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LATTICE DYNAMICS CALCULATIONS FOR
Mg, Zn O SOLID SOLUTIONS
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*e-mail: tipaldi@cfi.lu.lv

In this study, Mg, Zn O solid solutions are studied by modelling lattice dynamics, using
the methods of classical molecular dynamics. These time-efficient methods are of great interest
since they allow using large crystallic structures, which reduce artificial defect periodicity. The
main program used is General Utility Lattice Program (GULP). The Buckingham potential is
used for modelling interatomic forces. The parameters for this potential are found for different
effective ionic charges by using lattice parameters and vibrational frequencies obtained from
ab initio calculations performed in the program CRYSTALI4. With these potentials, the dis-
persion relations and densities of states have been calculated for MgO, ZnO and Mg, Zn O.
Calculations have been made for different Mg and Zn contents in the wurtzite and cubic phase
solid solutions, respectively, using the supercell method and a large number of Brillouin zone
sampling points.

New interatomic potentials for interactions Mg-O, O-O, Zn-O have been obtained. These
potential parameters have been verified and the phonon dispersion curves and DOS for MgO and
ZnO utilising these potential parameters have been compared to other studies, both experimen-
tal and theoretical. By adding more Zn in the cubic phase (c-MgO) solution, no local vibrational
modes are observed; however, there is a clear spectral widening and anoticeable change in the low
frequency region (100-300 cm™') of the DOS. Adding more Mg in wurtzite phase (w-ZnO) solu-
tion, on the other hand, results in local vibrational modes in the mid (350 cm™') and high frequency
(650 cm) regions.

Keywords: Concentration, crystals, lattice dynamics, MD calculations, solid solutions,
structure.



1. INTRODUCTION

Theoretical calculations can be used
for description of crystal lattice dynamics.
There are multiple determination methods
of accuracy and efficiency. Some, such as
ab initio, calculations are done from funda-
mental quantum mechanical principles and
are remarkably accurate, but these require
large amounts of computation power and
time. Other methods, such as classical
molecular dynamics (MD), are done using
classical approximations and these require
much less time; however, their accuracy
can be limited and is highly dependent on
the interatomic potential functions [1].

A great deal of interest has recently
arisen around the solid solution of ZnO and
MgO denoted as Mg, Zn O [2]-[6]. These
have applications in optoelectronic devices,
such as UV detectors, since the band gap of

2. THEORY

Mg, Zn O is variable by the component of
each constituent metal in the solid solution
and it ranges from 3.37 eV (wurtzite phase)
to 7.8 eV (cubic phase). The research of this
material is multifaceted, but this study spe-
cifically concerns lattice dynamics and pho-
non spectra. The vibrational information of
a material is useful in order to inquire about
a multitude of its properties.

One important issue with theoretical
lattice dynamics calculations is artificial
defect periodicity, which arises because
supercells are used to describe the structure
and their size is limited by computing power
and time restrictions. The main goal here is
to use the time-efficient classical MD and
supercell methods to obtain phonon spectra
for Mg, 7Zn O of many different Mg and Zn
concentrations.

MgO and ZnO are inorganic, non-
metallic compounds. MgO in normal condi-
tions forms a FCC rock-salt structure (Fig.
1) with space group symmetry Fm3m (No.
225) [7], [8]. The chemical bond between
Mg and O is mostly ionic with some cova-
lency. ZnO in normal conditions forms a
wurtzite structure (Fig. 2) with space group

(b)

— Mg

® -0

Fig. 1. c-MgO structure.

symmetry P6 mc (No. 186) [7], [8]. Zn and
O form a semi-ionic and semi-covalent
bond. The two oxides can be dissolved
into one another by using vacuum anneal-
ing methods. In the literature, it has been
established that Mg dissolves in w-ZnO up
to about 33 %, while Zn dissolves in c-MgO
up to about 50 % [2]-[4], [9].

® -0

Fig. 2. w-ZnO structure.



Classical MD calculations are based
upon energy minimisation for a given struc-
ture. The crystal lattice is described by
point masses representing the atoms con-
nected by springs representing the chemical
bonds. Each interatomic bond is described
by a potential function, which describes the
dependency of potential energy from the
interatomic distance. Such functions are
many but one of the most popular and the
one used in the work is the Buckingham
potential, which is in the form [10]:

V(r) = Aexp(—pr) — r—cﬁ )

The Buckingham potential describes
both attraction and repulsion between the
atoms, which are due to the Coulomb elec-
trostatic forces and the Pauli exclusion prin-
ciple [11]. Furthermore, a core-shell model
is used for the oxygen atoms. In order to
properly describe the lattice dynamics of
a structure, the appropriate energy mini-
mum must be found for the structure and it
requires the fitting of the potential function
to some input values. Such input values are
the lattice parameters, phonon modes and
frequencies, elastic constants etc. For the
Buckingham potential, the parameters that
require fitting are A4, p, C, the core-shell
interaction requires fitting the constant k
and, in addition, the charges of the cores
and shells of ions involved in the Coulomb
interaction are necessary.

The calculations in this work were done
using two programs — CRYSTALI4 [12],
[13] for ab initio calculations and General
Utility Lattice Program (GULP) [14], [15]
for classical MD calculations. 4b initio cal-
culations in this work were used in order to
obtain input data for GULP. The input data
consisted of lattice parameters of the oxides
and their phonon modes and frequencies in
the I' point of the first Brillouin zone.

The method is such:

1. In CRYSTALI4, the structures of MgO
and ZnO are found (lattice parameters)
and their I' point phonon modes calcu-
lated.

2. Using these input data in GULP, the
interatomic potential parameters are fit-
ted for metal-oxygen and oxygen-oxy-
gen bonds.

3. Using the fitted potentials, the phonon
DOS and dispersion for MgO and ZnO
are calculated and compared to the lit-
erature.

4. For the Mg 7Zn O solid solutions,
supercells are constructed and opti-
mized for every different Mg and Zn
component.

5. Phonon DOS are calculated for each
solid solution, multiple configurations
checked for one arbitrary concentration.

In CRYSTALI4, the ab initio calcula-
tions are done using DFT with the func-
tional B3LYP. The Gaussian type atomic
basis sets for the elements can be found on
the CRYSTAL website [16].

The interatomic potential fitting in
GULP requires some initial parameters to
be input in the program. These initial Buck-
ingham potential parameter values for the
Mg-O, Zn-O and O-O interactions were
taken from the literature — the work of Lewis
and Catlow [17], where they published their
potential parameters for c-MgO, and the
dissertation of Binks [18], where potential
parameters for w-ZnO were given — and
the fitting done from there. Effective ionic
charges, however, were fitted manually by
approximating the experimental MgO and
ZnO LO and TO phonon frequencies in the
I’ point. These were split in two because the
electric charge and the chosen ionic charge
dictated the amount of splitting. Concerning
the Mg, _Zn O solid solutions, the choice of



potential parameters was to use the obtained
0O-O interaction parameters from c-MgO
for the cubic phase of Mg, Zn O and O-O
interaction parameters from w-ZnO for the
wurtzite phase of Mg, Zn O.

3x3x3 supercells were used for Mg,O,
and Zn,0,, yielding structures of 216 and
108 atoms, respectively. The configura-

3. RESULTS AND DISCUSSION

tions of the atoms were set using a random
number generator. For DOS calculations,
8000 BZ k points were sampled for MgO
and 15625 k points for ZnO in order to
achieve the same spectral resolution. All
of the dynamics calculations were done at
a constant temperature of 0 K and pressure
of 0 Pa.

The potential fitting yielded new param-
eters for the interactions in the c-MgO and
w-ZnO structures (Tables 1 and 2). The

Table 1. Fitted Parameters for MgO

ionic charges were chosen as 1.6e for both
metal cores and 0.87e and -2.47¢ for the
core and shell of oxygen, respectively.

A, eV p, A C, eV*A from, A to, A k, eV/A?
Mg-O 29208.28 0.182 0.000001 0.0 8.0
0-0 184.74 0.448 0.000072 0.0 12.0 79.48
Table 2. Fitted Parameters for ZnO

A, eV p, A C,eV*A from, A to, A k, eV/A?
Zn-0 1136.82 0.296 0.046 0.0 8.0
0-0 8663.60 0.440 7031.16 0.0 12.0 30.03

The obtained potential parameters were
verified by performing calculations for pho-
non DOS and dispersion in MgO and ZnO.

800
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The obtained DOS and dispersion curves
(Figs. 3 and 4) were compared to those
found in the literature.

N

r L p

Fig. 3. Phonon DOS and dispersion in MgO using classical MD,
from this study.
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Fig. 4. Phonon DOS and dispersion in ZnO using classical MD, from this study.

The phonon dispersion and DOS of
MgO were compared to the study of Al-
Qasir et al. [19], specifically Fig. 3 where
phonon dispersion and DOS curves were
obtained both from ab initio calculations
and neutron scattering. The phonon prop-
erties of ZnO were compared to the study
done by Mankad et al. [20], specifically
Fig. 4 showing dispersion and DOS curves
for bulk ZnO.

In these comparisons, it was observed
that the potential parameters had enough
accuracy to describe in a realistic manner
the lattice dynamics of the two oxides. The
frequency values at BZ symmetry points
were close in both comparisons between
works. While there were some differences
in the phonon dispersion curves in each
of the comparisons, the overall nature and
main characteristics of these dispersions
were similar. The phonon DOS in both cases
showed a larger similarity. The differences
might in part be due to the different effec-
tive ionic charges used in each calculation
which was also due to the lack of a charge
fitting algorithm available in the program
GULP. In spite of those differences, how-

ever, it was decided that the potentials were
credible enough and could be used for fur-
ther calculations.

The main calculations in this work con-
cerned the phonon DOS of the Mg, Zn O
solid solution. For this purpose, supercells
were constructed for cubic and wurtzite
structures and different solute concentra-
tions were dissolved in these structures.

For the cubic phase of Mg, Zn O, the
Zn concentrations (X) used were:
0.0000 (0 atoms), 0.0093 (1 atom),
0.0648 (7 atoms), 0.1296 (14 atoms),
0.2500 (27 atoms).

For the wurtzite Mg, Zn O phase, the
Zn concentrations (X) used were:
1.0000 (54 atoms), 0.9815 (53 atom),
0.9444 (51 atoms), 0.8704 (47 atoms),
0.7407 (40 atoms), 0.5000 (27 atoms).

The upper limits for concentrations
were chosen by observing when the solid
solution transformed into a mixed-phase
upon optimization. At around 33 % Zn con-
tenty, the cubic structure started to deform
and change.
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Fig. 5. Phonon DOS for cubic Mg, Zn O at different Zn concentrations.
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Fig. 6. Phonon DOS differences between the different cubic solid solutions and pure MgO.
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Fig. 7. Phonon DOS for wurtzite Mg, _Zn O at different Zn concentrations.
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Fig. 8 Phonon DOS differences between the different wurtzite solid solutions and pure ZnO.

The figures above show the changes to
the phonon DOS of Mg, Zn O with vary-
ing Zn content. In the case of cubic phase
Mg 7Zn O where Mg is in the majority
(Figs. 5 and 6), the increase in Zn content has
an effect most strongly seen as the broaden-
ing of the spectral peaks. The main MgO
peaks at around 350 cm™ become broad and
merge with each other. This is because of
the increase in disorder of the crystal, which
lowers the symmetry and makes previously
degenerated phonon modes distinguish-
able. There are no distinct local vibrational
modes of Zn and O, but new vibrational fre-
quencies do start to appear in the low fre-
quency region at around 150 cm™, as well as
around 420 cm™. There is as well an over-
all shift toward lower frequencies, which is
due to the larger mass of the Zn atom.

4. CONCLUSIONS

In the wurtzite phase of Mg, Zn O
where Zn is in the majority (Figs. 7 and 8),
an increase in Mg content has a different
effect on the DOS than in the previous case.
There is not so much a spectral broadening
but there are very distinct local vibrational
modes of Mg and O appearing in the pho-
non band gaps of ZnO (300400 cm! &
above 550 cm™). There are the character-
istic modes at ~350 cm™ and also at high
frequencies above 620 cm™. Only at high
concentrations of Mg do the DOS peaks for
ZnO start to broaden. The Mg and O local
mode frequencies appearing in the high
region, however, show that the interaction
between Mg and O is stronger than between
Zn and O. This together with the lower
mass of the Mg atom explains the overall
DOS shift toward higher frequencies.

The phonon DOS peaks for Mg, Zn O
in the cubic phase become broader with
increasing Zn content and the DOS curve
in general tends toward lower frequencies.
The phonon DOS peaks for Mg, Zn O in
the wurtzite phase show less broadening;
however, there are distinct local modes
appearing with increasing Mg content and

generally the DOS tends toward higher fre-
quencies. The interaction Mg-O is stronger
than the interaction Zn-O. Classical MD in
conjunction with ab initio calculations is a
powerful method for lattice dynamics cal-
culations, especially when researching and
modelling material defects and solid solu-
tions where large structures are of interest.



Interatomic potentials can be found such
that they describe lattice dynamics to a
good degree of accuracy. New interatomic
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The aim of our paper is to evaluate the maximum Shannon (syntactic) information carried
through a video lecture. To achieve the aim, we have considered a natural lecture delivered
by a lecturer as a signal transmitted over the physical communication channel consisting of
a sound sub-channel and light sub-channel. Receivers are eyes and ears of listeners whose
physical characteristics are taken into account. The physiological, neurological and cognitive
aspects of the problem are neglected in calculations. The method has been developed to calcu-
late the absolute maximum values of Shannon information characteristics of a natural lecture
basing on the capacity formula of continuous communication channel and physical consider-
ations taken into account for the first time, to our knowledge. Maximum Shannon information
characteristics (entropies of sound and light frames, amounts of total acoustical and optical
information, capacities of sound and light sub-channels, total amount of information and total
capacity) of a natural lecture perceived by the audience have been calculated. These values are
the upper bounds of a video lecture. The obtained results are discussed in the paper. After some
modification, the proposed method can be practically applied for the optimization of both
natural and video lectures because there is some correlation between syntactic and semantic
information characteristics.

Keywords: Channel capacity, communication channel, entropy, lecture, semantic infor-
mation, syntactic information, video lecture.
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1. INTRODUCTION

Conceptually, information can be
thought of as being stored in or transmit-
ted as variables that can take on different
values. Informally, we obtain information
from a variable by looking at its value, just
as we receive information from an email by
reading its contents. In the case of the vari-
able, the information is about the process
behind the variable [1]. Generally, there are
two kinds of information, which are impor-
tant with respect to a lecture. Shannon
information provides the so-called syntac-
tic information, which reflects the amount
of statistical correlation between systems.
By contrast, semantic information refers to

n

Z (z:) I(z:) =

i=1

H(X)= Zp x;) log,

It depends only on the statistic nature of
the message source expressed by message
probabilities p(x). Here b=2 corresponds to
the binary logarithm, and # is the number of
messages [3].

Different applications of Shannon
entropy are used to evaluate the information
content of videos. As a rule, this entropy (or
quantities related to it, such as mutual infor-
mation, joint entropy, conditional entropy)
is calculated by computer programs (e.g.,
[4]) within each 2D video frame based
on intensity and colour of frame elements.
However, entropy there is in relative units
and serves to evaluate the changes. Analo-
gously, the speech entropy is calculated and
used [5].

Based on the differences between
video frames, the entropy is able to serve
as a measure of the complexity of changes.
Due to content dependency, however, the
relative entropy changes in the sequence of

1
plz
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information, which is in some sense mean-
ingful for a system, rather than merely
statistical [2]. The aim of the paper is to
calculate the maximum syntactic Shannon
information delivered in a video lecture. To
achieve the aim, the delivery process of a
natural lecture is considered from the physi-
cal point of view. Further in the paper, we
always mean the Shannon information and
the quantities related to it, if not mentioned
otherwise.

Shannon entropy of the message
ensemble X consisting of messages x, is the
average amount of information /(x) con-
tained in a message:

=Y " pla;)log, p(z;). (1)
i=1

il

video frames, being a better indicator for
detection [6].

Experimental video results of Xuguang
Zhang [7] have shown that the panic crowd
motion state has higher entropy, and the nor-
mal crowd state has lower entropy. When
a panic behaviour of a crowd occurs, the
pedestrians often move hurry-scurry. As the
pedestrians are moving, the attributes (such
as gender and age) of pedestrians are differ-
ent. The speeds of the movements of indi-
viduals are also different. The motion infor-
mation of the body parts (arms, torso and
legs) of an individual is also different. The
motion flow of the crowd video represents
a state of disorder. In 2016, Luo also pro-
posed a detection algorithm based on skel-
eton entropy by using the information from
RGBD videos [8]. The entropy is analysed
in terms of the angles of the body skeleton
to find whether the values of the information
entropy are significantly higher in abnormal



videos than in normal videos in order to
detect the most abnormal behaviours, such
as fight, robbery and chaos. The principle of
the highest frame entropy changes is used
in video advertising [9]. The joint entropy
changes and conditional entropy changes of
x and y coordinates are used for the clas-
sification of landscapes [10]. Cernekova et
al. have demonstrated that mutual entropy
and joint entropy between the frames can be
used to detect cuts and extract key frames
[11].

There are also other applications of
Shannon entropy, for example, in video
compression [12] and security [13]. An
important achievement is Memorability-
Entropy-based  video  summarization.
Authors predict the memorability score
by using the fine-tuned deep network and
calculate the entropy value of the images.
The frame with the maximum memorabil-
ity score and entropy value in each shot is
selected to constitute the video summary.
Memorability is the quality of being worth
remembering [14].

However, the authors are mostly inter-
ested in entropy and related information
characteristics to improve the efficiency of
video lectures. Thus, entropy can be cal-
culated for random time slot of a random
video lecture captured in classroom and for
the same length of video lecture followed
by a set of rules on how to produce a good
video lecture [15]. These rules have already
given some results while transmitting infor-
mation to people. Prior studies have inves-
tigated the effect of instructional video on
learning outcomes [16]. Thus, it is empiri-
cally shown that there is some correlation
between Shannon entropy of videos and the
efficiency of video lecture, i.e., the semantic
information content.

For further development, it would be
important to have not only relative infor-
mation characteristics of videos, but also

14

absolute ones. As far as we know, there are
no papers dealing with the absolute Shan-
non information carried by lectures or by
natural scenes. Therefore, the method of
expert evaluations of the quality of lectures
is used [17]. Basing on Shannon’s commu-
nication theory (see Section 2), we propose
a method how to calculate Shannon infor-
mation delivered in a natural lecture using
only physical properties of human sensors
(eyes and ears) and neglecting any physio-
logical processes in the brain, which are too
complicated to be taken into account in this
first calculation attempt. We quantitatively
evaluate the maximum Shannon (syntac-
tic) information, which can be physically
delivered in a lecture of a certain length and
perceived by the audience. As mentioned
above, syntactic information refers only to
the quantity of unexpected data not to their
meaning. We suppose that a lecturer speaks
and shows slides and demonstrations for a
certain period of time. Thus, the audience
receives a certain amount of optical and
acoustical information by means of eyes
and ears. This is the maximum possible
information. If the lecture is captured by the
video with sound and later reproduced, the
information delivered in this video lecture
will be reduced because of technical limita-
tions of video recorder (limited optical and
acoustical bandwidths, etc.).

In this article, natural lecture delivered
by a lecturer is treated as a noiseless com-
munication channel consisting of a sound
sub-channel and light sub-channel. Maxi-
mum transmitted total amount of informa-
tion in both sub-channels and in the whole
channel is calculated as well as the corre-
sponding channel capacities. Further math-
ematical and experimental development of
the presented approach can be applied for
the optimization of both natural and video
lectures.



2. METHOD

The idea to calculate the Shannon infor-
mation of a lecture is based on the capac-
ity formula of continuous communication
channel:

C =max I(X,Y) bits/sample,

sample

2

where /(X,Y) is an averaged mutual infor-
mation of ensemble of received signals Y
with respect to ensemble of transmitted sig-
nals X per sample[3, p.586]. If the channel
has a fixed bandwidth B, then the maximum
signalling rate is Nyquist rate 2B accord-
ing to the sampling theorem, and channel
capacity is as follows:
C=2Bmax I(X,Y), bits/s. 3)
Transmission of a lecture to the audi-
ence can be regarded as a communication
channel consisting of a sound sub-channel
and a light sub-channel. They have differ-
ent known frequency bandwidths deter-
mining the maximum signalling rates. The
main problem is to determine the mutual
information of sound sub-channel and light
sub-channel. However, we can avoid this
problem neglecting the noise. In this case,
mutual information in each sub-channel

can be replaced by its Shannon entropy
H(X) [3]. However, for continuous signals
the probabilities of their values x p(x)=w(x)
dx in Eq. (1) become infinitesimally small
(here w(x) is the differential probability dis-
tribution function). To overcome this prob-
lem we assume that we can approximately
replace infinitesimally small probabilities
p(x)=w(x)dx by small but finite probabili-
ties p(x)=w(x)4x, which can be numerated.
Shannon entropies can be calculated by
appropriate quantization of different param-
eters x coding the transmitted information
(e.g., sound and light intensity or frequency)
in intervals 4x. In this article, we are inter-
ested in the maximum Shannon informa-
tion; therefore, quantization intervals are
determined based on the human resolving
power of coding parameters. Thus, based
on this hypothesis, we can calculate not
only the maximum Shannon entropies of
sound and light channels but also maximum
capacities of these channels and transmitted
information during the lecture.

Further we shall explain our method in
more detail using as an example the woman
lecturer who delivers a lecture, the duration
of which is ten minutes (¢ = 10 min).

3. DETAILED EXPLANATION OF THE METHOD RESULTS

At first, we consider sound and light
sub-channels separately.

3.1. Entropy of the Sound Channel

We assume that the lecturer is a
woman whose voice is soprano. Her speech
is characterised by sound intensity, /, sound
intensity modulation frequency bandwidth,
F and by sound frequency, f.. Funda-

s mod’
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mental frequencies of soprano belong to
the spectral interval f, = 260-1050 Hz [18].
They bring the main sound energy of the
speaker. In the case of soprano singer har-
monics up to the fourth can also play a sig-



nificant role [19]; however, our woman is
a lecturer, not a singer. Thus, we assume
that her sound frequency bandwidth is F, =
790 Hz. Humans can perceive sound mten—
sity changes with the modulation band-
width of about = 500 Hz [20]. This
means that we can hear faster than we see
because the corresponding light intensity
modulation bandwidth for humans is only
about 10 Hz (see Section 3.3). It should be
stressed that both intensity bandwidths refer
to the envelope function of intensity time
dependence.

Due to the limited sound intensity mod-
ulation bandwidth, the sound signal can
be sampled with the sampling time inter-
val [3]:

1
=1x1073s

At .= —F7nr—
g ZXFsmod ’

and we can consider only sampled
moments instead of the continous time.
At each sampled time moment, the listen-
ers perceive the sound frame — the sound
spectrum [ (f,), which carries the spectral
sound information at the given moment
(this is necessary because only the envelope
of sound intensity time dependence is taken
into account for sampling). In principle,
there is an infinite number of possible sound
frames at the certain sampled moment of
time because sound intensity and frequency
vary continously. As mentioned above in
Section 2, we have to make these variables
discrete. On the other hand, this quantiza-
tion occurs naturally because the human ear
has limited intensity and frequency resolu-
tion power. Thus, a sound frame is a 2D
message from the point of view of commu-
nication theory. The lecturer is a source of
these messages, which follow at frequency
2F .. The average information per such a
message by definition equals the Shannon
entropy of the ensemble of all such mes-
sages according to Eq. (1).
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p(x)=1/n,

Thus, the calculation of the Shannon
entropy is based on the making discrete
the sound frame variables, /_and /., taking
into account the resolution power of human
ear. We divide the sound frequency in inter-
vals 4f =1 Hz [the minimum frequency
difference which can be resolved by ear
[217] and sound intensity intervals Al =
1.2x107° W/m? corresponding to the mini-
mum noticable sound pressure changes of
0.5 dB [22]. Thus, there are

70799
Af. 1

discrete sound frequency intervals. If we
assume that the highest sound intensity of
the speaker corresponds to fortissimo (100
dB or 102 W/m?), then (keeping only inte-
gers because fractional sound intensity
interval cannot be resolved by a human ear)
we have

1

S max

A[S

107

BEN

sound intensity intervals which can be
resolved by the ear. In this way, we can divide
the sound frame into N=790x8333=
6583070 2D (Al xAf,) cells.

Depending on the sound signal, each
cell can be either filled or empty. For sim-
plicity we assume that the fulfilment proba-
bilities are equal for all cells. Sound frames
differ by the number and distribution of
filled and empty cells. As mentioned above,
each frame can be regarded as a message.
To get the maximum frame entropy the
probabilities of these messages should be
equal [3]. This can be readily seen from the
Shannon entropy expression (1) letting all
the probabilities of n messages to be equal:

“4)

H(X) =log, n. (%)



How many messages are there? For the
fixed number of filled cells, &, there are C, k
messages, where C, *is the number of com-
binations for fixed k of aset of N _elements.
Number £ can vary from 0 to NV, . Therefore
we have to sum all C,, * for k= 0, 1,2,
and to obtain the number of combinations
for all k£ . The result is [23]:

N

> ch =2

k=0

(6)

Thus, the number of messages is n = 2™
and the maximum entropy of the sound
frame is [3]:

H

§ max

=log, 2" =N. 7

Previously, we have found that N,
6583070; therefore, H = 6583070 b1ts

3.2. Total Maximum Information in the Sound Sub-channel

and its Capacity

Let us find the total maximum informa-
tion transmitted over the sound sub-chan-
nel. During the lecture of duration ¢ = 600s,
the number of transmitted sound frames is:

t 600

= 600000

At

1x107

Each sound frame carries the maximum
average information H_ = 6583070 bits
as shown in the previous section. Assuming
that all messages (sound frames) are statis-
tically independent, we find that the total
maximum transmitted information over the
sound sub-channel is [3]:

t
Infos max — [A_fS] X Hs max . (8)

Putting all the known quantities t=600s,
3.3. Entropy of the Light Frame

We consider the optical information
transmission in light sub-channel analo-
gously to that of sound sub-channel. Light
sub-channel is characterized by the light
intensity /,, light intensity modulation fre-
quency bandwidth L nogdescribing the speed
of the light intensity temporal changes light
frequency f, determining the image colours
(we neglect the eye sensitivity spectral
dependence), field of view angles along the
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At =1.0x10"s and H, M— 6583070 bits
in Eq.8) yields Info L= 3.95x10"
bits. Here and further we keep the number

of digits to have accuracy not worse than
0.3 %.

The communication channel capacity is
defined as the maximum amount of infor-
mation transferred per second [3]. Thus, the
maximum capacity of our noiseless sound
sub-channel is:

_ Hs max

T At

C _ Infos max
smax — t

©)

Putting the above-mentioned values of
Info, andt orof H  andIz in Eq. (9),
we get CS o = 0.58% 109 bits/s.

transversal coordinates of the scene x and y,
0.and 0 , and the transmission time #, which
is the same as for the sound sub-channel.
The maximum light frame (image) rate
is determined by the light intensity modula-
tion bandwidth of eye, F, , which is equal
to 10 Hz at the eye contrast sensitivity func-
tion level of 200. This level corresponds to
the light intensity resolution of 0.5 % by the
human eye. Smaller intensity differences



cannot be resolved [24]. This means that
there are

1

Imax __

1

=200
Al 0.005

discrete detectable light intensity intervals.
On the other hand, according to the sam-
pling theorem, light intensity envelope time
dependence can be sampled with the sam-
pling time interval

1 1

= =5x107s .
2x10Hz

At =
2x F

I max

For fixed sampling time, the audience
perceives optical image, the light frame,
determined by the light intensity /, depen-
dence on f, 6 and Gy. This image is a 4D
message from the point of view of Shan-
non’s information theory. Again, the aver-
age information per such a message by defi-
nition equals to the Shannon entropy of the
ensemble of all such messages, as shown
in Eq. (1).

Further, light frame entropy calculation
is analogous to the sound frame entropy
calculation described in Section 3.1. We
divide the light frequency into intervals Af,=
3.0x10"Hz. This is the minimum fre-
quency difference which can be resolved by
eye [25]. The visible spectral range in video
lecture we assume to be from 400 to 750
nm [26] which corresponds to the light fre-
quency range I, = 3.5 10" Hz. Thus, there
are (keeping again only integers)

.. F @
X—X

_ “Imax

AL AT NG A6

We can directly apply Egs. (6) and (7)
to the light sub-channel replacing the num-
ber of 2D cells N, by the number of 4D
cells N, because the result depends only on
the number of cells but not on their dimen-

F, 3.5x10"

S22 116
Af, 3.0x10"

resolvable light frequency intervals.
[Here we would like to stress that the
number of colours perceived by a human
is much larger. Human brain constructs
colours from the perceived frequencies of
different intensities within these intervals.
We are restricting ourselves only to physi-
cal rather than physiological processes
involved in the delivery of lecture.]

The minimum intervals of viewing
angles, 6_and t9y ~are determined by the
accepted minimum detectable light intensity
changes of 0.5% and are equal to 46=15 arc
minutes=4.36x10rad [24]. The maxi-
mum horizontal eye field of view along the
horizontal x-axes is 6 = 160"= 2.79 rad
and along the vertical one Hymf 130°=2.27
rad [18], [27]. Therefore, there are

O 279 0
AO  436x10°
and
0
ymax _ 2.27 =520
A8  436x10

intervals along the 6 and 0 axes, respec-
tively (analogously as in the sound chan-
nel, fractional angular intervals cannot be
resolved by a human eye).

There are N, 4D cells in one light frame,
where

0 max o
smax I 7720960000 ~ 7.72x10°

sionality. Thus,

H, =log, 2"1=N, (10)

I max

and H, = 7.72x10’ bits.



3.4. Total Maximum Information in the Light

Sub-channel and its Capacity

Total maximum information in the light
sub-channel and its corresponding capacity
are calculated in the same way as in the case
of sound sub-channel (Section 3.2). There-
fore,

t
Info; max = E] X H} max (11)
and
Info, . = 60072 x7.72x10° = 9.26x 10" bits .
5x10

Instead of (8) in the light sub-channel
we have

C _ Info; max
ilmax — t

_ HK max

= 12
= (12)

and, consequently, putting the values Info,
and ¢, or H, and 4t in Eq.(10) we get
C,,..~1.54X10" bit/s.

I'm

3.5. Total Maximum Information of the Lecture and the
Capacity of the Lecture as a Communication Channel

The obtained information characteris-
tics of sound and light sub-channels enable
one to find the maximum information and
maximum capacity of the whole lecture by
simply summing the corresponding quan-
tities because we can assume them to be
independent. In this way, the maximum
information delivered by the considered

lecture is as follows:
Info, =Info  + Info (13)

and the maximum capacity of the whole

max I'max’

4. DISCUSSION

lecture channel is as follows:

C

max

C

R G (14)
because amounts of information can be
always summed, and the information trans-
mittance time is the same for both sub-
channels. Putting the corresponding quanti-
ties in Egs. (13) and (14) we get Info, =
(3.95%102+ 9.26x10") bits = 9.65x 10"
bits, and C = (6.58x10” + 1.54x10")

bits/s = 1.61 X 10" bits/s.

It is clearly seen from results of the pre-
vious section that Shannon (syntactic) infor-
mation characteristics of the whole lecture
channel are almost completely determined
by the light sub-channel because informa-
tion carried by the sound sub-channel is
lower by more than one order of magnitude.
The ratio of entropies of light and sound
frames is even higher:

7.72x10°
6583070

Hlmax _
H

Smax
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Thus, the contribution of the lecturer’s
voice to the syntactic information is almost
negligible. At the first glance, this result
seems to be expected because vision ranks
highest in the hierarchy of human senses.
In the lecture, it seems that only the dem-
onstration of slides is necessary. On the
other hand, this is a paradoxical result
because practically we know that the role
of the lecturer is of primary importance.
This paradoxical result is the consequence
of neglecting the meaning of the lecture



when calculating the syntactic Shannon
information. Not only the voice but also the
intonation and gestures of the lecturer play
an important role expressing the attitude of
the lecturer to the content. It should be also
noted that if the lecturer used additional
sound accompaniment, e.g., music, with
larger sound frequency bandwidth up to 20
kHz (the maximum bandwidth of a human
ear [18]), then H_ ., Info ~—and C
would increase by more than one order of
magnitude achieving their maximum possi-
ble values comparable to the corresponding
light sub-channel parameters. This situation
takes place in concerts.

We can compare the above calculated
capacities of sound and light sub-channels
with the known information capacities of
the human hearing and human sight. We
have found that C = 6.58x10 bits/s and
C,,..= 1.54x10" bits/s whereas the capac-
ity of human hearing channel is about 10*
bits/s and human sight channel is about 107
bit/s, respectively, as evaluated by Tem-
nikov et al. [28]. More recent results for
these human sensor channels are similar —
about 10° bit/s and about 107 bits/s [29]. Our
calculated capacity values are larger by 4-5
orders of magnitude.

How such a large difference can be
explained? First of all, we have calculated
the maximum capacity values of a natu-
ral lecture, which serve as upper bounds
of sound and light sub-channels. This
implied that all cells and all frames were
equally probable. Practically this is not
the case because the sensitivity of ears and
eyes are spectrally selective. For example,
the human ear is the most sensitive to the
sounds in the frequency range from 1500
to 4000 Hz, but the human eye is the most
sensitive at the green—yellow light wave-
length of 555 nm (5.4x10' Hz) [18]. Also,
the content of a lecture can influence the
frame probabilities. In our calculations, we
have also neglected the presence of noise in
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both sound and light sub-channels. Finally,
the perceived light and sound informa-
tion transmission in a nervous system and
its processing in the brain are neglected.
It is known that a huge information com-
pression takes place there [29]. Evidently,
optical and acoustical perception systems
of humans are not able to perceive all the
physically available information.

Thus, the obtained results for a natu-
ral lecture are overestimated. Yet, they can
be used as upper limits for corresponding
quantities of a video lecture because the
information characteristics will be much
lower due to the technical limitations of the
video camera.

The proposed calculation method of
Shannon information characteristics can be
used not only to find their maximum val-
ues but also, in more general case, to intro-
duce the probability distributions of cells
in all frames and also to vary the cell size.
The appropriate variations of probability
distributions and cell sizes would enable
one to meet the empirical conditions [15]
of an optimal lecture. Thus, information
characteristics of an optimal lecture could
be calculated. It should be noted that the
mathematical modification of the presented
approach is needed in this case.

The method based on the capacity for-
mula (3) of continuous communication chan-
nel we have proposed in Section 2 and used
to calculate the maximum Shannon informa-
tion characteristics of a natural lecture is not
precise. However, we believe that the method
is logical and the made approximations do
not dramatically change the results. To prove
its practical applicability, further theoretical
and experimental studies are necessary.

In principle, the proposed method is
quite general. It can be also applied for the
calculation of syntactic optical and acousti-
cal information characteristics of any object
in the world, e.g., landscapes and streets
with people, cosmic objects, etc.



5. CONCLUSIONS

1. The method has been developed to cal-
culate the absolute maximum values of
Shannon information characteristics of
a natural lecture based on the capacity
formula of continuous communication
channel and physical considerations
taken into account for the first time, to
our knowledge. After some modifica-
tion, it can be practically applied for the
optimization of both natural and video
lectures because there is some correla-
tion between syntactic and semantic
information characteristics.

2. Maximum Shannon information char-
acteristics (entropies of sound and light
frames, amounts of total acoustical and
optical information, capacities of sound
and light sub-channels, total amount of
information and total capacity) of a nat-
ural lecture perceived by the audience
have been calculated. These values are
the upper bounds of a video lecture.
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The study presents an algorithm and a mathematical model for evaluating the parameters
of the equivalent circuit of an asynchronous electric motor for intelligent monitoring systems.
To identify the parameters of electric motors, a gradient descent method is used to find the
minimum of a positive function. The algorithm and mathematical model were tested not only
theoretically, but also in laboratory experiments. The results obtained proved that the proposed
algorithm was an efficient and accurate method for estimating parameters. Computer model-
ling and experimental research confirmed the possibility of using the algorithm and the device
for identifying parameters in the construction of control systems for a variable frequency drive
with three-phase asynchronous electric motors in practice.
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1. INTRODUCTION

Nowadays, three-phase induction motors
are commonly used in the national econ-
omy, since they have advantages over other
types of motors. Some of the advantages of
induction motors are the following: rela-
tively simple design and operation, low
cost compared to other motors and reliable
operation with minimal maintenance costs.
To implement the control of an induc-
tion motor operating as part of a variable
frequency drive, it is necessary to know
the current values of the parameters of the
phase and load equivalent circuit. During
operation of the induction motor, param-
eters can change for a number of different
reasons. Therefore, in order to implement
more accurate control algorithms that pro-
vide effective energy and resource saving,
it is necessary to evaluate the parameters to
handle variations during operation.

The main parameters that change dur-
ing operation are the following: active
resistances and phase inductances of the
stator and rotor windings, the mutual induc-
tance of the rotor and stator windings, the
total moment of inertia of the moving parts
and the static moment. Usually, a T-shaped
equivalent circuit is used to analyse the
operation of an asynchronous motor. The
practical and theoretical studies on the
field of operation of three-phase induc-
tion motors are timely and promising in all

regions of the world. They reflect different
approaches to solve the set goals, which
are of considerable theoretical and practi-
cal importance. For example, studies have
shown that changes in the active resistance
of the stator winding in the intermittent
periodic duty mode can be up to 30 %. At
the same time, the direct start mode can
change the inductance up to 40 %, and the
active resistance of the rotor will increase
by more than one and a half times.

All of these examples indicate that
information about engine parameters dur-
ing operation is very important. Unfortu-
nately, in practice, a significant part of the
electromagnetic parameters at any given
time cannot be measured due to the lack of
widespread implementation of stationary
digital oscilloscopes with high resolution.
For all these reasons, researchers are devel-
oping different theoretical approaches and
methods for parameter estimation and cor-
responding equivalent circuits [1]-[7].

Thus, the aim of the study is an algo-
rithm for identification of the parameters of
the phase and load equivalent circuit: active
resistances and phase inductances of sta-
tor and rotor windings; mutual inductance;
the total moment of inertia of moving parts
and static moment by applying of gradient
descent method.

2. INDUCTION MOTOR DRIVE WITH IDENTIFICATION DEVICE

Asynchronous motors with a squirrel-
cage rotor are most often used in the opera-
tion of drives of general industrial mecha-
nisms, and preference is given to drives
according to the “frequency converter —
asynchronous motor” (FC-AM) scheme. In
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this case, for effective control of an induc-
tion motor (IM) operating as part of a vari-
able frequency drive, the current values of
the parameters of the phase and load equiv-
alent circuit are mandatory information.
The main parameters of the T-shaped



equivalent circuit of the IM phase are the
following: active resistances and phase
inductances of the stator and rotor wind-
ings, as well as mutual inductance. Also,
the total moment of inertia of the moving
parts and the static moment are the most
significant load parameters. It should be
noted that all these values change during
motor operation. For example, changes in
the active resistance of the stator winding in
intermittent operation can reach 30 % and
the active resistance of the rotor can change
more than one and a half times. In the case
of using the direct start mode, the inductive
reactance can vary up to 40 %. All of the
above indicates that it is important to deter-
mine the current values of the parameters
directly during the operation of the motor.

Unfortunately, significant part of the
parameters cannot be measured directly.
Therefore, in order to implement the most
accurate control algorithms that provide
effective energy and resource conservation,
it is necessary to identify the listed param-
eters. On the way to creating identification
methods, the following difficulties are most
often found:

» Excessive requirements for the comput-
ing resources of the microcontroller;

*  The computational complexity faced in
real-time implementation;

» Inappropriateness of using expensive or
inconvenient sensors in operation;

» The presence of contradictions between
the speed, accuracy, reliability and high
cost of the identification procedure
(cost of equipment, payment of highly
qualified personnel).

For these reasons, it is proposed to
identify the parameters of an asynchronous
motor on the basis of a gradient descent
method for finding the minimum of defi-
nitely positive functions from the residuals
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of the equations of the electric motor. Gra-
dient descent is used when the parameters
cannot be calculated analytically and must
be searched for by an optimization algo-
rithm. Quantitative observation method and
data collection are also used for this purpose
[8], [9]. The object of the study is a three-
phase squirrel-cage induction motor as part
of a variable frequency drive. Measure-
ments and data collection are carried out
for the following parameters: currents and
voltage of the stator phase winding, rota-
tional speed and angular acceleration. The
Generalized Theory of Electrical Machines
(GEM) is used to cover a wide range of
electrical machines in a unified manner
[10]-[15].

Since the mathematical description of
the GEM is used to identify the parameters,
the control system has a coordinate con-
verter that converts the values of a three-
phase squirrel-cage induction motor into
the values of the GEM and vice versa. The
main measurements and data collection are
declared as follows:

o i, (8),ip(), §c(t) are currents and
u; @), uy5(¢), u(t)are voltages of
the three-phase set of stator Wil’ldiﬂ%S;

«  o(t)is rotation frequency and @ Dis
angular acceleration of the three-phase
set of rotor windings;

* RjandR, are stator and rotor phase
winding resistance;

» L; and L, are stator and rotor phase
winding inductance;

* M, is mutual inductance between sta-
tor and rotor phase winding;

» Js istotal moment of inertia of rotating
parts;

e M _is static moment of inertia.

Figure 1 demonstrates an overall frame-
work of the algorithm based on the induc-
tion motor drive scheme. The working



principles of the proposed algorithm are as
follows.

The control object is mechanically
connected to the three-phase induction
motor and to the sensor block.

The coordinate converter transforms
the phase quantities of the three-phase
induction motor into the electrical
machine values and also calculates the
derivatives of the electrical machine
currents.

On the basis of the information com-
ing from the sensor block and the coor-
dinate converter in the identification
device, the parameters (R,(t),L(?),
Ry(0), Ly (6) . M, (1) . T (1) .M (1) ) are
estimated, formed and presented.

Coordinate converter

‘"IA-I"IB- e

The induction motor receives informa-
tion from the frequency converter.

The frequency converter receives a
signal for setting the required electro-
magnetic torque M ;’ (¢) and signals of
parameter estimates from the identifica-
tion device.

The control device receives input data
o,(), o,(@)and feedback dataa(t),
o(?) from the respective sensors, as well
as the parameters (R,(¢),L,(t),R,(?),
Ly(t),M,,(t),Js(t) ,M,(¢)) from the
identification device. In accordance
with the data received, in the con-
trol device an algorithm for frequency
control of the torque and speed of the
induction motor is generated.
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Fig. 1. The overall framework of the algorithm.

3. IDENTIFICATION OF THE PARAMETERS BY
CONTINUOUS GRADIENT METHOD

Gradient descent method is an optimiza-
tion algorithm that is used to find the minimum
of a function, where the investigated param-
eters are calculated according to the mathe-
matical model. The mathematical assessment
of the load and parameters of a three-phase
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asynchronous motor is determined by five
residual equations and seven parameters. At
the same time, the missing information for
the mathematical description is determined
by the following test signals: phase voltage of
the stator winding and angular velocity.



3.1. Mathematical Modelling

The system of GEM equations for
the true values of the parameters is pre-

Uy =Riglig + Liglig + M 0005 — (Llo

l]q

Uyg = R,

l]q +(,0](L]0l]d +M

+L]0l]q
0= Ragirg + Loging + M ity —0)2( Logizy +M,,

0= R20l2q + L20l2q +Mm0l

o)

JZOO) :pn( ano(iZdilq l2ql]d)

where

0l2q
ol2d

l]q

+ 0 (Lyoing + M ity

):
):
):

sented by Eq. (1):

>

)

>

(1

>

— frequency of rotation of the coordinate system d, ¢;

®, — slip frequency (®, = o,
o — rotor speed, el. rad/s;

-);

o — derivative of the rotor speed (angular acceleration);

I g
p; —anumber of pole pairs; indices |

Squirrel cage currents are not measured.
The values of the rotor currents i,,, i, are
re-constructed based on the flux linkage
signals ¥, and ¥j received from the Hall
Sensors.

At the same time, the equations of the
stator flux linkage along the axes d, g are
determined by Eq. (2):

The conversion of stator currents i,,,
I, to the d-q axes is carried out in accor-
dance with Eq. (3):

¥y

— i

M

m

. Y, . .
12d :M_d_lld and lzq = 1q * (3)

m

) 2 L L
AM :‘]Zm +pl‘IMC _pan(IZdllq _12qlld)'

Auyy = Ryiyy + Loing + M iy — @, (L2i2q +Mmi1q);

Aty = Ry, + Lyiy, +M iy, + 0, (Loing +M iy );
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— currents of phases of the winding of the rotor of the GEM;
— the true values of the parameters.

Further, the estimation theory is used.
Estimation theory deals with finding numer-
ical values of parameters from a given set
of data; therefore, the following values are
accepted: R, Ly, Ry, L,, M,,, Js , M.
These values are parameter estimates at any
time and differ from the true values. In an
ideal case, the parameters should coincide.
However, they differ from the true values
of the parameters. Thus, deviations arise,
which are called residuals (they are also
called “errors”). In the process of identi-
fying the parameters, the residuals tend to
zero, and the task of minimizing the func-
tions is performed. The equations for calcu-
lating the discrepancies are as follows:

Auyg = Riiyg + Lyiyg + M 05 —031(L1f1q +Mmi2q)_u1d;

Auy, = Ryiyy + Lyiyg + M in, + o) (Liiyg +M i )=,

“4)



To continue the calculations, it is also
necessary to reduce the absolute values to
the equation of the residual function. Thus,
the absolute values can be presented by the
following equations:

Vi, :%[(Auld )+ (Aulq )2]; ()
Vi = 3 (g o+ (aa, P (6)
Vi =AM Y- (7

According to the gradient descent
method for finding the minimum of a func-
tion, the system of differential equations for
changing parameter estimates is determined
by equations:

7:1 “Hr aRl1 =—Hpg [y g +A”14’14]; ®)
dLl aVul i/ 3
aby _ - _ Ay g0 7 + Auy 0, |5
4 L oL ML,I[ 1d"1d lq lq] )
7[2__“'R2 aRZZ :—MR2 [AuzdIZd +Au2q12q]; (10)
dL 6Vu ! !
oo, S s s s 1)
My | Do Hn G OV | (g
di oM, oM, oM,
sz aVM '
dM Wy
r Har aMc Hasr Pu (14)
where
MRI’MLl’MR2’ HLZ’ MMm’ l"l'JEa My, are

positive coefficients that determine the rate
of change in parameter estimates; A is a
weighting factor that determines the rela-
tive influence of the residual functions Vu1 ,
Vi s V-

Uy
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To identify the parameters of the phase
and load equivalent circuit, the values of
the coefficients g , Wy, Hr,s Hp, . Ry,
My . My are selected according to the
nature of the s1gnalsz1 q (1), iyq (1), iy ),
Iy (1), lld (1), 1q (1), 114 (1), 15y (), (),
(1), o (7).

Thus, the system of equations (1) is an
algorithm of the object of identification, and
the system of equations (2)—(7), in combi-
nation with Egs. (8)—(14), is a mathemati-
cal model for identifying the parameters
of a generalized machine. Figure 2 shows
a block diagram of a device for identifying
parameters created using the above-men-
tioned mathematical model.

Three-phase

induction motor
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nu ||w uw iypic Y% a e ®
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| 2
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/—"i‘—b Au),]
L —|
Jx
M, 6
M,
\ [
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Fig. 2. Block diagram of an asynchronous electric
drive with the parameter identification device.

1 — Sensor block. 2 — Coordinate converter.

7 — Parameter identification device, which consists
of the following blocks:

3 — Block for calculating the residual stator voltage.
4 — Block of parameter estimates.

5 — Block for calculating the rotor voltage residuals.
6 — Block for calculating the residual torque.

Further, Simulink Simscape Power
Systems software (MATLAB tools) is used
to confirm that the proposed algorithm is



executed correctly and the solution matches
the mathematical model with the required

degree of accuracy [16].

3.2. Verification of the Mathematical Model

To wverify the mathematical model,
the AIRSOA6U2 motor was chosen as the
object of research. The following input
data were accepted: voltage u,,(¢)=0, and
voltage u;,(7) and angular velocity w,(¢)
changes in accordance with the digital
timing diagrams. Figure 3 shows a digital

&

Fd

timing diagram, where T1 is a period of a
sinusoid (the length of a complete cycle).
Function parameters u;,(¢)and () are
demonstrated in Table 1. Figure 4 shows
the test system for the three-phase induc-
tion motor.

®

Qi

Qi

I

Fig. 3. Digital timing diagrams of functions ), (¢) and o, (?).

Table 1. Function Parameters u, (0) and o (?)

Function
Parameter name

u, (1) o,(1)
Constant component U,=50V Q =300 rad/s
Amplitude of a variable component =25V Q =150 rad/s

Frequency of a variable component

f=0.318 Hz

FYYYYY

utd_ulq_omd

""ll;

Derivative

Scope

YYYYYYYYYY

Device of parameters identification

Fig. 4. Test system for the three-phase induction motor.



Thus, to validate the algorithm, devia- tive parameter estimates were introduced
tions of parameters from true values by to graphically present the results. They are
50 % and 75 % have been simulated. Rela- determined by the following equations:

« R « L + R » L « M « J
Rlz_l; le_l; Rzz—z; L2:—2; M, =—"; JZ:_Z' (15)
Rlo Ll RZO L20 M JZO

(3]

In accordance with the Linearization  the parameters from the true values by 50 %
Method proposed in the article “A Novel and 75 %, all the values are obtained near
Method to Monitor and Predict Voltage Col- unity.

lapse: The Critical Transitions Approach”, Therefore, it can be concluded that the
deviations of the parameters from the true  parameters are close to the true values.
values were determined [5]. Figure 5 shows graphical results for the

Graphical presentation of results for  deviation of parameters from the true val-
deviations by 50 % allows concluding that  ues by 75 %. The results of determining the
the relative error is no more than 0.31 % deviations of the parameters from the true
and time of process has a cycle time of 143 values by 50 % and 75 % are presented in
seconds. Graphical presentation of results Table 2. The initial deviations of the param-
for deviations by 75 % allows conclud-  eter estimates in Fig. 5 are marked with
ing that the relative error is no more than symbol “0”. The identification process by
0.23 % and time of process has a cycle time time stops when the estimate of all param-
of 209 seconds. In the case of deviation of  eters differs from the true values by 0.5 %.
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s a) stator and rotor winding phase active resistance,
Ohm
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X
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L
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Fig. 5. Graphical presentation of results of the deviation
of parameters from the true values by 75 %.

Table 2. Results of Computer Simulation of the Identification Process

The result of deviations

. . . . Relative error of devia-
in the identification of

tion of parameters from

True parameters from the true the true values
Parameter name parameter values
values . . . .
deviation deviation deviation deviation
by 50 % by 75 % by 50 % by 75 %
R, — Active resistance of the stator wind- 8.9779 9.0035 8.9962 028 % 020 %

ing phase, Ohm

L, — Stator winding phase inductance, H 0.5168 0.5156 0.5159 0.22 % 0.16 %

RZ — Active resistance of the rotor wind- 57426 57245 57291 031 % 023 %
ing phase, Ohm

L,— Rotor winding phase inductance, H 0.5194 0.5180 0.5184 0.25 % 0.19 %
M — Mutual inductance, H 0.4962 0.4950 0.4953 0.24 % 0.18 %
ﬁgz ;y"mem ofiinertia of moving parts, | o 0>50 | 00249 | 00250 | 025% | 0.18%
M — Static moment of inertia, Nm 0.2500 0.2494 0.2495 0.25 % 0.19 %
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The analysis of the identification pro-
cess allows concluding:

»  The identification results with the initial
deviation from the true values by 75 %
show that they are closer to the true val-
ues.

* The relative error of the parameters
from the true values for deviation by
50 % is higher than for deviation by

3.3. Experimental Testing

The experimental plant is shown in Fig. 7.

Fig. 7. Experimental plant.

The experimental setup consists of the
following:

* AIR80A6U?2 three-phase induction
motor;

*  PS22A73 three-phase frequency
inverter (Mitsubishi Electric);

* load device with a torque meter;

* phase voltage and current sensors;

e induction motor with Hall sensors;

* rotation speed sensor;

» analogue-to-digital converter.

The control is carried out using the
dsPIC30F3010 microcontroller and the per-
sonal computer. Functional diagram of the
experimental setup is shown in Fig. 8.

32

75 %.

* The presence of local minima is not
established during the verification of
the mathematical model.

Verification of the mathematical model
allows concluding that the proposed param-
eter identification method results in the
acquisition of theoretically valid results.

|
6
* * I
T iy 1% I
4 | = !
%380V, 3 4
50Hz ¢ =
— w T
b
5

Fig. 8. Functional block diagram
of the experimental setup.

1 — Coordinate converter.

2 — Analogue-to-digital converter.

3 — Rotation speed sensor.

4 — Frequency converter.

5 — Phase voltage and current sensors.
6 — Induction motor with Hall sensors.
7 — Load device with a torque meter.

Graphical presentation of results for
deviations by 50 % allows concluding that
the relative error is no more than 6.71 %,
and time of process has a cycle time of 143
(+/- 10 %) seconds.

Graphical presentation of results for
deviations by 75 % allows concluding that
the relative error is no more than 6.08 %,
and time of process has a cycle time of 209
(+/- 10 %) seconds.



Experimental study has time discrep-
ancy with computer simulation less than
10 %.

According to the results of the experi-
mental study, when the parameters deviated
from the true values by 50 % and 75 %,

a discrepancy from 3.5 % to 6.71 % was
found. The results of determining the devia-
tions of the parameters from the true values
by 50 % and 75 % are presented in Table 3.

Table 3. Results of Experimental Study of the Identification Process

The result of deviations in the . .
. . . Relative error of deviation of
Parameter name identification of parameters
parameters from the true values
from the true values
deviation by deviation by deviation by deviation by
50 % 75 % 50 % 75 %

RI.— Actlve resistance of the stator 99814 9.2930 338 % 3.50 %
winding phase, Ohm
L, — Stator winding phase inductance, H 0.5485 0.5431 6.14 % 5.11 %
Rz — Active resistance of the rotor wind- 59367 5.9430 338 % 350 %
ing phase, Ohm
L,— Rotor winding phase inductance, H 0.5540 0.5509 6.65 % 6.08 %
M, —Mutual inductance, H 0.5295 0.5246 6.71 % 5.74 %
i{g ;l\/[oment of inertia of moving parts, 0.0264 0.0262 575 9% 4.63 %
M — Static moment of inertia, Nm 0.2641 0.2623 5.62 % 4.92 %

3.4. Comparison of the Results and Analysis

Comparing the data given in Table 2
and Table 3, the following results have been
obtained:

* The experimental study shows that the
relative error of the deviation of the
parameters from the true values is 10
times greater than in computer simula-
tion. However, it should be noted that
the relative error from the true values is
no more than 6.71 %.

e In the computer simulation, the stator
winding phase inductance (L,) has the
smallest deviation of the parameters
and active resistance of the rotor wind-
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ing phase (R,) is the largest for devia-
tion by 50 % and 75 %.

* In the experimental study, the active
resistance of the stator and rotor wind-
ing phase (R, and R,) have the smallest
deviation of parameters for both devi-
ation by 50 % and 75 %. The mutual
inductance (M) is the highest for devi-
ation by 50 % and rotor winding phase
inductance (L,) for deviation by 75 %.

Table 4 shows the relative error of devi-
ation of parameters from the true values
using computer simulation and experimen-
tal study.



Table 4. Results of the Identification Process of Relative Error of Deviation of Parameters from True Values

Parameter name Computer simulation Experimental study
deviation by deviation by deviation by deviation by
50 % 75 % 50 % 75 %

ﬁg— Ij?l(;t;;/e (;:nlstance of the stator wind- 0.28 % 0.20 % 338% 350 %
L, — Stator winding phase inductance, H 0.22 % 0.16 % 6.14 % 5.11 %
Ii’flzgfp./;zzgle Or}e;s;lstance of the rotor wind- 031 % 0.23 % 3389 350 %
L,— Rotor winding phase inductance, H 0.25 % 0.19 % 6.65 % 6.08 %
M — Mutual inductance, H 0.24 % 0.18 % 6.71 % 5.74 %
ﬁgz ;é\/[oment of inertia of moving parts, 0.25 % 0.18 % 5750, 463 %
M — Static moment of inertia, Nm 0.25 % 0.19 % 5.62 % 492 %

The comparison allows concluding
that the relative errors in the identification
of the parameters obtained in the course of
the experimental study are higher than the
errors obtained in the computer simulation.

The results of the analysis have the fol-
lowing features:

» saturation and steel loss consideration
are not taken into account in computer

3. CONCLUSION

simulations, since an idealized model is
used;

» the possibility of using adjustment of
the frequency converter is absent in the
mathematical model;

» the use of equipment for regulating the
frequency converter is not taken into
account in the mathematical model.

Within the framework of the present
study, the structure of the algorithm and
the mathematical model for evaluating the
parameters of the equivalent circuit of an
asynchronous electric motor for intelligent
monitoring systems have been considered
and tested. Gradient descent method and
Generalized Theory of Electrical Machines
have been used to identify the seven param-
eters of a three-phase asynchronous motor
for intelligent monitoring systems.

Testing allows concluding that the
methodology of the algorithm results in the
acquisition of theoretically and practically
valid results. Taken together, the theoretical
and practical studies have shown that the
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calculated parameters are close to the true
values and their cycle time coincides by
more than 90 %.

The present study has revealed several
opportunities for further research.

First, it is necessary to create an algo-
rithm for identifying squirrel-cage rotor
currents to ensure flexibility, stability and
reliable operation of a three-phase induc-
tion motor.

Secondly, it has also been revealed that
mathematical and experimental models for
identifying rotor speed parameters with-
out sensors must be created for intelligent
monitoring systems.
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Natural gas is relatively clean energy source, which emits less greenhouse gases (here-
inafter — GHG), compared to other fossil fuels, such as hard and brown coal, and therefore
it may be the most feasible resource to ensure smooth energy transition towards Europe’s
climate neutrality by 2050. Traditional natural gas can be easily transported and used in lique-
fied (hereinafter — LNG) or compressed form. As for biomethane, in future it also can be used
in liquefied (hereinafter — bioLNG) and compressed form, as well as transported by means of
the current natural gas infrastructure. It can also significantly enhance regional and national
energy security and independence, which has been challenging for the European Union (here-
inafter — EU) over at least several decades.

Issue on energy independence, security of supply, alternative natural gas sources has been
in a hotspot of the Baltic energy policy makers as well. Now, considering Russia’s invasion in
Ukraine, since late February 2022, a problem of the EU natural gas dependency on the Russian
Federation has escalated again and with force never before experienced. The European natural
gas prices also hit records, as the natural gas prices in the Netherlands Title Transfer Facility
reached 345 euros per megawatt-hour (hereinafter - EUR/MWh) in March 2022.

Therefore, LNG import terminal is the only viable option to reduce national dependency
of the so-called pipe gas which in some cases, due to the insufficient interconnections, may
be delivered from very limited number of sources. The European policy makers and relevant
institutions are currently working towards radical EU natural gas supply diversification, where
LNG deliveries coming from outside of Russia will certainly take a central stage.
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In case of Latvia, the potential benefits of the LNG terminal development in Skulte were
evaluated in order to reduce energy independence of the Russian natural gas deliveries in the
Baltic region and to introduce new ways and sources of the natural gas flows to the Baltics.
LNG terminal in Skulte could ensure significant capital investment cost reduction comparing

to other projects proposed for Latvia in different periods, due to already existing natural gas
transmission infrastructure and the relative closeness to the Incukalns underground gas stor-
age (hereinafter — UGS). Various aspects, such as technical, political and economic ones, were
analysed to assure that Skulte LNG terminal would be a real asset not only to customers of

Latvia, but also to those of the whole Baltic region, where in future it would be possible to
use biomethane for efficient utilisation of existing and developing natural gas infrastructure.
Keywords: Biomethane, energy independence, energy policy, energy security, gas storage,

gas transmission, LNG, security of supply, SoS.

1. INTRODUCTION

The European Green Deal is a set of the
EU policy initiatives, which was approved
in 2020, with the main goal to reach
Europe’s carbon-neutrality by 2050. This
requires major changes in energy sector
as well, especially considering Fir-for-55
legislation package, which was published
in July 2021, setting policy measures to
reduce EU’s GHG emissions by 55 % com-
paring to year 1990 [1].

Natural gas is also considered to be sus-
tainable under the EU’s Taxonomy Regula-
tion delegated act, published in February
2022, which classifies economic activities
that are sustainable, to help investors and
any other party better shift investments
towards sustainable development. Accord-
ing to the European Commission (herein-
after — EC), the natural gas facilities have
to comply with strict rules and, in case of

fossil gas related activities, should switch to
renewable gases (hereinafter — RG) by the
end of 2035 [2]. In the future, where fos-
sil natural gas might be fully substituted by
the RG biomethane, potential biomethane
supply could be arranged not only by using
current natural gas transmission and distri-
bution systems, but also by sea in a form of
bioLNG [3].

Any LNG can be used in several crucial
sectors of the national economy in order
to provide reliable and clean energy: for
example, it can help imeet energy needs of
freight and maritime transport sectors and
provide environmentally sound and afford-
able fuel for electric energy and heat gen-
eration [4]. Especially, in regions where
renewable energy sources are less available
or cannot meet high energy demand in win-
ter season [5]-[7].

2. THE NATURAL GAS SUPPLY RISKS IN THE BALTIC REGION

2.1. Import and Supply Sources

More than a decade ago, the Baltic
States asked the EC to help find compro-

mise on LNG terminal construction loca-
tion in the Baltic region, but the initiative



failed to find a common ground on develop-
ment and cost sharing [8]. The only one of
the Baltic States, which actually developed
its own national LNG import terminal proj-
ect, was Lithuania, and the Klaipeda LNG
terminal was commissioned in 2014. Its
import capacity reaches 3.75 billion cubic

meters (hereinafter — BCM; around 36.64
terawatt-hours (hereinafter —TWh)) per
year. Unfortunately, 90 % of the Europe’s
natural gas is imported [9]. Share of each
exporting country in the EU’s natural gas
import is shown in Fig. 1.

Russia Qatar
45,3 % 4,9 %

Other
7.1% 6,6%

Norway
236%

USA Algeria

12,6 %

Fig. 1. The EU natural gas imports [10].

In 2021, around 140 BCM (around
1367.72 TWh*) of natural gas were
imported to the EU by pipelines, while 15
BCM (146.54 TWh*) were delivered as
LNG [11]. The Baltic States and Finland
still relied mostly on the natural gas sup-
plies from Russia, while Lithuanian natural
gas supplies were more diverse due to the
ever-growing natural gas imports though
Klaipeda LNG terminal [12].

Once again, a question on the natural
gas supply and Europe’s dependency on
Russian gas has escalated, considering Rus-
sia’s invasion in Ukraine, which started in
February 2022. The European natural gas
prices also hit records, as the natural gas
prices in the Netherlands Title Transfer
Facility reached 345 EUR/MWh in March
2022 [13].

In a short-term period, the EC plans
to minimise Russian natural gas depen-
dency by means of increasing the share of
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the LNG import from the USA and Qatar,
while in a longer run, it is working towards
additional alternatives, including locally
produced RGs, such as biomethane or
hydrogen. In March 2022, the International
Energy Agency also revealed a plan to
reduce the EU’s dependency on the Russian
natural gas supplies, where one of the key
suggestions was to replace Russian pipe-
line natural gas supplies with non-Russian
LNG ones. In comparison to 2021, it would
be possible to increase LNG import to the
EU by 50-60 BCM per year, but since sup-
pliers were more or less the same, it might
result in higher LNG prices worldwide [11].
On 8 March 2022, the EC introduced com-
munication on a new plan “REPowerEU:
Joint European Action for more affordable,
secure and sustainable energy” to become
independent of Russia’s fossil fuel, which
includes LNG import diversification, using
a wider range of potential suppliers, includ-



ing but not limited to Qatar, the USA, Egypt
and West Africa [10].

While diversifying the EU’s natural gas
supplies in a form of LNG, the role of UGSs
is tend to grow in foreseeable future. The
Baltic region has only one such a storage —
Incukalns UGS located in Latvia, which is
also one of the most modern UGS facili-

ties of its type in Europe with a capacity of
2.3 BCM. It can ensure safe storage of the
large amounts of natural gas that has been
imported to Latvia and the whole Baltic
region. Therefore, LNG terminal in Latvia
could not only increase security of supply
in our country, but also in the remaining
Baltic countries and Finland.

2.2. Main Aspects of Analysis of the Baltic Natural Gas Supply Risks

At the end of 2021 and beginning of
2022, the EU natural gas market was under
tension, where atypically high natural gas
demand was observed. However, at that
time it was translated as global economic
recovery from the pandemic. While Russia’s
war against Ukraine escalated, in March
2022 the natural gas flows from Russia via
Yamal pipeline (via Belarus and Poland) to
Germany declined sharply. Possible reason
is that keeping Russia’s supplies low would
highlight a need for additional routes, such
as commissioning of currently banned the
Nord Stream 2 pipeline project [14]-[16].

There was a hope that the natural gas
supply risk plans that were developed under
Regulation (EU) 2017/1938 of the Euro-
pean Parliament and of the Council of 25
October 2017 concerning measures to safe-
guard the security of gas supply and repeal-
ing Regulation (EU) No. 994/2010 (here-
inafter — Regulation 2017/1938) would not
be used in real life, while ongoing war in
Ukraine and the EU sanctions proved that
scenarios from the preventive action plan
and emergency plan could actually came
true in foreseeable future [17].

In a preventive action plan, one of the
scenarios simulates a situation where, due
to the geopolitical crisis, the flow of natu-
ral gas from Russia stops completely within
two weeks of peak demand and eight aver-
age winter weeks. The most significant
risks identified in the preventive action plan
are related to the natural gas supply disrup-
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tions from Russia in March coupled with
insufficient natural gas reserve in Incukalns
UGS. Among others, it was concluded on
the national level that the limiting factor of
the natural gas transmission system is the
cross-border interconnection capacity. The
amount of active gas stored at the Incukalns
UGS is the most important factor in guaran-
teeing both the Latvian and regional secu-
rity of the natural gas supply. Lithuania’s
support to Latvia in some crisis scenarios
is limited by the potential volatility of the
LNG cargos due to LNG logistics [18].

An important role in the Baltic natural
gas supply is dedicated to the Polish—Lithu-
anian natural gas interconnector (hereinaf-
ter — GIPL), which will be commissioned
in mid-2022, ending isolation of the Baltic
States from central European natural gas
transmission systems, but unfortunately
no plan predicted limited natural gas sup-
plies from Russia to the whole Europe
at the same time, as it is happening now.
With high geopolitical tensions in relations
with Russia for at least midterm perspec-
tive, the only viable option for the natural
gas supplies to the Baltic States and Fin-
land is Klaipeda LNG terminal and GIPL.
In accordance with early warning in the
natural gas supply sector of Latvia that was
announced on 9 March 2022, the natural
gas deliveries from Klaipeda LNG and via
GIPL are regarded as prioritising gas flows
by the Latvian natural gas transmission sys-
tem operator (hereinafter — TSO) Conexus



Baltic Grid [19]. However, before finishing
enhancement of the Latvia—Lithuania inter-
connection (ELLI project) in 2024, current
interconnection capacities and operating
pressures are limited between Lithuania
and Latvia (known as the bottleneck effect),
therefore making it challenging to provide
absolutely sufficient natural gas supplies to
Latvia, Estonia and Finland from the Lithu-
anian and Polish side [20], [21].

The necessary natural gas reserve of
capacity in the region is provided by Incu-
kalns UGS, which allows fully compensat-
ing for seasonal fluctuations (except for
Finland, which has to adjust the demand for
maximum hours to the capacity of Balticco-
nnector). Nevertheless, the total amount of
available capacity at the Klaipeda LNG and
GIPL entry points per year may be lower
than demand, depending on climate condi-
tions and industrial demand. It addresses an
important question of necessity to create at
least one more LNG import terminal in the

Baltic region in the shortest possible terms.
A number of traders may seek to diver-
sify supply risks in the market as well.
However, there is a significant market
power, currently on the part of supplies
from Russia, as well as on the part of the
Baltic region industrial energy companies,
which maintain a high level of concentra-
tion. Market power discourages invest-
ments by private investors, relying solely on
expected demand for the natural gas import
capacity. Also, high volatility of the energy
prices with construction and development
time delays discourages private investors.
Markets with high levels of concentration
and/or with signs of market power, show a
significant increase in risk, which discour-
ages private capital from making signifi-
cant investments [22]. Therefore, the Bal-
tics States and Finland, since having high
market power from Russia’s gas, have low
chances of fully-private investment in the
natural gas supply diversification projects.

3. TECHNICAL ASPECTS OF LNG TERMINAL

BUILDING PROJECT IN LATVIA

3.1. Site Selection Evaluation for Potential LNG Terminal in Latvia

Latvia, as all the Baltic countries and
Finland, is located on the shores of the Bal-
tic Sea, with the coast line more than 450
kilometres long. When planning LNG ter-
minal construction, various aspect should
be considered, such as closeness of the port
cities, accessibility of the infrastructure
(transmission pipelines) and distance to
Incukalns UGS. Therefore, originally three
potential locations of the LNG import ter-
minal were reviewed in Latvia: Ventspils
(with existing oil pipelines and port), Riga
(port) and Skulte (port). The comparison
of the three chosen locations is shown in
Table 1.
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In general, it is believed that Skulte is
the best of the three possible locations with
several significant benefits:

» geographical closeness to Incukalns

UGS;

» easy access and safe maneuvering of
the LNG vessels;

» adequate terminal and pipeline routing
separation from the residential areas;

» lacking interference with the existing
ship traffic;

* ice-free port for most of the year;

* no urgent need for LNG storage tanks

(with regard to closeness of Incukalns

UGS) [23].



Table 1. Comparison of Potential Locations of LNG Import Terminal in Latvia

by port companies and city

consumers in the country

Location Ventspils Riga Skulte

Solution/costs | Port infrastructure is suit- | Port infrastructure is suitable only | Port location is suitable
able only for onshore solu- | for onshore solution, which has | for FSU, which is the most
tion that has high CapEx high CapEx effective cost solution

Consumption | Potential new consumption | Location close to the biggest end | Close location to Incu-

kalns UGS that is the key
infrastructure element in
the region

Ice conditions

Ice free port

Port has the biggest ice coverage
in Latvia

Port has average ice cover-
age in winter months

Grid
connection

Investments are required to
upgrade existing oil trans-
portation pipeline (200 km)
and connection to the grid

Residential area around the port
makes the pipeline routing to
grid (16 km) difficult. Distance to
Incukalns UGS is 50km

Pipeline distance to Incu-
kalns UGS is 30— 35 km.

The route is crossing rural
areas

Vessel traffic

Terminal location is in the
navigable area of the port
that makes interference with
the main traffic

Terminal location is in the navi-
gable area of the port that makes
interference with the main traffic

Terminal is located outside
navigable area

Flexibility Long distance to the Incu- | Absence of direct connection to Very high flexibility
kalns UGS makes the low | UGS lowers flexibility of supplies. | because of direct connec-
flexibility in supplies In winter period, it is possible to | tion to Incukalns UGS

absorb the regasified gas in the
natural gas distribution system
Other Process of land rent agreement Substantial support from

allocation lacks transparency

port authorities

3.2. Evaluation of Potential LNG Terminal Concepts

Various LNG terminal types were com-
pared in order to find the most suitable LNG
import terminal solution that could ensure
both security of the natural gas supply for

Table 2.

Table 2. Comparison of Potential LNG Import Terminal Concepts

Latvia and the Baltic region, and provide
relatively low operational costs of the ter-
minal. The general estimate is shown in

Criterion Onshore terminal Floating Storage Regasifi- | Floating Regasification Unit
cation Unit (FRSU) (FRU)
Costs Highest CapEx because of Relatively high CapEx Low CapEx because of simple
extensive ground building because of vessel use and | technical solution — floating
(infrastructure and storage storage tank placement on | platform with regasification
tanks) the vessel equipment
Operational | High operational costs because | Relatively high operational | Low operational costs because
costs of extensive onshore storage costs because of storage of simple technical solution. No
and infrastructure maintenance | tank and vessel maintenance | costs on standby mode
Flexibility | Low flexibility because of Low flexibility because of | High flexibility because of direct
limited storage capacity limited storage capacity connection to Incukalns UGS
Freight It takes 23 days to unload the | It takes 2—3 days to unload | It takes about 6-8 days to
speed LNG vessel LNG vessel unload LNG at planned capac-
ity (can be increased)
Timing The building of such a terminal | The building of such a ter- | The project execution time is
takes 6 or more years minal takes 4 or more years | estimated to be less than 2 years
after final investment decision
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Floating regasification unit (hereinaf-
ter — FRU) could ensure the lowest costs to
the energy consumers, due to the low opera-
tional costs, relatively simple technology
and no need to store the natural gas on site.
FRU consists of a tubular structure where
the columns contribute most to the buoy-
ancy required. Due to the small and distrib-
uted water plane area the floater will have
very stable sea keeping characteristics. Due
to the tubular structure the displacement of

the floater is low compared to the conven-
tional ship shaped or barge solution and thus
low steel weight; this has a direct positive
impact on the construction and maintenance
cost of the floater. Mooring of the floater at
site could be conventional spread mooring.
The visiting LNG carriers could be moored
to the floater with conventional ship-to-ship
mooring methods. These methods are in
accordance with the tried and tested industry
practices.

3.3. Technical Aspects of Potential LNG Terminal in Latvia

For the Skulte LNG import terminal,
natural gas storage is considered to be at the
Incukalns UGS. This, in principle, makes
the requirement for on-site LNG storage
redundant and thus brings down the project
capital expenditures (hereinafter — CapEx)
to as low as 1/3 to 1/4 of the other projects
proposed in the Baltic Sea region.

Implementation of Skulte LNG import
terminal, using FRU solution, will mean

that LNG shall be pressurized, vaporized
and sent-out to a medium pressure sub-
sea gas pipeline and onshore gas pipeline
to Incukalns UGS. The project also would
include the subsea pipeline and the onshore
pipeline carrying natural gas from the ter-
minal to either existing gas transmission
system or the UGS facility. The general
technical information of Skulte LNG termi-
nal is summarised in Table 3.

Table 3. General Technical Information of Skulte LNG Terminal [23]

Terminal capacity

Up to 3 million tonnes/year

Regasification capacity

600 million standard cubic feet of gas per day

Storage

Existing UGS at Incukalns Latvia with capacity of 2.3. BCM

Supply LNG carrier size

40 000 m* to 170 000 m*

Carried offload time

4 to 8 days at full capacity

The key element of the Skulte LNG
import terminal concept is direct pipeline to
Incukalns UGS, whose technical parameters
must be in line with terminal regasification

capacity and gas transportation pressure in
the grid. The preliminary technical param-
eters for pipeline are provided in Table 4.

Table 4. Preliminary Technical Parameters for Pipeline Connecting Skulte LNG and Incukalns UGS

Transmission capacity

15-20 million m*/ day

Pressure

55 bar

Diameter

0.7m
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4. SITUATION EVALUATION IN THE BALTIC REGION

4.1. The Overview of Natural Gas Market

In the Baltic region, the natural gas
demand is historically dominated by power
and heat generation and industrial con-
sumption, thus creating sensitivity to price
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fluctuations. The natural gas consumption
in the Baltics between 2015 and 2020 is
shown in Fig. 2.
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Fig. 2. The natural gas consumption in the Baltic States (2015-2020) [24].

Source: Eurostat

The largest natural gas consumers in
the Baltic States are AB Achema (latgest
fertilizer producer in Baltic States, located
in Lithuania), JSC Latvenergo (state-owned
energy company that generates about 70 %
of the electric energy in Latvia), AB Lietu-
vos Elektrinés (the owner of the Elektrénai
Power Plant in Lithuania), JSC Nitrofert
(the only fertilizer producer in Estonia),
JSC Rigas Siltums (the district heating
company of Riga, Latvia), and other district
heating companies. However, future trends
of the natural gas consumption in the Bal-
tics could be affected by increased LNG
use. Namely, the usage of natural gas could
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increase and penetrate brand new sectors
of the national economies. There is a large
potential for LNG to be used as truck fuel
— a cleaner alternative comparing to diesel
[4].

It is not easy to assess the future posi-
tion that natural gas will play in the energy
mix of the Baltic States. The trends of natu-
ral gas consumption are influenced by the
overall development of the national econ-
omy, building energy efficiency develop-
ment, the use of modern and economical
gas burning equipment and gradual replace-
ment of the natural gas with RGs [25].



4.2. Evaluation of LNG Projects in the Baltic Region

According to various sources, at least
ten potential LNG import terminal loca-
tions were considered throughout the Bal-
tic region: Liepaja, Ventspils, Riga, Skulte/
Lilaste (all in Latvia), Paldiski, Muuga,
Sillamae (all in Estonia), Inkoo and Turku
(both in Finland). Five projects (Skulte,
Paldiski, Talinn, Muuga and Inkoo) have
reached a certain development maturity
stage to foresee a possibility to be actually
implemented [26].

Some projects are dependent on the
EU funding, therefore, need to meet Proj-
ects of Common Interest criteria. From
these potential projects, only Skulte LNG
terminal has an immediate effect on the
natural gas supply portfolio of the Baltic
region, both in terms of security of supply
and supply diversification. It is located in
the middle of the Baltic region, and it can
supply natural gas to its neighbouring coun-
tries immediately after its commissioning
without major investments in the additional
natural gas pipeline infrastructure.

In order to outline competitiveness of
Skulte LNG terminal project, four existing
and planned LNG terminal projects were
compared in accordance with several cri-
teria, summarised in Table 5. These termi-
nals are: floating storage and regasification
terminal in Klaipeda, onshore terminal with
lowered storage capacity in Riga, float-
ing regasification terminal in Skulte and
onshore terminal with full storage capacity
in Paldiski/Inkoo.

Since three different technologies are
involved, for clarity purposes the following
assumptions are made:
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» an onshore storage tank costs are 1 mil-
lion EUR per 1000 m? of storage capac-
ity;

» regasification unit costs are 50 million
EUR;

* mooring costs are 10 million EUR
regardless of type of technology used;

* transmission network upgrades and
connection to UGS are covered by sys-
tem charges and EU financial instru-
ments (with 50 % gap) and not by LNG
terminal operator;

» unloading freight time is included in
case of floating regasification unit tech-
nology;

» 20-year period is used for financial cal-
culation, except for Klaipeda (10-year
lease);

* 8 % annual return rate for investments
is used for all terminals;

* 10-ship scenario is used as a base sce-
nario for regasification cost comparison
and 20-5 ship scenario is used to dem-
onstrate flexibility cost of the terminal
(penalty for low utilisation compared to
high utilisation);

* Freight cost is assumed to be 60 000
EUR per day.

Based on assumptions explained
before, Table 1 indicates that since Skulte
LNG terminal would not need storage tank
(since it is possible to efficiently use Incu-
kalns UGS, if transmission interconnection
is built), it would reach total costs of about
EUR 60 million, while other projects would
cost from EUR 260 to 430 million, making
Skulte LNG significantly cheaper and more
cost-effective than other LNG terminal
projects under review in the Baltic region.



Table 5. Evaluation of LNG Projects in the Baltic Region

Location, | Technol- |Storage | Unload Supply agree- Financial Total gap | Total cost at 1
Annual ogy tank costs ments structure BCM scenario
regasifica-

tion capac-

ity (50 %

utilisation

rate)

Klaipeda, FSRU 170 000 | Indirect — ToP agreements 10-year finan- | NA Total cost:

2 BCM shutdown are crucial — no cial lease with EUR 430 million;
of other flexibility available | a mandatory regasification cost:
terminals in | for the terminal market share 46 EUR/1000m?
the port (additional storage

capacities of flex-
ible consumption)

Riga, Onshore | 200000 | No costs To achieve reason- | Not defined 195 million | Total cost:

2 BCM associated | able capacities ToP | but consid- EUR EUR 260 million;
agreements are erable gap regasification cost:
needed for opera- | (75 %) of 26.4 EUR/1000m?
tion but partly it financial Regasification cost
could be operated | resources with covered gap:
on the opportunis- | should be cov- EUR 11.85/1000m?
tic basis ered by public

funding

Skulte, FRU N/A Unloading | Opportunistic Commercial 20 million | Total cost:

2 BCM freight costs | trade mainly, due | offtake cover- | EUR EUR 60 million;
to low cost of flex- | age with lim- regasification cost:
ibility and ability | ited (33 %) or EUR 12.4/1000m?
to operate with favourably no Regasification cost
irregular shipment | market gap for with covered gap:
schedule optimal level EUR 10.6/1000m?

of utilisation

Inkoo, Onshore | 300000 | No costs ToP agreements Not defined, 120 million | Total cost:

2 BCM associated | mainly and limited | but existing EUR EUR 360 million,
amount of oppor- | available regasification cost:
tunistic trading market for EUR 35.4/1000m?

power genera- Regasification cost
tion, industrial with covered gap:
and trans- EUR 24.6/1000m*
port sector;

nevertheless,

gap (33 %)

of financial

resources

should be cov-

ered by public

funding

5. POLITICAL AND REGULATORY

PERSPECTIVES OF LNG DEVELOPMENT IN LATVIA

5.1. Energy Market Regulation

Most of energy market activities are
regulated businesses in Latvia. Market
operators in power, natural gas and district
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heating industries shall obtain license from
the Public Utilities Commission. LNG ter-
minal operation, the natural gas transmis-



sion and the natural gas trade are among
licensed activities. Currently there are 28
natural gas traders in the Latvian natural gas

market [27]. Framework of the natural gas
market in Latvia is shown in Fig. 3.
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Fig. 3. Framework of the natural gas market in Latvia [28].

Source: JSC Conexus Baltic Grid

If developed, Skulte LNG terminal will
need to acquire LNG operation license and
the natural gas transmission license to oper-
ate FRU and connector pipeline to Incu-
kalns UGS. Since 2020, when the single
natural gas market in the Baltics has been
launched, it unites the natural gas TSOs
of Finland, Latvia, and Estonia — Gasgrid
Finland, Elering, and Conexus, confirming

5.2. Access to the Infrastructure

The Energy Law (hereinafter — EL) pro-
vides non-discriminatory, tariff-based third-
party access to the natural gas infrastructure
[30]. Capacity allocations, congestion man-
agement and different capacity reservation
products are provided by the national trans-
mission and storage network code. Selling
capacity reservation products in secondary
market is allowed. For the time being short-
term capacity reservation products (up to
one year) are the most popular in the mar-
ket. However, long-term capacity reserva-
tion products can be designed by the TSO
should there be interest from market partici-
pants.
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the cooperation capability of several neigh-
bouring countries. The common natural gas
market is characterised by unified entry-exit
tariff area, and single Estonian—Latvian bal-
ancing zone, while continuously cooperat-
ing would ensure deeper integration with
prospects of Lithuania joining the market as
well [29].

Due to a high level of infrastructure
integrity and importance of security of
the natural gas supplies for the national
economy, prices for the natural gas infra-
structure services are regulated by tariffs in
accordance with the Law On Public Utili-
ties Regulators [31]. Tariff structures are
changing from cost plus to revenue cap pat-
terns with numerous variations.

The EL also provides an exemption
from general third-party access regime for
new infrastructure projects. Conditions for
such an exemption are as follows:

* the investment must enhance com-
petition in the natural gas supply and
enhance security of supply;



» the level of risk attached to the invest-
ment must be such that the investment
will not take place unless an exemption
is granted;

* the infrastructure must be owned by a
natural or legal entity that is separate at
least in terms of its legal form from the
system operators, in whose systems that
infrastructure will be built;

» charges must be levied on users of that
infrastructure;

» the exemption must not be detrimental
to competition or the effective function-
ing of the internal market in natural gas,
or the efficient functioning of the regu-
lated system, to which the infrastructure
is connected.

The national regulatory authority grants
the exemption, if ex ante verification from
the EC is received. Detailed procedure and
evaluation criteria for the exemption are
stipulated in Directive 2009/73/EC of the
European Parliament and of the Council
of 13 July 2009 concerning common rules
for the internal market in natural gas and
repealing Directive 2003/55/EC [32].

Skulte LNG Terminal operator may
need to secure third-party access to the ter-
minal and the natural gas transmission via
a connector pipeline. Therefore, it is to be
decided whether Skulte LNG terminal proj-
ect operator will apply for derogation from
third-party access or not.

5.3. LNG Project Characteristics and Risks

LNG projects possess characteristics
and risks that tend to amplify the poten-
tial for high value disputes. Such projects
are highly technically challenging (includ-
ing floating LNG technology) and require
a myriad of sub-contractors, often based
across multiple jurisdictions. They are envi-
ronmentally sensitive and subject to strin-
gent regulatory requirements. LNG projects
are often politically sensitive and subject
to significant public scrutiny. LNG proj-
ects involve very significant upfront capi-
tal expenditure, with essentially no income
generation prior to project commissioning
[33]. Moreover, the overall viability of an
LNG project, which may have an expected
lifetime exceeding 30 years, will often

depend upon the long-term stability and
predictability of regulatory, political and
economic environments [33], [34].

For liquefaction and regasification proj-
ects in particular, the risks associated with
them include: project economics, environ-
mental approvals and regulation, political
risks, joint venture risks, technical engi-
neering, procurement and construction
challenges, feedstock challenges and end
product marketing and contracting. All of
the above risks can affect heavily an LNG
project and lead to disputes. Successfully
addressing project implementation chal-
lenges on all levels can be critical to pros-
pects of every LNG import project [35].

5.4. Construction of the Infrastructure Objects

There are a number of stages (phases)
to any LNG terminal project, which com-
monly include, but are not limited to:

» planning and regulatory approvals;
« front end engineering and design

(FEED);

e construction;

» construction of related infrastructure
(connecting pipelines);

* commissioning and handover;

* post-commissioning operations [35].

However, in many cases, they can be
reduced to only two general phases — the



exploration / engineering and construction
phase (also associated with pre-final invest-
ment decision (FID) and post-FID phases
[36]). Execution of both phases is regulated
by specific laws, and Skulte LNG terminal
project implementation shall include both
phases.

Exploration phase for the LNG termi-
nal and underwater floating regasification
unit connection to pipeline begins with the
acquisition of seabed exploration permit.
The National Sea Environment Protec-
tion and Management Law [37] provides
that right to exploit and, consequently, to
explore seabed that shall be tendered. How-
ever, according to Ports Law [38] no ten-
dering is applicable if seabed exploitation
is planned within sea territory allocated
as territory of the port. Location of Skulte
LNG terminal is planned within territory
of Skulte Port subject to an agreement with
the port authorities. It is expected that no
tendering procedures will be necessary to
gather seabed exploration permit and fur-
ther exploitation of a respective area.

Construction and operation of the LNG
terminal may have a direct and material
impact on the environment. Environmen-
tal Impact Assessment Law (hereinafter —
EIA), provides two types of environmental
impact assessment, initial assessment and
full assessment [39]. The EIA provides a
list of activities that are subject to a par-
ticular type of assessment. However, fur-
ther full assessment of a potential activity
may be required if results of initial assess-
ment reveal the need for that. Initial assess-
ment is executed by the state institution,
Regional Environmental Administration,
within 20 days from the receipt of all docu-
ments from activity promoters. Full assess-
ment shall be executed by a licensed asses-
sor. Usually, it takes about 8—12 months to
complete. Operation of LNG terminal is an
activity with advanced safety requirements;
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therefore, it is expected that it will be sub-

jected to, at least, an initial assessment of

environmental risks. Positive conclusion of

initial or full environmental assessment is a

prerequisite for further project implementa-

tion.

Building of the natural gas transmission
pipeline is an activity with a material envi-
ronmental impact according to the EIA.

At the same time, the EL confers to
energy infrastructure operators a right to
use third-party land to set up an infrastruc-
ture object. It prescribes two options on the
acquisition of such a right. The first option
is to contract with landowners on the right
to use their land. The second option is the
acquisition of the right to use the land irre-
spective of landowners’ consent, if one of
following requirements is met:

* building of an infrastructure object is
provided in a zoning plan of a respec-
tive municipality;

* municipality has confirmed that an
infrastructure object is of public interest
and particular land plots are necessary
to build it;

* an infrastructure object has status of an
object of the national interest. The EL
provides that in all above cases land-
owners shall get compensation from
infrastructure developers for use of their
property [30]. Amount of remuneration
is calculated according to regulations of
the Cabinet of Ministers.

Possible routes of Skulte LNG connec-
tor pipeline are planned mainly through
agricultural land plots. Major part of private
land plots to be crossed by the pipeline is
used for farming purposes and most of them
shall remain as agricultural land after pipe-
line is built. Landowners therefore shall not
suffer material damages and legal restric-
tions to use their property.

Design and construction of underwater



floating regasification unit connection and
connector pipeline is subject to the Con-
struction Law [40] and regulations, which
specify that building permits shall be issued
by relevant municipalities. However, a sin-

5.5. Object of the National Interest

According to the Spatial Development
Planning Law of Latvia (hereinafter —
SDPL), objects of national interest are
objects securing material public interests,
protection and sustainable use of the natural
resources. Skulte LNG terminal and trans-
mission pipeline might qualify for the status
[41]. Currently major part of natural gas for
the Baltic countries is sourced in Russia;

gle building permit shall be issued by the
State Construction Control Bureau of Lat-
via for objects of the national interest with
no right for municipalities to object.

thus, recent geopolitical developments in
Russia and Ukraine have exposed vulner-
ability and volatility of this source.

Skulte LNG terminal project would
allow sourcing LNG from various suppli-
ers worldwide, such as Norway, the USA,
Qatar, Algeria, Nigeria, Trinidad and others.
Two of the most likely routes could be from
the USA or Norway, as shown in Fig. 4.

Fig. 4. Potential import routes from North America and Hammerfest, Norway.

Source: JSC Skulte LNG Terminal

The SDPL provides that the Cabinet of
Ministers may confer status of an object
of the national interest upon proposal of a
competent ministry [41]. For Skulte LNG
project, it is the Ministry of Economics.
The main advantages of having this status
are as follows: challenging building per-
mits for such an object does not stop the
building process, energy supply companies
acquire statutory right to use third-party
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land for building of an object of national
interest. Such a status would ensure faster
and smoother project development, which
would be valuable in circumstances, when
all the Russian gas import must be reduced
to the bare minimum or even completely
ceased. In this case, LNG import terminal
development in Skulte would ensure fast
and efficient natural gas supply routes and
source diversification for Latvia [42].



6. CONCLUSIONS

LNG import terminal would help reduce
dependency on the pipeline natural gas sup-
plies which, in some cases, due to the insuf-
ficient interconnections, may be delivered
only from one or limited number of sources.
In the context of Latvia, it was evaluated
that there was a potentially beneficial role
of the LNG terminal development in Skulte,
which would help strengthen energy inde-
pendence of the whole Baltic region as
well as introduce new natural gas delivery
sources in a cost-efficient way.

LNG terminal in Skulte could also
ensure significant capital investment cost
reduction compared to other LNG proj-
ects in the region, due to already existing
infrastructure and the relative closeness of
Incukalns UGS. It can also be characterised
by easy access and safe manoeuvring of the
LNG vessels, adequate terminal and pipe-
line routing division from the residential
areas.

The main benefits of Skulte LNG proj-
ect are low CapEx compared to other proj-
ects proposed in the neighbouring counties.
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Temporary shelters are extensively used by emergency services (rescue, disaster relief,
military response) and other end-users requiring temporary mobile power solutions for differ-
ent purposes (event organization, vacation homes, summer camps, etc.). The Covid-19 pan-
demics resulted in an increase of motor homes worldwide sales.

When temporary shelter connection to power grid is impossible, the off-grid liquid fossil
fuel generator can be used for electricity generation. Since the liquid fuel supply is often lim-
ited, the stock of fuel requires storage that may pose an explosion risk. Quickly installable and
energy-efficient ventilation / cooling system with heat recovery is essential to ensure adequate
air hygiene and occupants’ comfort in temporary structure.

This paper presents a mobile modular electric energy generating unit with photovoltaic
(PV) panels for providing temporary shelters (tents) in Latvian climate conditions with heat-
ing, ventilation, and air conditioning (HVAC). All calculations were performed using the com-
puter model developed with TRNSY'S tool and based on real data from mobile modular energy
unit for spring, summer and autumn 2020 and winter 2021. The results show that mobile
modular energy unit can be successfully applied for off-grid HVAC system operation of tem-
porary shelters in the Latvian climate conditions.

Keywords: Emergency energy supply, HVAC, mobile modular energy unit, off-grid, PV,
temporary shelters.

55



1. INTRODUCTION

By the end of 2019, 79.5 million
people, of whom 26.0 million were refu-
gees, had been forcibly displaced due to
persecution, conflict, violence, human
rights abuses or serious public order [1].
The camps were home to more than 6.6
million refugees and people in refuge-
like situations, of whom 4.6 million were
in planned / managed camps and about
2 million in self-employed camps [2].
Indoor comfort and HVAC systems effi-
ciency were often ignored in the tempo-
rary shelter design process, as they were
primarily built to provide safety of camp
residents. Studies [3], [4] show that such
camps are mostly concentrated in regions
with a harsh, often extremely hot climate,
and the indoor temperature in shelters
can reach 39-46 °C. These data show the
need to maintain an appropriate microcli-
mate in temporary shelters. The indoor air
quality is essential not only for residen-
tial but also for military personnel despite
their relatively better physical conditions
[6], [7]. Most of the operational energy
demand in temporary off-grid structures
is accounted for HVAC requirements.
During periods of extreme weather condi-
tions, HVAC systems consume up to 60 %
of the fossil liquid fuel (diesel) allocated
to military forward operating bases [5].

The temporary camps of military
bases, disaster relief sites, temporary
search, rescue or recreation camps are
most often located in areas distant from
the power grid. The deployable tents,
easy to transport and mount, are most
often used as premises. The living indoor
comfort conditions of such premises
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entirely depend on weather. The reality is
that disasters, whether human or natural,
tend to be unique in terms of shelter bud-
get, availability of materials, etc. which
makes it nearly impossible to plan ahead
the grid connection of the shelters [8§],
constant supply of liquid fossil fuel, as
well as safe fuel storage conditions.

One of the possible solutions to gen-
erate electricity autonomously is the
use of off-grid mobile PV system, such
as Zerobase Energy’s T-Series system
mobile — towable trailer with PV panels
and storage battery, and solar PV and
hybrid (wind and/or portable generator)
input [9]. One more example is a mobile
PV-Wind-Battery-Diesel Hybrid System
unit, constructed inside a transportable
container [10]. The authors [9], [10] pro-
posed that a new generation of mobile
solar PV solutions should be more afford-
able to the community and easier in use.

This paper presents a mobile modular
energy generating unit with PV system
for the HVAC system operation in tempo-
rary shelters.

The unit provides simultaneous sup-
ply of electricity, heating and cooling and
has a built-in heat recovery device. This
quickly installable and energy-efficient
ventilation system is essential to ensure
adequate air hygiene and occupants’ com-
fort in temporary structures. The devel-
oped working prototype (Fig. 1) is assem-
bled on a common car trailer base and can
be towed by a light vehicle. The estimated
size of the trailer is the following: width
1.8 m, length 3.7 m, height 1.6 m.



a) operation condition

b) transportation condition

Fig. 1. Mobile modular energy unit.

2. MATERIALS AND METHODS

The developed mobile modular energy
unit includes eight photovoltaic cells for
power generation. The electricity is con-
verted into thermal energy in the heat sup-
ply unit and/or is directly supplied to the
consumers. When energy is not consumed,
it is stored in the energy storage battery. If
necessary, it is possible to start a diesel gen-
erator. In order to extend the autonomous
life of the mobile modular energy unit and
to increase the overall efficiency of the sys-
tem, heat recovery unit is provided. Heat
recovery is an essential part of modern
energy efficient HVAC [11]. Unit cooling

capacity is >8 kW, and heating capacity >9
kW. The heat is produced using a highly
efficient air / air heat pump compression
cycle, which can also provide the consumer
with cooling demand. Heat pumps are
proved as an energy efficient solution both
in hot and cold climate conditions [12], [13]
. The control of the mobile modular energy
unit is implemented by means of an energy
management unit, which is connected to
the Internet enabling a remote control. The
principal scheme and technical characteris-
tics of the proposed mobile modular energy
unit are shown in Fig. 2 and Table 1.

1 — diesel generator; 2 — battery; 3 — PV panels; 4 — inverter; 5 — controller; 6 — consumers’ power connector;
7 — heat pump; 8 — air-to-air heat recovery device; 9 — air supply / exhaust channels; 10 — connection to the
power supply; 11 — shelter.

Fig. 2. The principal scheme of the mobile modular energy unit.
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Table 1. Technical Characteristics of the Mobile Modular Energy Unit

PV Power (Wp)

2400

Inverter Power (W)

Cont. output power at 25 °C = 3000VA / 2400W

Batteries (N - V - Ah)

Nominal capacity at 25 °C 200 Ah
Nominal capacity at 0 °C 160 Ah
Nominal capacity at -20 °C 100 Ah
Number of cycles at 80 % charge: 2500

2 batteries provide:
Rated voltage 12.8V

Battery Capacity (Wh) Rated energy at 25 °C 2560 Wh
Dimensions Closed (m) 1.8x3.7x 1.6
Dimensions Opened (m) 44x3.7x1.6

Weight (Kg) 1350

Based on the research carried out by
the Department of Heat Engineering and
Technology of Riga Technical University
[14], it was decided to evaluate the ability
of the mobile modular energy unit system
to meet the temporary tent need for HVAC
operation systems in the climate conditions
of Riga, Latvia. All calculations were per-
formed using a computer model (Fig. 3)
developed for this purpose with the help
of the transient system simulation (TRN-
SYS) software tool. TRNSYS was chosen
because of its extensive component library
and simulation capabilities, especially in the
field of renewable energy. Its capability was
demonstrated in studies [15] (modelling the
performance of a solar photovoltaic ther-
mal collector (PVT)) and [16] (simulation
of energy systems with PV; for cold climate
adding the PVT, floor heating, and a genera-
tor for increasing the heat load). The model
validation was based on the real modular
energy unit operation data. The necessary
data were obtained by the energy manage-
ment software from the sensors installed
inside the tent.

The input data for energy simulation
are shown in Table 2. Depending on the air
temperature in the tent and the desired air
temperature according to timetable shown
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in Table 2, the differential controllers send
on/off signals to the heat pump and to the
air-to-air heat recovery device. The param-
eters of a tent in TRNSYS were adopted
according to the parameters of the manu-
facturer’s specification (S mx 4 m x 2.3 m).
The U — heat transfer coefficient of a PVC
coated fabric [17] is shown in Table 2.
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Table 2. Input Data for Energy Simulation

The input data of tent
Parameters Value
Roof and wall U=1.13 W/m*K
Floor U=0.87 W/m’K
Volume 3525 m?
Area 20 m? floor; 48.6 m? walls and roof
Heat Loss 73.32 W/K
Capacitance 42.3 kI/K
Weather Riga, Latvia
Timetable
Occupant Heating Cooling . Equip-
. Light
Time Count A% Temperature tempera- W) ment
(met) (°O) ture (°C) W)
12 AM-6 AM 5 100 (0.9) 18+2 23+1 - -
6 AM—-10 AM 2 125 (1.1) 18+2 23+1 55 -
10 AM-1PM 0 - 5+£2 27+1 - -
1 PM-3 PM 5 125 (1.1) 18+2 23+1 55 300
3 PM-8 PM 0 - 5+2 27+1 - -
8 PM-10 PM 5 125 (1.1) 18+2 23+1 55 40
10 PM-12 AM 5 100 (0.9) 18+2 23+1 - -
Table 3. Mobile Modular Energy Unit Parameters
Parameter ‘ Value Parameter Value
PV Panels Battery
Azimuth of surface, slope of panel South, 0° Cell energy capacity 200 Ah
Power 400 Wp Cells 8
Voltage at max Power point 3321V Charging efficiency 0.92
Current at max Power point 9.23A Max charge voltage per cell 28V
Module area 1.46 m? Inverter
Number of modules 6 Regulatory efficiency 0.98
Heat Pump Inverter efficiency 0.94
-20 °C outside DBT* Heagg’é‘:ﬁ\lﬁc‘w High limit on FSOC ** 100 %
5 °C intake DBT Heating power Charge to discharge limit on FSOC 0%
1.76 kW
29 °C outside DBT Cool31nsg0cka\[;; eity Inverter output power capacity 2400 W
29 °C intake DBT CO(())lngglf\(;]wer I:Jh;;r;;r:;mlt on FSOC for grid 100 %
Air-to-air heat recovery device Current for grid charging of battery 100 A
Heat recovery sensible effectiveness 0.797 Diesel generator
Heat recovery latent effectiveness 0.889 Rated power 2.0 kW
Ventilation flow rate 350 m*h Max power 2.4 kW
Ventilation fan total power 150 W Min power 0.6 kW

* dry-bulb temperature
** fractional state of charge

It was assumed that the model would
take into account heat production from
human and lighting and the electricity con-
sumption of equipment (see Table 2). The
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maximum possible electrical load was
approximately 2.3 kW. There was no air
recirculation inside the shelter and ventila-
tion was provided only while heating. As



the simulation results showed, the supply outdoor temperature difference. While
air (at an airflow rate of 350 m*/h) needed operating in winter mode, the diesel genera-
to be cooled to a comfortable temperature tor was connected to provide a system with
by 10-15 degrees in summer. In winter, the additional electricity.

supply air was heated 30-35 degrees above The components and parametrs of
the outdoor temperature. The heat pump mobile modular energy unit are presented
power was set 15 degrees above indoor /  in Table 3.

3. RESULTS AND DISCUSSION

Simulations were made for one-year  the mobile modular energy unit. Table 4
period (four seasons), for Riga, in the Lat- presents real operation data of the mobile
vian climate conditions, using both climatic modular energy unit.
databases and the operational real data of

Table 4. Operational Data of Mobile Modular Energy Unit

Winter Spring Summer Autumn
Electricity consumed (kWh) 1,001 422 5,20 354
Diesel generator produced electricity (kWh) 1,173 210 60 370
Diesel consumed (1) 378 70 20 119
Diesel generator work time (h) 955 193 55 298
Approximately 60 % of the heat sup- is in the winter period. During other sea-
plied from the exhaust air in winter, in sons, (in most cases) the PV produced elec-
spring and autumn is recovered by an air- tricity is greater than the amount of electric-
to-air heat recovery device. ity consumed by a HVAC system per day.
The maximum diesel fuel consumption
Table 5. Statistical Results
Electrl'cny leferencg, % (PV pro- Airflow of occupied | Diesel fuel consump-
consumption per | duced electricity/electricity shelter, ke/h tion, l/day
day, kWh consumed per day) ’ i
Min 4.23 1 103 1.43
2 |Max 27.25 81 352 8.17
§ Mean 11.12 16 173 4.20
SD* 4.93 17 50 1.37
Min 1.31 16 4 0.00
2 [Max 12.34 741 168 4.16
& [Mean 459 269 75 0.76
SD 2.53 203 44 1.01
.. |Min 1.12 8 4 0.00
£ |Max 9.50 962 118 2.20
(% Mean 3.15 320 53 0.30
SD 1.88 180 36 0.98
- Min 1.29 3 3 0.00
g Max 13.44 474 171 5.07
2 Mean 3.89 128 65 1.31
SD 2.46 131 40 1.40

* standard deviation

60



Table 5 presents one-year simulations
based on real energy data statistical results
of electricity consumption/production of
the mobile modular energy unit. For simu-
lations, it was assumed that the airflow was
4.0 /s per person [18]. Taking into account
that the Latvian construction standards
neither determine the required minimum
amount of ventilation air, nor provide indi-
cations of the values that should be adopted,
the regulations of other countries were
applied.

Simulations showed that the airflow of
the occupied shelter was 4.8-16.3 1/s per

Table 6. PV panel Impact

person in winter and 0.2-7.8 1/s per person
during other seasons. For this type of shel-
ters (tent), the airflow rate strictly depends
on the outside temperature. In summer, the
system mostly operated without a diesel
generator because electricity generated by
PV and stored in batteries was completely
sufficient to provide HVAC system opera-
tion.

To demonstrate the PV panel impact,
the simulations without PV were performed
only for off-grid operation of the shelter
using the diesel generator (Table 6).

Produced .
e Diesel fuel . .
electricity, . Diesel generator work time, h
consumption, 1
kWh
) Without PV 0 416 - 1,054 -
Winter
PV 132 378 -9 % 955 -9 %
Without PV 0 241 - 632 -
Spring
PV 797 70 =71 % 193 -69 %
Without PV 0 300 - 792 -
Summer
PV 1203 20 -93 % 55 -93 %
Without PV 0 205 - 506 -
Autumn
PV 286 119 -42 % 298 41 %

According to Table 6, it can be con-
cluded that for the mobile modular energy
unit with PV panels, which put in action the
HVAC system, the diesel generator would
reduce diesel fuel consumption to 71-93 %
in the spring and summer period and to 9 %

4. CONCLUSIONS

in winter in the Latvian climate conditions.
These are very good indicators, considering
that, when the energy unit operates using
PV, only 20 I of diesel fuel are needed dur-
ing the whole summer season.

Comparing the amount of energy
required for the HVAC system of the shel-
ter, the modular energy unit can provide
autonomous work by 50 % during the year
while operating only the PV panels, without
the fossil fuel generator. If we accept that
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temporary shelters operate only in the sum-
mer season, the modular energy unit can
provide autonomous work by 93 %. Table
7 presents simulation data for cities with
similar climate conditions.



Table 7. Summary of Annual Operation of Mobile Energy Unit

Electricity, kWh Energy, kWh Time, h

Town Total PV Addl_ Heat Heat Cool . . Diesel

required | produced tional reco- supplied | supplied Heating | Cooling work

d p required | vered pp PP

Stock- 1968 2313 1639 5585 3669 392 1626 115 1369
holm
Riga 1989 2268 1674 5571 3616 457 1600 134 1460
London 944 2169 577 1895 1152 559 609 165 412

The amount of electricity generated
annually by the PV panels of the mobile
energy unit is higher than the demand.
Therefore, the optimal heating and cooling
algorithms for different applications should
be further explored — different types of shel-
ters, their sizes, thermal properties, equip-
ment load and planning, required internal
temperature and airflow rate depending
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To research the improvements of clinical imaging of human tissues, tissue-equivalent
materials are one of the reasonable strategies for evaluating the impact of radiation dosages
on human tissues. Hence, considering mass and linear attenuation coefficients is a promising
method to foresee the appropriate tissue-identical material. In this examination, we utilise the
built-up estimations of elemental compositions (mass portion of every component) of PMMA
material by numerous analyses in literature. XCOM program was utilised to figure estimations
of mass attenuation coefficients of PMMA for various photon energies (0.015-2.0) MeV. The
outcomes reveal that the estimations of mass and linear attenuation coefficients are high as
the energies begin to decrease and diminish gradually with an expansion in photon energies.
Making a sensible coordinating between mass and linear attenuation coefficients of PMMA as
human tissue-equivalent material with mass and linear attenuation coefficients of lung, brain,
muscle and blood human tissues has demonstrated a phenomenal match.

Keywords: Human organs and tissues, linear attenuation coefficient, mass attenuation
coefficient, tissue-equivalent materials.
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1. INTRODUCTION

Cancer treatment techniques, these
days, are generally presented, for example,
in chemotherapy, radiotherapy, brachy-
therapy and medical procedure [1]. The
reason for brachytherapy is to put radioac-
tive sources into the influenced part with an
expanded portion, while the normal tissues
get a limited portion of radiation. A fruitful
brachytherapy treatment arranging measure
needs to limit the progressions between the
assessed and conveyed dosages [2], [3].
Numerous perspectives make this intrigue
hard to show up at, for example, the quick
decaying of dose close to tumour, mistakes
in the techniques used to ascertain the dose
and errors in assessment of the dose variety
in heterogeneous regions. In spite of these
aspects, significant accomplishments have
been reached in the late decades because
of accessibility of weak '*’Cs and strong
2Ir sources of various plans notwithstand-
ing the foundation of quality control tech-
niques that can administer the exactness of
the planned strategy. These days, numer-
ous ways have been actualized to test the
dose consumed close to sources by utilising
the information base and reasonable phan-
toms. The phantoms, built in order to adjust
to quality control norms, are produced
using tissue-equivalent materials to simu-
late human tissues to be irradiated. From
the clinical physical science perspective,
human tissue-equivalent materials give a
few issues in mimicking the human tissues
in low and high energy ranges [4]. In many
contemplated works, the dose conveyance
in numerous human tissue substitutes was
determined. Dose appropriations in water
and delicate tissue apparitions and dosimet-
ric boundaries of a *'Cs source, utilising a
Monte Carlo study have been determined
[5]. It has been discovered that Polyethyl-
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ene, Polystyrene, Perspex, and Nylon well
reproduce fat and muscle, Plaster of Paris
well mimics cortical bone, Polypropylene
well mimics fat tissues and yellow bone
marrow tissues, polycarbonate well mimics
spongiosa. Specialists worked to decide on
the portion brought about by the presence
of in-homogeneities, in water phantoms,
utilising "*’Ir source and Monte Carlo rec-
reation code [6]. Dose circulations near *Ir
source in various human tissue-comparable
materials utilising three Monte Carlo codes
have been concentrated by another gather-
ing of specialists [7]. The discoveries of the
last examinations investigated that radial
dose functions were influenced in bone tis-
sue and inferred that clinical aspects did not
give enough exact dose assurance for some
materials. These materials were compared
with the reference materials found in report
no. 44 of ICRU [8]. Further, to develop mon-
etarily appropriate human tissue substitutes
for phantom fabricate, atomic numbers and
electron densities were resolved reliant on
mass attenuation coefficient values. Fadhil
et al. (2017) chose the elemental composi-
tions and attenuation properties of gelatin
for utilising it as a test materials to assess
the impact of ionizing radiation on tissues
[9]. Kurudirek and Ozdemir (2011) tried the
legitimacy of utilising tissue proportionate
materials for dosimetric estimations [10].
In this work, a methodology is created
to research scatter and absorption proper-
ties of PMMA as a human tissue-propor-
tional material. The interaction of photon
with tissues is inspected fundamentally to
the extent tissue attenuation coefficients
inside the energy range utilised in brachy-
therapy (0.15-2.0 MeV). The linear attenu-
ation coefficient () is the probability of
collaboration of photons per unit separation



in an engaging medium. The mass attenua-
tion coefficient is a proportion of the aver-
age number of interactions that happen in a
given mass-per-unit area of tissue [11]. The
mass attenuation coefficient, u_ (p_=wp)
is of more vital importance than p, it does
not depend on the thickness and physical
condition of the medium, it plays as a sig-
nificant coefficient, since simply the atomic
arrangement of the attenuator is consid-
ered and not its individual density. It is a
proportion of material ability to ingest or
dissipate radiation per unit of mass [12].
Then again tissue equivalent atomic num-
ber (Zeq) is a noteworthy limit in anticipat-
ing and surveying the transport of photon
progress in tissue and checking the radia-

2. METHODOLOGY

tion partition devoured by it. On the other
hand, tissue equivalent atomic number (Zeq)
is a basic cutoff in foreseeing and reviewing
the transport of photon flux in the irradi-
ated tissue and consumed dose rate assess-
ment. Scattering and absorption properties
of a single element are identified with its
thickness and atomic number, while for a
composite material it is identified with its
effective thickness and equivalent atomic
number. The point of this examination is to
drive and process photon interaction bound-
aries, for PMMA as a human tissue substi-
tute, so as to apply the ideas of photon col-
laborations and dosimetry and to propose a
valuable system ready to explore material
tissue equivalence.

The linear attenuation coefficient p is
the most noteworthy variable to depict the
association between radiation entrance and
absorption material along its way for each
unit distance inside this tissue. It relies upon
the atomic number of the material and the
energy of the radiation. Taking into account
Hubbell and Seltzer’s (1997) speculation,
the mass attenuation coefficient (u/p) is the
entire cross-section of the individual impact
values for Rayleigh (c,), photoelectric
impact (o), pair creation (k) and Compton
scattering (o) divided by the atomic mass
unit (m ) having the estimation of 1.660
5402 x 107%* g and the relative atomic mass
of the absorber (A) as found in the next
expression [13]:

_£_0R+O'C+O'T+K
P m, A

Hoy,

To choose the appropriate tissue-equiv-
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alent material, the delayed consequences of
mass attenuation coefficient is contrasted
with that given in the ICRU no. 44 [8]. This
report gives nuances of basic arrangements,
mass densities, electron densities and inter-
action information of all tissues. XCOM
photon cross-section information base,
which is built up by the National Institute of
Standards and Technology (NIST) in light
of Hubbell and Seltzer tables, is the most
helpful programming in mass attenuation
coefficient estimations for some researchers
[13],[14]. The last referenced programming
is utilised in this work to figure the mass
attenuation coefficient after inserting the
values of the elemental composition taken
from the literature [8], [9], [15], and [16].
Elemental composition (%) (weight part
of tissue sections) of picked human tissue
examples are presented in Table 1 and the
same compositions for PMMA as a human
tissue substitute are recorded in Table 2.



Table 1. Elemental Composition (%) of Some Human Tissues [8], [15]

Adipose Skin Muscle Brain Blood Lung Soft (COBH(:]I)I:C 9 (c?r(:ir:;l)

Element p= O.?Z p= 1.170 p= 1.94 p:1.q3 p= 1.96 p= 1.95 p= 1.(?0 p=1.85 p=1.85
g cm? gcem? g cm? g cm? gcem? gcm? gem? g om’ o om’
H 1.19E+01 | 1.00E+01 | 1.02E+01 | 1.11E+01 | 1.02 E+01 | 1.01 E+01 | 1.04 E+01 | 6.39E+00 | 4.72E+00
C 6.37E+01 | 2.28E+01 | 1.23E+01 | 1.25E+01 | 1.00E+01 | 1.02E+01 | 2.32E+01 | 2.78E+01 | 1.44E+01
N 7.97E-01 | 4.64E+00 | 3.50E+00 | 1.32E+00 | 2.96E+00 | 2.86E+00 | 2.48E+00 | 2.70E+00 | 4.19E+00
(6] 2.32E+01 | 6.19E+01 | 7.29E+01 | 7.37E+01 | 7.59E+01 | 7.57E+01 | 6.30E+01 | 4.10E+01 | 4.46E+01
Na 5.00E-02 | 7.00E-03 | 8.00E-02 | 1.84E-01 | 1.85E-01 | 1.84E-01 | 1.13E-01 | 0.00E+00 | 0.00E+00
Mg 2.00E-03 | 6.00E-03 | 2.00E-02 | 1.5E-02 | 4.00E-03 | 7.30E-02 | 1.30E-02 | 2.00E-01 | 2.20E-01
Si 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.00E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
P 1.60E-02 | 3.30E-02 | 2.00E-01 | 3.54E-01 | 3.50E-02 | 8.00E-02 | 1.33E-01 | 7.00E+00 | 1.05E+01
S 7.30E-02 | 1.59E-01 | 5.00E-01 | 1.77E-01 | 1.85E-01 | 2.25E-01 | 1.99E-01 | 2.00E-01 | 3.15E-01
Cl 1.19E-01 | 2.67E-01 | 0.00E+00 | 2.36E-01 | 2.78E-01 | 2.66E-01 | 1.34E-01 | 0.00E+00 | 0.00E+00
K 3.20E-02 | 8.50E-02 | 3.00E-01 | 3.10E-01 | 1.63E-01 | 1.94E-01 | 1.99E-01 | 0.00E+00 | 0.00E+00
Ca 2.00E-03 | 1.50E-02 | 0.00E+00 | 9.00E-03 | 6.00E-03 | 9.00E-03 | 2.30E-02 | 1.47E+01 | 2.10E+01
Fe 2.00E-03 | 1.00E-03 | 0.00E+00 | 5.00E-03 | 4.60E-02 | 3.7E-02 | 5.00E-03 | 0.00E+00 | 0.00E+00
Zn 2.00E-03 | 1.00E-02 | 0.00E+00 | 1.00E-03 | 1.00E-02 | 1.00E-02 | 3.00E-03 | 0.00E+00 | 1.00E-02
Table 2. Elemental Composition (%) of PMMA as Human Tissue-Equivalent Material [9], [16]
Element H C N (6] S
PMMA
2.40E-03 9.49E-01 4.71E-02 0.00E+00 1.00E-03

p=1.178 g cm?

3. RESULTS AND DISCUSSION

3.1. Mass Attenuation Coefficients

Tissue-comparable materials are valu-
able for mimicking human tissues for
photon interactions inside the determined
energy regions. These materials should hold
and disperse radiation comparably, inside
commendable cutoff points, as illuminated
human tissue. As far as possible, as sug-
gested by the ICRU report no. 44, the pre-
cision for dose conveyance in radiotherapy
methods should be inside + 5 %. Materials
having great tissue identicalness, normally
utilized for apparition reproduction, ought
to end up being appropriate in testing dos-

67

ages for brachytherapy applications. Tissue-
comparability of material portrays its abil-
ity to collaborate with radiation as genuine
tissues did. The mass attenuation coefficient
(«,) 1s a basic boundary for photon inter-
actions with the material. It is an extent of
the normal number of interactions between
scene photons and matter occurring in a
given mass-per-unit area of the material
experienced. The calculated estimations
of u as a function of photon energy, for
human tissues and PMMA as a human tis-
sue substitute, is presented in Table 3.



Table 3. Variation of Mass Attenuation Coefficient for Human
Tissues and PMMA for Photon Energies (0.015-2.0) MeV

Fl\r/llzr\%il adipose Skin Muscle Brain Blood Lung Soft Cfn(:s:c " coBr(;incZI PMMA
0.015 9.44E-01 | 1.40E+00 | 1.57E+00 | 1.59E+00 | 1.58E+00 | 1.59E+00 | 1.43E+00 | 6.12E+00 | 8.38E+00 | 7.42E-01
0.02 4.86E-01 | 6.66E-01 | 7.37E-01 | 7.47E-01 | 7.41E-01 | 7.46E-01 | 6.80E-01 | 2.70E+00 | 3.66E+00 | 3.91E-01
0.03 2.68E-01 | 3.13E-01 | 3.33E-01 | 3.37E-01 | 3.34E-01 | 3.36E-01 | 3.18E-01 | 9.10E-01 | 1.19E+00 | 2.27E-01
0.04 2.17E-01 | 2.33E-01 | 2.41E-01 | 2.43E-01 | 2.41E-01 | 2.42E-01 | 2.35E-01 | 4.76E-01 | 5.90E-01 | 1.89E-01
0.05 1.98E-01 | 2.04E-01 | 2.08E-01 | 2.09E-01 | 2.08E-01 | 2.08E-01 | 2.05E-01 | 3.22E-01 | 3.77E-01 | 1.74E-01
0.06 1.88E-01 | 1.89E-01 | 1.91E-01 | 1.93E-01 | 1.91E-01 | 1.91E-01 | 1.90E-01 | 2.53E-01 | 2.83E-01 | 1.66E-01
0.08 1.75E-01 | 1.73E-01 | 1.74E-01 | 1.76E-01 | 1.74E-01 | 1.74E-01 | 1.74E-01 | 1.95E-01 | 2.06E-01 | 1.56E-01
0.1104 | 1.62E-01 | 1.59E-01 | 1.60E-01 | 1.61E-01 | 1.60E-01 | 1.60E-01 | 1.60E-01 | 1.64E-01 | 1.66E-01 | 1.45E-01
0.15 1.49E-01 | 1.47E-01 | 1.47E-01 | 1.48E-01 | 1.47E-01 | 1.47E-01 | 1.47E-01 | 1.45E-01 | 1.44E-01 | 1.33E-01
0.2 1.37E-01 | 1.34E-01 | 1.34E-01 | 1.36E-01 | 1.34E-01 | 1.34E-01 | 1.35E-01 | 1.31E-01 | 1.29E-01 | 1.22E-01
0.3 1.19E-01 | 1.17E-01 | 1.17E-01 | 1.18E-01 | 1.17E-01 | 1.17E-01 | 1.17E-01 | 1.13E-01 | 1.11E-01 | 1.07E-01
0.35 1.12E-01 | 1.10E-01 | 1.10E-01 | 1.11E-01 | 1.10E-01 | 1.10E-01 | 1.11E-01 | 1.07E-01 | 1.05E-01 | 1.01E-01
0.5 9.73E-02 | 9.57E-02 | 9.58E-02 | 9.65E-02 | 9.58E-02 | 9.57E-02 | 9.60E-02 | 9.24E-02 | 9.09E-02 | 8.72E-02
0.613 8.91E-02 | 8.77E-02 | 8.78E-02 | 8.84E-02 | 8.78E-02 | 8.77E-02 | 8.80E-02 | 8.46E-02 | 8.32E-02 | 7.99E-02
0.6616 | 8.62E-02 | 8.48E-02 | 8.49E-02 | 8.55E-02 | 8.49E-02 | 8.48E-02 | 8.51E-02 | 8.18E-02 | 8.05E-02 | 7.73E-02
1.173 6.57E-02 | 6.46E-02 | 6.47E-02 | 6.52E-02 | 6.47E-02 | 6.46E-02 | 6.48E-02 | 6.24E-02 | 6.13E-02 | 5.89E-02
1.2529 | 6.35E-02 | 6.25E-02 | 6.26E-02 | 6.30E-02 | 6.25E-02 | 6.25E-02 | 6.27E-02 | 6.03E-02 | 5.93E-02 | 5.69E-02
1.3325 | 6.15E-02 | 6.05E-02 | 6.06E-02 | 6.11E-02 | 6.06E-02 | 6.06E-02 | 6.07E-02 | 5.84E-02 | 5.75E-02 | 5.52E-02
1.33782 | 6.05E-02 | 6.04E-02 | 6.05E-02 | 6.09E-02 | 5.95E-02 | 6.04E-02 | 6.06E-02 | 5.83E-02 | 5.74E-02 | 5.51E-02
1.5 5.79E-02 | 5.69E-02 | 5.70E-02 | 5.74E-02 | 5.70E-02 | 5.70E-02 | 5.71E-02 | 5.50E-02 | 5.41E-02 | 5.19E-02
1.6 5.59E-02 | 5.50E-02 | 5.51E-02 | 5.55E-02 | 5.51E-02 | 5.51E-02 | 5.52E-02 | 5.32E-02 | 5.23E-02 | 5.02E-02
1.7 5.42E-02 | 5.33E-02 | 5.34E-02 | 5.38E-02 | 5.34E-02 | 5.34E-02 | 5.35E-02 | 5.15E-02 | 5.07E-02 | 4.86E-02
1.8 5.25E-02 | 5.17E-02 | 5.18E-02 | 5.22E-02 | 5.18E-02 | 5.18E-02 | 5.19E-02 | 5.00E-02 | 4.92E-02 | 4.71E-02
1.9 5.10E-02 | 5.03E-02 | 5.03E-02 | 5.07E-02 | 5.03E-02 | 5.03E-02 | 5.04E-02 | 4.86E-02 | 4.79E-02 | 4.58E-02
2.0 4.96E-02 | 4.89E-02 | 4.90E-02 | 4.93E-02 | 4.89E-02 | 4.89E-02 | 4.90E-02 | 4.73E-02 | 4.66E-02 | 4.45E-02

As can be seen from the information
recorded in the table, except for bone tis-
sues, the estimations of 7 human tissues
and tissue-equivalent material are near one
another for a similar photon energy and the
contrast between them exists in the range of
0.0 % — 7.0 %. The outcomes are likewise
plotted in Fig. 1 for photon energy region
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between 0.015 and 2.0 MeV. It very well
may be seen in the figures that the estima-
tions of all materials decline quickly with
photon energy up to about 0.5 MeV, then
the qualities decline gradually up to 2 MeV.
This variation is because of the variety of
partial photon interaction cross-sections.
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Fig. 1. Variation of mass attenuation coefficient of human tissues and PMMA
for photon energies (0.015-2.0) MeV.

However, u values decrease rapidly
with photon energy until the photon energy
outperforms the binding energy of the elec-
trons and Compton scattering turns into the
prevalent interaction. In the Compton range
of energies, x4 value of different materials
does not change in a huge amount, since it is
autonomous of atomic number Z, 1t follows
that the contribution of Compton scattering
to 4, 1s independent of Z_ but depends only
on the material electron density (number of
electrons per unit volume), which is almost
the same for all materials except hydrogen.
The mass attenuation coefficient continues

3.2. Linear Attenuation Coefficients

Linear attenuation coefficient (1) is a
helpful boundary for assessing the usage of
tissue proportionate materials in dosimetric
applications. It is the fundamental boundary
required in deciding photon transmission in
issue. Computed values of (u) for the chosen
human tissue and PMMA as a human tis-
sue substitute, for the photon energy range
of 0.015 to 2 MeV are arranged in Table 4.
Estimation of linear attenuation coefficients
relies upon the photon energy, chemical
composition and, to some extent, electron
density or physical density of the investi-
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lessening with energy until pair production
begins to get possible. The quality of pair
production occurs at energies significantly
more noticeable than the edge of energy of
1.02 MeV, which is out of our interest in
the energy range used in brachytherapy. At
last, it should be noticed that qualities will
be utilised to drive different photon interac-
tion boundaries, for example, linear attenu-
ation coefficient, which will encourage cor-
relation of radio-physical properties of the
chosen tissue-equivalent material (PMMA)
with the relating human tissues.

gated materials. The energy reliance of p
values is shown in Fig. 2. It very well may be
seen from the figure that the state of variety
of wwith energy, for all the examined materi-
als, was like each other; however, every one
of them changed by a factor comparing to its
physical thickness and chemical content. It
is observed that the most elevated p values
over all the photon energy run were found
for both compact and cortical bone tissues
that credited to moderately high thickness
and the plenitude of high atomic number
inside their chemical contents.



Table 4. Variation of Linear Attenuation Coefficient of Human Tissues and PMMA for Photon Energies
(0.015-2.0) MeV

E]\r/llzr\%gl adipose Skin Muscle Brain Blood Lung Soft cc?n?;r)fct coBrct’ir::Zl PMMA
0.015 8.68E-01 | 1.54E+00 | 1.63E+00 | 1.64E+00 | 1.67E+00 | 1.67E+00 | 1.43E+00 | 1.13E+01 | 1.55E+01 | 8.74E-01
0.02 447E-01 | 7.32E-01 | 7.67E-01 | 7.69E-01 | 7.85E-01 | 7.83E-01 | 6.80E-01 | 4.99E+00 | 6.78E+00 | 4.60E-01
0.03 2.47E-01 | 3.45E-01 | 3.47E-01 | 3.47E-01 | 3.54E-01 | 3.52E-01 | 3.18E-01 | 1.68E+00 | 2.21E+00 | 2.67E-01
0.04 2.00E-01 | 2.56E-01 | 2.50E-01 | 2.51E-01 | 2.56E-01 | 2.54E-01 | 2.35E-01 | 8.80E-01 | 1.09E+00 | 2.23E-01
0.05 1.82E-01 | 2.24E-01 | 2.16E-01 | 2.16E-01 | 2.20E-01 | 2.18E-01 | 2.05E-01 | 5.95E-01 | 6.97E-01 | 2.05E-01
0.06 1.73E-01 | 2.08E-01 | 1.99E-01 | 1.99E-01 | 2.03E-01 | 2.01E-O1 | 1.90E-01 | 4.68E-01 | 5.23E-01 | 1.96E-01
0.08 1.61E-01 | 1.91E-01 | 1.81E-01 | 1.81E-01 | 1.85E-01 | 1.83E-01 | 1.74E-01 | 3.61E-01 | 3.80E-01 | 1.84E-01
0.1104 | 1.49E-01 | 1.75E-01 | 1.66E-01 | 1.66E-01 | 1.69E-01 | 1.68E-01 | 1.60E-01 | 3.03E-01 | 3.07E-01 | 1.70E-01
0.15 1.37E-01 | 1.61E-01 | 1.53E-01 | 1.52E-01 | 1.56E-01 | 1.54E-01 | 1.47E-01 | 2.68E-01 | 2.67E-01 | 1.57E-01
0.2 1.26E-01 | 1.48E-01 | 1.40E-01 | 1.40E-01 | 1.42E-01 | 1.41E-01 | 1.35E-01 | 2.42E-01 | 2.39E-01 | 1.44E-01
0.3 1.09E-01 | 1.28E-01 | 1.22E-01 | 1.21E-01 | 1.24E-01 | 1.23E-01 | 1.17E-01 | 2.09E-01 | 2.06E-01 | 1.25E-01
0.35 1.03E-01 | 1.21E-01 | 1.15E-01 | 1.15E-01 | 1.17E-01 | 1.16E-01 | 1.11E-01 | 1.97E-01 | 1.94E-01 | 1.18E-01
0.5 8.95E-02 | 1.05E-01 | 9.96E-02 | 9.94E-02 | 1.02E-01 | 1.00E-01 | 9.60E-02 | 1.71E-01 | 1.68E-01 | 1.03E-01
0.613 8.20E-02 | 9.64E-02 | 9.13E-02 | 9.11E-02 | 9.30E-02 | 9.21E-02 | 8.80E-02 | 1.57E-01 | 1.54E-01 | 9.41E-02
0.6616 | 7.93E-02 | 9.32E-02 | 8.83E-02 | 8.81E-02 | 8.99E-02 | 8.90E-02 | 8.51E-02 | 1.51E-01 | 1.49E-01 | 9.10E-02
1.173 6.04E-02 | 7.11E-02 | 6.73E-02 | 6.71E-02 | 6.86E-02 | 6.79E-02 | 6.48E-02 | 1.15E-01 | 1.13E-01 | 6.94E-02
1.2529 | 5.84E-02 | 6.87E-02 | 6.51E-02 | 6.49E-02 | 6.63E-02 | 6.56E-02 | 6.27E-02 | 1.12E-01 | 1.10E-01 | 6.71E-02
1.3325 | 5.66E-02 | 6.66E-02 | 6.30E-02 | 6.29E-02 | 6.42E-02 | 6.36E-02 | 6.07E-02 | 1.08E-01 | 1.06E-01 | 6.50E-02
1.33782 | 5.56E-02 | 6.64E-02 | 6.29E-02 | 6.28E-02 | 6.31E-02 | 6.35E-02 | 6.06E-02 | 1.08E-01 | 1.06E-01 | 6.49E-02
1.5 5.32E-02 | 6.26E-02 | 5.93E-02 | 5.92E-02 | 6.04E-02 | 5.98E-02 | 5.71E-02 | 1.02E-01 | 1.00E-01 | 6.11E-02
1.6 5.15E-02 | 6.05E-02 | 5.73E-02 | 5.72E-02 | 5.84E-02 | 5.78E-02 | 5.52E-02 | 9.84E-02 | 9.68E-02 | 5.91E-02
1.7 4.98E-02 | 5.87E-02 | 5.55E-02 | 5.54E-02 | 5.66E-02 | 5.60E-02 | 5.35E-02 | 9.53E-02 | 9.38E-02 | 5.72E-02
1.8 4.83E-02 | 5.69E-02 | 5.39E-02 | 5.38E-02 | 5.49E-02 | 5.44E-02 | 5.19E-02 | 9.25E-02 | 9.11E-02 | 5.55E-02
1.9 4.69E-02 | 5.53E-02 | 5.24E-02 | 5.22E-02 | 5.33E-02 | 5.28E-02 | 5.04E-02 | 8.99E-02 | 8.86E-02 | 5.39E-02
2.0 4.57E-02 | 5.38E-02 | 5.09E-02 | 5.08E-02 | 5.19E-02 | 5.14E-02 | 4.90E-02 | 8.75E-02 | 8.62E-02 | 5.24E-02
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Fig. 2. Variation of linear attenuation coefficient of human tissues and PMMA
for photon energies (0.015-2.0) MeV.
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To analyse the PMMA as a human tis-
sue substitute, the energy reliance of its
p values is contrasted and that of human
tissues as shown in Fig. 3. It is seen from
the figure and tables that PMMA has p
estimation of 0.091 cm™ at photon energy
of 0.662 MeV, and 0.065 cm at photon
energy of 1.33 MeV. Then again, blood and
lung tissue have p estimations of 0.0899
and 0.0890 cm™ at photon energy of 0.662
MeV, and 0.0631 and 0.0635 cm™ at pho-
ton energy of 1.33 MeV, separately. Their
normal p esteem is 0.0895 with the greatest

partial contrast of 1.7 % at 0.662 MeV and
normal p estimation of 0.0633 cm™ with
maximum fractional difference of 2.7 % at
1.33MeV. Since the most extreme partial
distinction is the smallest between all bends
of the gathering of human tissues contrasted
with PMMA as a human tissue substitute,
which shows that PMMA might be help-
ful to mimic blood or lung tissue inside the
photon energy range under consideration.
Likewise, PMMA simulates well muscle
and brain tissues inside the considered
energy range.
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Fig. 3. Variation of linear attenuation coefficient of selected human tissues and PMMA
for photon energies (0.015-2.0) MeV.

4. CONCLUSIONS

Brachytherapy is a huge strategy for
disease treatment where radioactive fixed
sources are used to pass on radiation at a
short division by intracavitary, interstitial
and surface utilizations. A sensible method
to inspect the legitimacy of patient treat-
ment plan, before it is executed, is to gauge
dose conveyance around sources, at dis-
tances of clinical interest using phantoms
incorporating tissue equivalent materials.
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These materials must have similar radio-
physical properties to have the option to
re-enact diverse human tissues. To inspect
and choose a fitting tissue-equivalent mate-
rial, the method proposed in this examina-
tion includes approval of material tissue
comparability. All the radio-physical prop-
erties and boundaries related with it should
be considered and contrasted with that of
the comparing human tissue. In the cur-



rent work, exhaustive examinations of the
gamma-beam attenuation and absorption
boundaries have been done for PMMA as
a tissue comparable material and the results
stood out from that of nine picked human tis-
sues for the photon vitality accommodating
in brachytherapy applications. The results
showed that the maintenance and dissemi-

nate properties of PMMA tissue-equivalent
materials depended upon its density, chemi-
cal composition and photon energy range.
The outcomes additionally proposed that
PMMA as a human tissue substitute dem-
onstrated a phenomenal match to muscle,
brain, blood, and lung human tissues.
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