrological regimes makes
it possible to conduct comprehensive studies on the
selection of optimal dam sites and construct bathymetric
curves of reservoirs for identifying the hydropower and
water management scenarios that enable the assessment of
the impact of regulated operations on the downstream
hydrological regime. The models built were employed to
preliminarily assess the impact of the planned Egiin Gol
HPP on the hydrological regime of the Russian part of the
Selenga river. The findings indicate significant potential
changes in flow rates during the winter months. These
changes create potential threats to the health of the
ecosystems of both the Selenga river and Lake Baikal.
Furthermore, during low and average water years, risks of
reduced flow rates arise, which may also negatively affect
the river and lake ecosystems.

The developed models and software are fully adaptable
to the new operational management requirements of the
planned Egiin Gol HPP and can also facilitate the
exploration of other hydropower projects.
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